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Abstract
The environmental concerns of the society to reduce the pollutants in earth and the greenhouse
gases (GHGs) has inspired the research community to substitute the fossil fuels with renewable
energy sources like biomass.
The fast pyrolysis process is a promising conversion route to utilize biomass and produce biooil and electrical power. The bio-oil produced from the fast pyrolysis is a versatile feedstock
that can be used as a heating-oil or bio-fuel through its upgrade and finally produce a similar
bio-fuel with fossil fuels based. Lately, further researches are carried out in order to utilize it as
a feedstock of producing valuable chemicals or biodegradable chemicals and substitute those
coming from fossil fuels. The bio-oil is a promising intermediate product with a lot of potential.
In this thesis a comparative study was carried out via the catalytic and non-catalytic pyrolysis
processes based on experimental data retrieved from the Chemical Process & Energy Research
Institute Center in Thessaloniki, Greece and along with the Luleå University in Sweden. As a
feedstock, it was used lignin derived through the organosolv pretreatment methodology using
a hardwood biomass, birch. Based on the above data, two process models created in the Aspen
PlusTM software and the material and energy balances used to assess the economic viability of
each process. The economic assessment showed more favorable economics for the noncatalytic process than the catalytic one. The lowest minimum selling price of 441.2 €/tonne was
obtained for the non-catalytic process while for the catalytic obtained 683.25 €/tonne. The
above values are lined up also with the literature conducted for similar operating conditions.
First and foremost, I would like to thank my wife Lygeri and my family for their patience and
encouragement. I am especially grateful to Assoc. Professor Mrs. Eleni Heracleous and I would
like to express my sincere gratitude to Mr. Dimitrios Ipsakis, PhD, colleague of Mrs.
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1 Introduction
Since the industrial revolution and the invention of steam turbine, the World has drastically
changed and fossil fuels (coal, oil, natural gas) nowadays have become the main energy supplier
of the modern society. Even though the fossil fuels considered a convenient and cheap energy
source for power generation, domestic uses, transportation and a mean to produce chemicals,
they have attracted the society’s attention due to their depletion and their harmful effects in the
environment. Furthermore, their price fluctuation coming from geopolitical instabilities and
storage and transportation issues is also a major concern, while environmental pollution and the
aggravated global warning phenomenon drove the developed and developing countries to put
the necessity of using long term alternative fuels on the agenda.
The energy demand is expected to increase by 44% in 2030 due to the progressive statues of
the Asian countries [1]. This consequence will increase the global warming and thus, the use of
alternative fuels becomes more important than ever. Three motivating factors drive the society
to utilize biomass as an alternative fuel source [2]:
•

Renewability advantages

•

Environmental advantages

•

Sociopolitical advantages

1.1 Renewability Advantages
Biomass can be considered as a renewable energy source due to the fact that the required energy
comes from the sun. The carbon dioxide is absorbed by a tree and after its life it releases the
same amount of carbon dioxide released to the atmosphere. The use of a tree after its life
provides a carbon-neutral energy weather it is burned or decomposed naturally. The carbon
cycle remains neutral and the best option is new planting after cutting, such as switch grass and
Miscanthus fast-growing grasses. However, there are five criteria as shown in Figure 1 whether
a biomass is renewable or non-renewable. If one of these criteria won’t met the biomass is not
considered renewable.
1

Figure 1: The criteria to consider biomass as renewable [3]

1.2 Environmental Advantages
The concern of global warming drives the governments to reduce the greenhouse gas (GHGs)
emissions and to apply strict regulations regarding other harmful pollutants such as NOx, SO2
Hg [2]. Biomass is abundantly available in the world containing small amounts of sulphur,
nitrogen and ash [4] and thus the combustion of bio-fuel produces less NOx and SO2 compared
to fossil-fuels. When a bio-fuel is burned, it produces less GHGs than fossil fuels and that
amount varies significantly across them. Ethanol from corn may reduce GHGs emissions less
than 30% but vegetable oils may provide GHGs savings 30-60% [5].

1.3 Sociopolitical Advantages
The sociopolitical advantages of biomass are essential. Biomass can increase the income of a
farm and improve the economy of the rural community. A biomass fuel plant may create up to
20 times more jobs than that created by an oil or coal plant [2]. However, an economically
efficient biomass power plant should be at close distance from the feed source. Moreover,
biomass can provide flexibility in fuel supply because of the different bio-fuels that can be
2

produced. Biomass can also provide building materials, fabrics, medicines and chemicals and
can further reduce the waste disposal issue through the conversion of agricultural and municipal
wastes [6]. Also, fuels, chemicals and energy produced from biomass reduce the reliance of
imported fossil fuels and compensate the geopolitical instabilities.

1.4 Current Challenge
Biomass is becoming an increasingly important energy carrier in the modern world and it has
witnessed a rapid growth in recent years in the production of biofuels, power and chemicals.
However, the sustainability of the renewable biomass is a critical factor to become a source of
energy in a world where it an increase of the global population is expected. This fact is also
expected to increase significantly the Gross Domestic Product (GDP) and also the energy
demand, where it is expected a further stress to the natural resources. In addition to the high
energy demand, there should not be any compromise in the development of the environment
and the GHGs. To this end, the present thesis aims to exploit lignin (derived from wood-based
biomass) towards the production of bio-fuels. The most promising process is pyrolysis that can
take place under the presence of inert (non-catalytic) or a catalyst (catalytic). Both these
processes will be evaluated in a scaled-up throughput of 100 tn/hr lignin. The main operating
principles and the respective techno-economic results will shed light on the profitability of both
processes.

2 Composition & Characterization
Lignocellulosic biomass has the potential to provide heat, power, high-added value chemicals
and an extended list of bio-products [7]. However, lignocellulosic biomass has a composition
that differs significantly from traditional fossil fuels and coal due to the high content of oxygen
in carbohydrates polymers. Figure 2 shows a schematic representation of the constituents of
this type of biomass and their location in a typical plant [8].
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Figure 2: Schematic representation of lignin, cellulose and hemicellulose in lignocellulosic
biomass [9]
Lignocellulosic biomass consists of three macromolecules: cellulose (40-60 %w.t.),
hemicellulose (10-30 %w.t.) and lignin (20-25 %w.t.) that are organized in a complex network
in the cell wall [10]. Besides these major constituents, inorganic minerals and extractive
components are found at a range around 4-10 %w.t. [8]. A typical concentration of cellulose,
hemicellulose and lignin for different wood-based materials is presented in the Table 1. As can
be seen, there is a significant variation of the respective constituents and each one can lead to a
different production perspective (e.g. production of fuels, chemicals).
Table 1: Typical Lignocellulosic Content (%w.t.) of Biomass Materials [4, 8]
Plant material

Hemicellulose

Cellulose

Lignin

Orchard grass

40

32

4.7

Olive husk

23.6

24

48.4

Corn stover

35

28

16-21

Walnut shell

22.7

25.6

52.3

Cotton seed hairs

5-20

80-95

0
4

Plant material

Hemicellulose

Cellulose

Lignin

Barley straw

24-29

31-34

14-15

Rice straw

27.2

34

14.2

Birchwood

25.7

40

15.7

2.1 Cellulose
Cellulose fibers are providing the wood strength [8]. It is a high molecular-weight crystalline
polymer of β-D-glucopyranose with a typical molecular weight of 106 kg/kmol [11]. The
polymer is based on cellobiose unit which comprises of two β-D-glucopyranose molecules
linked by β (1-4) bonds [10]. The polymerization degree of cellulose is high up to 14000 linearly
coupled D-glucopyranose units [11]. Figure 3 shows the cellulose structure.

Figure 3: Cellulose structure and inter-intramolecular hydrogen bonds [11]
The inter and intramolecular O-H bonds are making the cellulose insoluble. These bonds hold
the network rigid by allowing the hydrophobic polymer to arrange in stack. The cellulose chains
are twisting in space making a microfibril structure, the basic unit of more complex fibers. This
structure present high thermal and biochemical stability, which is difficult to degrade than
hemicellulose and starch [11].

2.2 Hemicellulose
Hemicellulose surrounds the cellulose and is the connecting frame between cellulose and lignin
[12]. Hemicellulose contains polysaccharides of five and six-carbon sugars consisting of small
molecules of 50-200 monosaccharides. They are different to cellulose because they contain
5

linkages of monosaccharides attached to the polysaccharide backbone [11]. In Figure 4 a typical
hemicellulose structure is shown.

Figure 4:Typical hemicellulose structure [11]
Hemicellulose is classified by the main monosaccharides in their structure (xylose, mannose,
arabinose, galactose) with their composition to depend on the type of biomass. Hardwood, such
as red oak tree, is reach in xylose than a softwood tree, such as spruce. On the contrary,
softwood trees are richer in galactose, mannose and arabinose than hardwood trees [10]. The
weak intermolecular bonds are causing the hemicellulose to decompose easier than cellulose,
thermochemically and biochemically. In Table 2 a typical composition in monosaccharides is
reported for various types of biomass.
Table 2:Composition (% dry mass) in monosaccharides of various biomasses [10]
Glucose1

Xylose

Mannose

Galactose

Arabinose

Wheat straw

42.7

23.1

0

-

-

Miscanthus

48.5

18.1

0

-

-

Red oak

41.0

19.0

2.0

1.2

0.4

Norway spruce

43.0

7.4

9.5

2.3

1.4

Douglas fir

44.0

2.8

11.0

4.7

2.7

Biomass

1

including glucose in cellulose

Xylan is a hemicellulose component which has been investigated a lot from the researchers due
to its various applications [13]. Out of xylan, wide range of biocomposites and commercial
chemicals can be produced due to its non-toxicity and biocompatibility properties. Furthermore,
6

the hydroxyl groups of xylan polymers makes its treatment easily using different treating
methods. In Figure 5 is shown the bio-based chemicals that can be produced from of xylan.

Figure 5:Bio-based chemicals and products from xylan [13]
According to the European bioplastics [14], an association that represents the interests of
bioplastics in Europe, the global bioplastics industry is expected to grow up to 7,8 MM tones
in 2019 from 1,7 MM tones in 2015. Xylan can be used in combination with other biochemicals
to create packaging films a dominant field in the bioplastics industry which represent a 70%.
Xylan hydrogels may be used in a wide range of applications due to their ability to absorb heavy
metals and water at several thousands of their dry mass and that has attracted the interest of
potential applications in biomedical industry as a drug carrier [15]. Further studies have been
carried out upon lactic acid and furfural, a xylan monomeric sugars with many applications as
packaging, prosthetics, antacids, inks and adhesive products [16, 17]. A numerous of valuable
products can be produced from hemicellulose out of which xylan can be extracted and that can
be further converted to chemicals and become a promising path as renewable source.

2.3 Lignin
The third major component of lignocellulosic biomass is lignin. Lignin is an amorphous crosslinked resin, consisting of phenolic components. Its aromatic structure is due to these phenolic
components. The three major components of lignin are p-coumaril, coniferyl and sinapyl
structures, which are linked together with carbon-carbon and ether bonds that finally form the
lignin [4]. In Figure 6 is shown the lignin main components along with a hardwood lignin
structure.
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a)

b)

Figure 6: a) p-coumaryl, coniferyl, sinapyl structures [8], b) Schematic representation of
hardwood lignin structure [9]
The lignin composition depends on the biomass type. In softwood biomass (pine, spruce)
accounts for 23-33 %w.t., while in hardwood (oak) accounts 16-25 %w.t. [4]. Lignin acts as a
hardening agent between the cellulose fibers, it protects the inner of the plants from enzymatic
degradation e.g. bacteria, gives mechanical strength and stimulates the circulation of the water.
Lignin is relatively stable and decomposes at temperatures 280-550 oC [8]. Under pyrolytic
conditions, lignin yields phenols by splitting the ether and carbon-carbon bonds. The
conversion of lignin into simple components occurs under hydrogenation and hydrogenolysis
reactions and literature studies have shown the possibility of yielding pure phenols up to 35%
and benzene up to 25% [7].
Overall, lignin is preferable than coal to produce high-added value chemicals that have an
aromatic nature. It doesn’t contain nitrogen, it has aromatic structure, it is widespread and it’s
a renewable source that never depletes. Thus, it can be a significant feedstock for aromatics.

2.4 Extractives and Inorganic Materials
The extractives are organic components such as waxes, fats, proteins, resins and essential oils.
They can be extracted with polar solvents (water, alcohols) or non-polar solvents (hexane) and
they function as an intermediate in metabolism and a defense system under insect and microbial
attack. Biomass also contain a small amount of minerals that ends up into ash under
8

thermochemical processes. A typical composition of minerals in wood chips is shown in Table
3.
Table 3: Typical mineral components of plant biomass [8]
Mineral

% of dry matter

Potassium, K

0.1

Sodium, Na

0.015

Phosphorus, P

0.02

Calcium, Ca

0.2

Magnesium, Mg

0.04

2.5 Characterization Properties
The physical and chemical properties of lignocellulosic biomass are an important factor to
assess its value and to determine the process conditions. The properties can be further used to
evaluate the product yields. The proximate analysis technique is used to determine a) the
moisture, b) the volatile matter (VM), which is the material that is driven off at high
temperatures, excluding the water content, c) the fixed-carbon (FC), which is the solid
combustible residue excluding volatile matter and d) the ash content. Biomass with high VM,
such as Olive stones, produces under pyrolytic conditions higher yields of bio-oil and gaseous
products [4]. However, the high lignin content in olive husk and walnut shell as showed in
Table 4, produces high bio-char yields at temperatures approximately 500 oC [18]. Studies have
shown that moisture also influence the product yields. Treating with steam the VM is extracted
easily and acts also as a reaction agent, which can lead to the production of high yields of
condensable liquid products [19]. In Table 4 it is shown the ultimate analysis of various biomass
feedstocks.
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Table 4: Typical ultimate analysis of various biomass [20, 21, 18, 4, 22]

Density

Moisture

(𝒌𝒈⁄𝒎𝟑 )

(wt.%)

Miscanthus

70-100

11.5

66.8

15.9

2.8

Wheat straw

929

16

59

21

4

Barley straw

988

30

46

18

6

Fir wood

-

7.54

80.86

17.16

1.98

Cereal straw

-

6

79.0

10.7

4.3

Danish pine

-

8.0

71.6

19.0

1.6

Olive stones

-

4.3

82.9

-

0.6

Birch

1200

18.9

0.004

-

20

Pine/spruce

1240

17

0.03

-

16

VM

FC

Ash

Feedstock
(wt.%) (wt.%) (wt.%)

On the other hand, the ultimate analysis technique is used for the estimation of Higher heating
Value (HHV) and determines the carbon (C), the hydrogen (H), the oxygen (O), the nitrogen
(N) and the Sulphur (S) composition in the material. A typical density and HHV of wood
biomass vary from 100-1200 𝑘𝑔/𝑚3 and 15-35 𝑀𝐽/𝑘𝑔 respectively. The carbon content is
around 55%, the hydrogen 7%, the oxygen 35% and the ash concentration ranges less than
1wt.% [8]. The elemental ratio of C: H:O:N:S and ash contributes significantly in product
yields. Light hydrocarbons such as C3H8 and C3H6, have been observed in the pyrolysis of olive
stone, wood and in rice husks [18]. It is believed that the presence of these gases in different
10

biomass feedstocks is a result of the high mineral matter content or different mineral matter
nature, since it is known that inorganics are causing catalytic cracking of volatile materials [18].
Table 5 presents the chemical properties of various biomass feedstocks.
Table 5: Typical chemical properties of various biomass [20, 8, 23, 24]
HHV (𝐌𝐉⁄𝐤𝐠)

C (wt.%)

H (wt.%)

N (wt.%)

O (wt.%)

S (wt.%)

19-21

55.3

6.6

0.4

43.5

0.1

22.5-30.2

54.8-72.8

4.8-6.5

0.1-0.6

21.39

-

Acacia

25

58.8

6.9

0.6

33.7

-

Beech

20.9

55.1

7.2

2.0

35.1

-

Olive wastes

20.05

47.9

5.6

1.29

35

0.28

Rice straw

17.3

41.4

5.0

0.7

39.9

0.1

Barley straw

16.52

45.7

6.1

0.4

38.3

0.1

Fir wood

22.2

58.12

6.55

0.52

34.81

-

Olive stones

21.4

51.48

6.07

0.11

4.13

0.08

Miscanthus

16.8

41.5

5.1

0.36

36.8

0.03

Softwood bark (pine, spruce)

27.9

62.6

7.00

1.1

29.0

0.1

Sunflower oil cake

32.2

66.5

9.2

4.5

19.8

-

Feedstock
Hardwood (oak, maple)
Wheat straw

3 Lignin/Biomass Processing
Thermochemical processes are using heat and catalysts to transform biomass into fuels,
chemicals and electric power. In contrast, the biochemical processes are utilizing
microorganisms or enzymes for the same objective. Even though, biochemical processes
proclaimed to be a fundamental approach to convert biomass into high value products,
thermochemical processes dominate in production of fuels, chemicals and power [25]. Thermal
and catalytic advancements offer tremendous advantages in biomass processing [25]. As
presented in Table 6 the main advantage in respect to biochemical processes is the ability to
produce diverse final products at reaction times several orders of magnitude lower and under
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low operating costs. Moreover, at some thermochemical options such as in fast pyrolysis,
biomass feedstock amount is much lower than is in biological processes.
Table 6: Comparison of biochemical and thermochemical processing [25]
Parameters

Biochemical processing

Thermochemical processing

Primary alcohols

Range of fuels

Less than 70oC@1 atm

400-1200oC, 1-250 atm

2-5 days

0.2 sec

Can be very selective

Depends upon reaction

0,5$/gallon ethanol

0.01$/gallon gasoline

Sterilization

Sterilize all feeds

Not needed

Recyclability

Difficult

Applicable in solid catalysts

Size of plants

2000-8000 tons/day

5-200 tons/day

Products
Reaction conditions
Residence time
Selectivity
Catalyst/biocatalyst cost

The core thermal conversion techniques that are applied in biomass processing are: a)
combustion, b) gasification, c) fast pyrolysis and d) hydrothermal processing. Direct
combustion occurs at high temperatures, 800-1200oC, with excess use of air/oxygen that leads
to 100% oxidation of all organic compounds. The thermal energy produced from this direct
combustion is suitable for combined heat and power generation. Gasification occurs at medium
temperatures, 700-1000oC, with partial oxidation of compounds. Gasification produces heat
that can generate electric power and syngas that can be further processed to synthesize fuels or
chemicals. Fast pyrolysis occurs at moderate temperatures, 450oC-550oC, with the absence of
air/oxygen and therefore organic compounds can be formulated at

bio-oil product. Also,

smaller amounts of gases and solid char, are produced in fast pyrolysis [26, 25].

3.1 Combustion Process
Direct combustion is the foundation of the electric power generation nowadays [25], since it
employs a well-developed technology. The existing power plants can be easily retrofitted to
burn biomass with temperatures reaching up to 1200 oC.
The design and selection of a combustor is mandated by the fuel type and the final use. Solid
biomass is the primary class of fuel and can be woody materials such as lumber mills residues,
12

grasses, straw and other agricultural and forest residues. Other solids derived from biomass is
charcoal. Highly controlled furnaces are used either for power generation or Combined Heat
and Power (CHP) applications. The most common biomass-fueled power plant utilizes the
Rankine cycle (Figure 7), with typical temperatures and pressures up to 550 oC and 6-10 MPa
[25]. Biomass is fed and burned into a boiler which consists of a furnace and heat exchanger
tubes for steam production. Then the steam is expanded in a turbine where electricity produced.
The condensed steam is recirculated back in the boiler and the flue gases are cleaned and vented
to the atmosphere (combined cycle). However, there are disadvantages in combustion systems
associated with the quality of the feed, such as high moisture content which results in
agglomeration and ash fouling due to inorganic compounds in biomass. Corrosion is also an
issue due to potentially high chlorine concentrations in biomass feedstock.

Figure 7: Rankine cycle with recycle [27]

3.2 Gasification Process
Gasification converts fossil or non-fossil fuels (solid, liquid) into useful gases. The gasification
reaction requires also a gasification agent which can be air, oxygen, steam or a mixture of them.
The reaction occurs at understoichiometric conditions of the medium at high temperatures. The
product of the reaction is known as syngas or synthesis gas and can be used for heat production,
power generation, fuels and chemicals. The motivation for such transformation is to increase
the heating value of the fuel by removing noncombustible compounds such as oxygen and water
13

and for removing the sulfur content in order not to be released in the atmosphere [2]. Figure 8
shows a general flow diagram for possible process chains.

Figure 8: Process flow diagram for the conversion of biomass into several products [28]
A gasification reactor, which is usually a vertical one, is comprised with three zones: a) the
drying, b) the pyrolysis and c) gasification zone. In the drying zone, the fuel is heated, and water
is removed at temperatures above 100 oC. In the pyrolysis zone, which occurs at temperatures
between 300-600 oC, the organic components in biomass are thermally decomposed into gases,
condensable vapors, liquids and coke. In the gasification zone, where the temperatures are even
higher, the products are further reacting with the gasification agent or product gases under
complicated numerous reactions. The final product, synthesis gas, leaves the top of the reactor
and mainly consists of hydrogen (H2), carbon monoxide (CO), methane (CH4), water (H2O),
carbon dioxide (CO2) and nitrogen (N2) [29, 28].
There are different gasification reactors that can be classified according to different categories
[28]:
•

By the heat supply, autothermal or allothermal gasification.

•

By the gasification agent, oxygen, air or steam.

•

By the heat and mass transport agent in the reactor, fixed or fluidized bed.

•

By the pressure, pressurized or atmospheric.
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3.3 Pyrolysis Process
Pyrolysis is a complex process where biomass under a non-oxidizing atmosphere undergoes
successive reactions. The thermal decomposition of organic matter initiates at temperatures
approximately of 350 oC and can reach temperatures up to 800 oC. The long chain carbons are
cracking into smaller molecules to form gases, H2, CH4, CO, CO2, condensable vapors and
charcoal. The rate and the extent of the products formation depends on process parameters such
as, temperature, residence time, pressure, heating rates, feedstock and reactor configuration.
Pyrolysis process has been classified into three main categories: slow, fast and flash pyrolysis.
These three categories differ in temperature, residence time and heat transfer. Typical operating
conditions are shown in the Table 7 below.
Table 7: Typical operating parameters and products for pyrolysis process [4]
Product yield
Pyrolysis
process

Residence time

Heating rate

Particle size

Temp

[s]

[K/s]

[mm]

[K]

[%]
Oil

Char

Gas

Slow

450-550

0.1-1.0

5-50

550-950

30

35

35

Fast

0.5-10

10-200

<1

850-1250

50

20

20

Flash

<0.5

>1000

<0.2

75

12

13

10501300

The slow pyrolysis process is selected if the desired product is charcoal rather than bio-oil or
gases. The residence time is high, 450-550 sec and the components continue to react producing
primarily solid char and low-quality bio-oil. Furthermore, high residence time and slow heat
transfer demands more energy input [4]. The fast pyrolysis, which has become of interest in
late 20 years [30], is selected due to high yields of bio-oil out of which liquid fuels and various
chemicals can be produced. The bio-oil is produced after rapid cooling of condensable vapors
and the whole process occurs at low residence time, high heat transfer rates and high
temperatures. There are potential advantages for the pyrolysis process [4]:
•

Neutral CO2 balance.

•

Renewable fuel for boilers, power generation and industrial processes.

•

Further conversion for motor-fuels and commodity chemicals production.
15

•

Mineral extraction and utilization as nutrients for soil.

•

Utilization of second-generation bio-oil feedstocks.

3.4 Pyrolysis Reactors
The reactor plays a key role in the pyrolysis process. Considerable research and development
in reactor design have led in different types of reactors that can optimize the performance of
the pyrolysis. Various types and the most popular of them are described below:

3.4.1 Fixed bed reactors
The fixed bed reactor system is similar with the updraft gasifier and it is suitable when there is
a uniform biomass feed size [31]. Apart from the reactor, the fixed bed reactor system consists
of a cooling and cleaning system, where the products pass through cyclone, wet scrubbers and
dry filters. However, they are considered for small scale heat and power systems dealing with
tar removal issues [32].

3.4.2 Fluidized bed reactors
The fluidized bed reactor is a configuration where a fluid-solid mixture exists in the reactor and
well behaves as a fluid. These systems are popular in industry due to high contacts, small
residence times, rapid heat transfer and high velocities. Various types of these type of systems
are shown in Figure 9 and described below.
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Figure 9: Various types of fast pyrolysis reactors, a) bubbling fluidized bed b) circulated
fluidized bed c) rotating cone reactor d) screw reactor [33]

3.4.3 Bubbling fluidized bed reactors
Bubbling fluidized-beds are simple in operation and construction and they provide an excellent
manipulation of residence time, temperature and solid-gas contact. The biomass is fed in the
reactor at the same time with an inert gas (e.g. N2) and the necessary heat for the reaction is
supplied either by heating the walls or by conducting with hot inert gas. Moreover, the
distributor inside the reactor, ensures a well distribution of the inert gas. Inside the reactor, the
rapid increase in temperature results in decomposition of the organic material producing
condensable vapors, gases and char [34]. Long residence time and high temperatures (>500 oC)
cause secondary cracking of the primary products if a cracking catalyst exists [35]. The product
stream is rapidly separated in a cyclone where the char is separated from the vapors. The
condensable vapors are rapidly cooled in heat exchangers to produce the bio-oil. A disadvantage
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in these systems, is their need for small biomass particle size (2-3 mm) to achieve efficient and
high heat transfer rates [30].

3.4.4 Circulating fluidized bed reactors
The circulating fluidized bed reactor (CFB) is similar in operation to the bubbling fluidized bed
(BFB) reactor; however, the char residence time is the same with the vapors in contrast with
BFB. In CFB, a char combustor is employed to remove the carbon deposits and reheat the solids
to recycle them back to the reactor. The necessary heat for the reaction and the contact area is
provided by a mixture of convection and conduction of the hot inert sand [35, 34]. However,
along with the solids there is a possible ash carryover to the reactor which acts as a cracking
catalyst and thus degrading bio-oil by removing volatiles [8]. As result, serious operating issues
have been reported due to char accumulation in units without regeneration [36]. Even though a
CFB has complex hydrodynamics and doesn’t have high heat transfers rates due to dependency
of the gas flow rates and efficient temperature control, they are suitable for larger throughputs
and are widely used in petroleum and petrochemical industry [35, 8].

3.4.5 Rotating cone reactors
The rotating cone reactor (RCR) technology has been developed in Netherlands and it’s the
only European technology with successful upscaling [36, 25]. The working principle of the
rotating cone reactor are the centrifugal forces that acting in the materials causing intense
mixing and high heat transfer [25, 34]. The biomass and the sand are fed either at the bottom or
at the top of the cone and the reaction takes place while the mechanical mixing occurs. While
the cone is spinning, the solids are moving upwards and spill over the lip of the cone [4]. The
process is similar to CFB systems, where rapid cooling occurs in vapors and combustion in char
[25]. The reactor volume may reach 0,2 m3, it’s a very compact design, it can be used for high
throughputs and requires very small particle sizes [34]. The BTG B.V. company has upscaled
the rotating cone technology to 50 kg/h first and then to 250 kg/h in 2001 [25]. In 2015,
delivered a fast pyrolysis plant in Hengelo/Netherlands, with a capacity of 5 tn/day [37].

3.4.6 Auger Reactor
The auger reactor is a compact design where augers are used to move the biomass feed without
requiring carrier gas. The mode of heat transfer is conduction since the heat is provided with
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steel shot or with the sand [34]. The pyrolysis temperature ranges between 400-800 oC causing
the organic material to devolatilize as moving in the tube [4]. The residence time can be
manipulated by the length of the heating zone and even though the energy costs are lower to
other technologies, they are suitable only for small capacities bio-oil plants [34].

3.5 Hydrothermal Process
Hydrothermal process utilizes water at high temperatures and pressures to convert biomass into
liquid hydrocarbons and gases depending on conditions [25]. This process was first discovered
by a graduate student Sanjay Amin in mid-1970s while his was researching the decomposition
of organic compounds in hot water (steam reforming) [2]. The water near its critical conditions
(Tc=374 oC, Pc= 22.064 MPa) has unique features offering ionic reaction conditions, rapid
hydrolysis and high solubility of intermediate reaction products [2]. The hydrothermal
processes are determined to provide treating of wet biomass without drying and reaching ionic
reaction conditions [25].
There are two main routes for the supercritical water-based conversion of biomass process [25]:
•

Liquefaction, where liquid fuels are produced using water above its critical pressure
(22.1 MPa) and near critical temperature (300-400 oC) [2].

•

Gasification, where the decomposition of large organic molecules into smaller ones and
then into gases occurs [25]. A supercritical water in the temperature range of 350-500
o

C and in the presence of catalyst, produces CH4. While at higher temperatures, above

600 oC, H2 is produced [2].
Hydrothermal processing is an efficient mean of producing liquid fuels and chemicals, since
small-scale operations has shown that can be operated. However, there are many issues to be
resolved, regarding the control of process parameters (time, temperature, pressure), for a longterm operation of a commercial scale plant [25].

3.6 Pyrolysis Products
The three major pyrolysis products are a) vapors that condensate at ambient temperature and
turned into a viscous dark-brown product bio-oil, b) bio-char and c) gases (e.g. CO, CO2, H2
etc.). The maximum liquid product yield from a process, is observed at medium temperatures
between 350-500 oC, at high heating rates and low residence time. High yields of char are
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obtained by treating high lignin feedstocks and at low temperatures and slow heating rates. The
gases are produced at high temperatures and long residence time processes.

3.6.1 Bio-oil
Pyrolysis bio-oil is produced from the rapid decomposition of the cellulose, hemicellulose and
lignin at high temperatures and low residence time. Rapid cooling “quenching” aims to avoid
further reactions of the intermediate products since it contains reactive components. Pyrolysis
bio-oils are dark-brown colored organic liquids with highly oxygenated compounds, having a
distinct smoky odor [8, 38]. The different physical properties of bio-oils are the result of the
chemical composition of them and they differ significantly from the petroleum derived oils.
Bio-oil is a mixture of several hundred organic components like ketones, alcohols, acids,
aldehydes and phenols. Compared with petroleum heavy fuel oil, the wood derived bio-oil has:
➢ a higher moisture content (15-30%)
➢ a pH of 2.5 resulting to be corrosive
➢ a significantly higher content of oxygen (35-40%) and
➢ a much lower HHV (16-19 MJ/kg).
Typical physical properties of wood and petroleum derived bio-oil are presented in Error!
Reference source not found.. Despite the high deviations from heavy fuel oil, bio-oil has been
successfully utilized as a feed in boilers, and turbines. Moreover, it can be further upgraded to
high value fuel oil and used as a feedstock for production of commodity chemicals. A rather
interesting option is also the co-feeding in FCC and hydrocracking units as a part of recent
environmental regulations [39, 40]
Table 8: Typical physical properties of wood derived bio-oil and heavy fuel oil [41].
Bio-oil

Heavy fuel oil

(wood derived)

(petroleum derived)

Moisture content (wt.%)

15-30

0.1

pH

2.5

-

Specific gravity

1.2

0.94

54-58

85

Properties

Elemental composition (wt.%)
C
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Bio-oil

Heavy fuel oil

(wood derived)

(petroleum derived)

H

5.5-7.0

11

O

35-40

1.0

N

0-0.2

0.3

Ash

0-0.2

0.1

HHV (MJ/kg)

16-19

40

Viscosity (cP@50 oC)

40-100

180

Solids (wt.%)

0.2-1

1

Distillation residue (wt.%)

Up to 50

1

Properties

After the production of bio-oil, the viscosity increases causing the aging of bio-oil and a
possible phase separation. This undesirable condition is believed to be caused from the
breakdown of microemulsions and the chemical reactions that occur during storage and
handling [8]. Ketones and aldehydes react with aldols causing an increase in viscosity and water
content. Also, the alkali and alkaline earth metals accelerate the aging of bio-oil and thus
causing the modification of the bio-oil properties. However, more than 95% can be decreased
through the water and acid washing pretreatment method during down streaming [42]. Apart
from the above factors, there are also fouling and phase separation issues due to the high
viscosity, density and the polar nature of the bio-oil, that affects the bio-oil’s properties and
preventing further utilization of it. Moreover, the amount of many contaminants in bio-oil is
also a reason of the low product value. Therefore, the two major drawbacks of bio-oil are the
high oxygen content and the large amounts of water.

3.6.2 Bio-char
The amorphous high carbon and rigid residue that is formed during the thermal decomposition
of biomass is known as bio-char. The formation of bio-char is a complex process and its
structure remains unclear [43]. Three reaction steps are suggested for the formation of bio-char
through biomass pyrolysis [44].
1st step: Biomass → Water + Unreacted residue
2nd step: Unreacted residue → (Volatile + Gases)1 + (Char)1
3rd step: (Char)1 → (Volatile + Gases)2 + (Char)2
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In the 1st step, the biomass is undergoing devolatilization and leads to moisture and volatile
loss. During the 2nd step the primary bio-char is formed, while in the 3rd step the bio-char is
decomposed further but at slower rate forming a carbon rich residue, the bio-char.
The bio-char yield and its physical properties are strongly depended by the process conditions.
According to Kim et al (2012), a decrease of bio-char yield from 60.7% to 14.4%, resulted with
the increase of the pyrolysis temperature. His results were consistent with the literature [44,
45]. Further on, the carbon content increases with the pyrolysis temperature and this is attributed
to the cleavage and cracking of the weak bonds in bio-char [44, 43, 33]. At high temperatures
(>550 oC) the production of bio-char is decreased dramatically, whereas more gases and low
molecular weight organics were produced due to cracking of the volatiles. In Figure 10 and
Figure 11 is presented the effect of temperature in bio-char composition.

Figure 10: Effect of temperature on carbon content in bio-char [44]
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Figure 11: Effect of temperature on oxygen content in bio-char [44]
Moreover, the presence of high lignin content favors the char formation, in contrast with the
cellulose and hemicelluloses which are favoring the bio-oil yield [38]. According to Demirbas
[44], the particle size is affecting the bio-char yield as shown in the following Figure 12.

Figure 12: Effect of particle size in bio-char yield [44]
The pH of bio-char varies from pH<4 to pH>12 [33] and this is due to the bio-char’s production
temperature and ash content. The higher the temperature, the more functional groups are leaving
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the bio-char and thus causing pH variance [33]. At increasing pyrolysis temperatures, the ash
content increases, causing the variation of pH.
The Brunauer-Emmett-Teller (BET) surface area of bio-char alters as well. Bio-char is a highly
porous material with a large specific area e.g. 400 m2 ⁄kg [33], which depends on biomass
feedstock and process conditions. There are two factors that affecting surface area, the structure
of the biomass feedstock and the cracking due to mass loss and shrinkage during the pyrolysis
process. Depending on the physicochemical properties, the bio-char can be utilized as a solid
fuel in boilers for steam production, as an active carbon to adsorb pollutants, as a carbon
reduction agent in steel industry and for production hydrogen rich gas [10].

3.7 Products Applications
Pyrolysis products have a series of applications and not only limited in bio-oil utilization in fuel
blends. Figure 2 shows the different routes of pyrolysis product utilization. Especially in biooil, several components exist and have only recently identified as platform chemicals in
respective industrial units. Chemicals that can be extracted are phenols for the resin industry
and organic acids for the food and pharmaceutical industry. On the other hand, the bio-char can
be used in farming or be upgraded as adsorption material (active carbon). Finally, noncondensable gases may be utilized as fuel gas or in petrochemical industry as long as they are
rich in olefins (C2=, C3=).
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Figure 13:Application of pyrolysis products [46].

3.7.1 Bio-oil
Bio-oil is a green alternative in many applications and may potentially substitute petroleum in
many products. As a liquid, its transportation and handle, is easier than solids and gases and
this makes it important in the industry.

Power generation: Bio-oil may be used in boilers and furnaces in heat and power generation
systems. Major renovations are not necessary in the firing systems since they are designed to
operate in a variety range of fuels from natural gas and petroleum distillates (diesel, heavy fuel
oil) to coal. Moreover, the oil-fired burners cannot be fueled directly with solid biomass though
they need a major revamp first and thus make them economically unfeasible. Despite the fact
that bio-oil produces less harmful flue gases (CO, NOx) in boiler applications and has similar
characteristics with petroleum distillates, its difference in viscosity, pH, energy content and
combustion characteristics should be considered [47]. An issue with bio-oil that currently
exists, is its high oxygen content that in the end of the day, reduces system efficiency though
economics is rather balanced as compared to alternative fossil fuels.

Diesel engines: There are significant concerns to operate a diesel engine with bio-oil due to its
lower heating value, high-water and oxygen content, corrosiveness and aging. Moreover,
critical conditions have been reported while operating diesel engines. These are carbon
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deposition in pistons, filter plugging, wax formation, cold weather start-up issues, inefficient
engine lubrication and coke formation in injector [4]. Even though direct combustion of the
pyrolysis oil is quite difficult [48], it can be successfully utilized in diesel engines as a fuel
provided that modifications will occur either in the engine or in the fuel quality and in the air.
Van de Beld et al [48] claim in their study that pyrolysis oil can be used as a fuel at an air inlet
temperature between 100-120 oC at engine compression ratio of 17.6. Moreover, the air
temperature can be lowered at 40 oC at a higher compression ratio of 22.4. Since the cetane
number (CN) of a diesel engine is indicative of the ignition characteristics [49], Van de Beld et
al (2013) documents also, that physical (solid removal) and chemical treatments (hydro
processing) remove those undesirable properties and thus increase the pyrolysis bio-oil CN.
Moreover, emulsification and blending improves the bio-oil properties. Emulsifying bio-oil
with biodiesel at optimum ratio of 4:6 produces a more stable product and various properties
such as acid number, viscosity and water content were more desirable than original bio-oil [50].
Tertiary blends of bio-oil:biodiesel:alcohol (ethanol, 2-propanol, 1-butanol) were studied from
Bridgewater [51] and produced stable blends with better properties regarding the pH, the
density, the viscosity and the flash point. Apart from better properties, their easy combustion
resulted in lower CO and NOx emissions [48]. Treated bio-oils offer a significant advantage
than bio-oil itself, being an attractive technique for combustion systems.

Chemicals: Until today, several hundreds of chemicals components have been identified in
bio-oil and an increasing attention is given to recovery these high value-added chemicals.
However, a large portion of cracked or depolymerized components in bio-oil cannot be
identified [25]. Several chemicals that produced from petroleum can also be produced from biooil. Especially, the lignin rich fractions of bio-oil, which consists of mainly from phenols has
been investigated as a replacement of phenol-formaldehydes, which are synthetic resins widely
used in plastics industry, as surface coating materials, adhesives, binders in moulding powders
[52]. Also, the phenolic components from bio-oil have can substitute creosotes, an excellent
fungicide and wood preservative [53]. BTX aromatics (benzene/toluene/xylene) are also
present and have a series of applications.
Bio-oil reacts with amino components such as ammonia and urea and produces stable amides,
amines and nitrogen-rich components, which can be used as slow-release organic fertilizers.
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The degradation of bio-oil’s lignin components provides good soil conditioning, acidity control
and acts as an excellent agent of nutrient metals such as Ca, Fe, Zn, K, P and Mn [25].
A range of food flavoring products have been used based on bio-oil and these are food flavors
and liquid smokes. These products are used to provide an artificial taste and smell on the meat
before cooking. Another significant component that is used in food industry, is
hydroxyacetaldehyde. This aldehyde is used as a browning agent for meat, sausages, cheese
and fish [25].
Levoglucosan, an anhydrous glucose component in bio-oil is a rigid chiral molecule with five
asymmetric carbons. The chiral properties make levoglucosan a very expensive and rear
component with potential applications in synthesis of biodegradable plastics, textile softeners,
antibiotics and many specialty chemicals in pharmaceutical industry [54].

3.7.2 Biochar
Biochar is widely used for heat and power generation and serves also as a fertilizer in soil
conditioning [55]. Adding biochar to soil replaces nitrogen, carbon and other nutrients that
removed while continuously harvesting. By 2014, 90% of the biochar in Europe was used in
animal farming for feeding and slurry treatment [56]. The smells from slurries are notable
reduced when mixed with biochar. The extremely low thermal conductivity and the ability to
adsorb water up to 6 times its weight [56] provides a fine material in building industry for
insulating and humidity control. In Figure 14 is shown the major characteristics of biochar
relevant to environmental and agricultural applications.

Figure 14: Biochar characteristics and suitability for specific applications [57]
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The bio-char can be used also in the preparation of active carbon if its pore structure and surface
area are appropriate. Active carbons are carbonaceous materials widely used as adsorbents in
wastewater treating processes, air purification applications and vehicle emissions control [44].
Its large surface area provides high capacity of adsorbing chemicals from gases and liquids.
Other industrial uses are in electronics industry (semiconductors and batteries manufacture), in
textile industry (thermal insulating clothing and deodorant in shoe soles) and in medicine
(detoxification and carrier for active pharmaceutical ingredients) [56].

3.7.3 Non-condensable gases
Pyrolytic gas mainly consists from H2, CO, CO2 and light hydrocarbons such as methane (CH4)
and ethane (C2H6), all known as non-condensable gases (NCG), which offer potential
applications in industrial, power and transportation field [58]. The NCGs can be used in
combustion processes to provide heat or recycled back to the reactor to support fluidization
[59]. Recycling back the NCGs aims to reduce operating costs and eliminate downstream
processes for the gas stream. Mante et al. (2012) studied NCGs mixtures and nitrogen (CO2/N2,
CO/N2, CO/CO2/N2, H2/N2) as fluidization gas to determine their independent effects in
pyrolysis and they found a potential increase in liquid yield and decrease in char/coke yield.
Uddin et al. (2013), studied the utilization of NCGs as potential hydrogen (H2) source in a
sustainable future that would rely on technologies to reduce greenhouse gas emissions.
Moisture, particle size and catalyst type (Ni-based, Zeolite-based) where the parameters that
increased yields of H2 and NCGs also.

3.8 Catalysts in Lignin/Biomass Pyrolysis
Catalysts are playing an important role in the biomass pyrolysis processes by enhancing the
pyrolysis reactions and finally decomposing the high molecular components into a lower one
[4]. Usually, catalysts are aiding the known as pyrolysis vapors upgrading. There is a plethora
of catalysts that produce various distributions of components at different operating conditions.
The main objective of these catalysts is to selectively promote decarboxylation,
decarboxylation and dehydration reactions and produce a high-quality bio-oil, meaning, low
oxygenated, less viscous and with less water content [60].
The most common and widely used catalytic materials in the oil industry are the zeolites [60].
Zeolites Y and ZSM-5, are utilized also in many biomass catalytic applications [61], whereas
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the ZSM-5 is the main mesoporous acidic catalyst studied for upgrading the pyrolysis vapors.
In figure 13 is shown a schematic transformation of bio-oil into petrochemical gases and biofuel.

Figure 15: Biomass transformation via catalyst ZSM-5 or Y utilization [62]
Further investigation has been conducted by Horne & Williams [63] in order to understand the
catalysis pyrolysis by using ZSM-5. According to their study, oxygenated components such as
methanol, furfural, anisole and cyclopentanone produced high yields of valuable oil and
chemicals at temperatures between 300-500 oC. However, high concentrations of toxic
chemicals such as polycyclic aromatic hydrocarbons (PAHs) were detected at high
temperatures and highly oxygenated feedstock [63].
There are many studies that have also investigated the high potential of ZSM-5. Gayabo et al
[64] studied the catalysis of vegetable biomass (1-propanol, 2-propanol, 1-butanol, 2-butanol,
phenol) and resulted that alcohols produce lumps of gasoline and light olefins. The olefins
formation takes place at temperatures between 200-350 oC, whereas, above 350 oC the olefins
transformed into paraffinic and aromatic components [64]. Thring et al [65] studied the
conversion of lignin with solubilized acetone using ZSM-5 catalyst and high yields of gasoline
components such as benzene, xylene and toluene were produced at temperature range of 500650 oC [65]. They also observed maximum yields of aromatic hydrocarbons at 500 oC and space
velocities of 5 h-1, whereas, highest yield of olefins and light hydrocarbons (CO, CO2, C2H4)
observed at 650 oC and at similar space velocities as above. Their study initiated the conversion
of an abundant renewable source, the lignin, into high value products (aromatic hydrocarbons).
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Extensive research has been conducted also at the field of laboratory synthesized ZSM-5
catalysts [60]. French and Czernik [66] investigated the hydrocarbon production performance
of these synthesized catalysts in the pyrolysis process. They used three types of biomass,
cellulose, lignin and wood, at temperature range of 400-600 oC and physical contact with the
catalyst. The tests carried out by using forty catalysts, 10-commercial (MC-508, SAPO-11 etc.),
22-synthesized at the laboratory with different metals (Co, Fe, Ni, Ga, Ce, Cu, Na), four X and
Y types (CBV 760/520) and four silica and alumina materials. The highest yields of
hydrocarbons, 16 wt.% including 3.5 wt.% toluene, achieved at 600 oC using the laboratory
prepared catalyst NiZSM-5 [66]. The other catalysts produced hydrocarbons at the same levels,
but the ZSM-5 group performed better than the other groups.
Even though the performance of the ZSM-5 catalysts has been well identified, the increased
water production, the formation of undesirable PAHs and the catalyst degradation due to coke
formation, are serious drawbacks to utilize them in commercial plants. Since the lignin derived
components are large, to overcome the above drawbacks of the catalysts, larger pore size
materials have paid attention than that of zeolites [60]. The mesoporous catalyst MCM-41
attracted much attention by the time it was discovered in 1992. Iliopoulou et al [61],
investigated the performance of the aluminosilicate Al-MCM-41 materials for the in situ
upgrading the pyrolysis vapors and compared with the silicate MCM-41 materials. The large
surface area and tubular mesopores of these materials affected significantly the bio-oil quality
[61]. However, the Al-MCM-41 achieved major improvements in the bio-oil quality because it
increased the phenols concentration which are valuable chemicals and decreased at the same
time the corrosiveness.
Catalysts present significant performances in the pyrolysis processes because they can produce
high quality bio-oil and high valued chemicals at economical viable yields. Further research
should be focused in developing and exploiting materials with the above benefits and at the
same time diminishing the drawbacks that currently persist.
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4 Process Description and Design
In order to have a realistic basis for the scaled-up design, a series of experiments were carried
out in a lab-scale fixed bed reactor using lignin. The effect of specific operating parameters in
the process have been investigated earlier regarding the solid material, silica sand and
commercial fluid catalytic cracking catalyst ZSM-5 [67] [68]. Lignin was derived from the
pretreatment of birchwood with properties as shown in Table 9.
Table 9: Ultimate and proximate analysis for birchwood biomass
Ultimate analysis (wt.%)

Proximate analysis (wt.%)

Element

Birchwood

Carbon

45.33

Volatile Matter

45.03

Hydrogen

6.36

Moisture

8.57

Oxygen

47.74

Fixed content

54.4

Ash

0.57

Ash

0.57

Nitrogen/Chlorine/Sulfur

Element

Birchwood

0/0/0

While an overall description of lignin derivation through the organosolv pretreatment
methodology is out the scope of this thesis. A brief description is provided here. A typical
hardwood (birch) was treated at 200 oC for 15 min with 60% v/v ethanol and 1% w/w biomass
of H2SO4 in a pilot scale hybrid organosolv/steam explosion reactor at Luleå University of
Technology. Initially, a traditional organosolv cooking took place, followed by a rapid
decompression at the end of the organosolv cooking procedure. The pretreated liquor was
collected and the respective solids were separated by vacuum filtration. Next, the liquid product
was collected, and ethanol was removed in a rotary evaporator in order to reduce lignin
solubility and facilitate its recovery. After ethanol removal, the liquor was centrifuged for 15
min and lignin was recovered as a wet paste, air-dried and further stored. Lignin was
characterized and more information on the applied methodology can be found in [69].
Regarding the experimental procedure of lignin pyrolysis, the following are stated
The fast pyrolysis experiments were conducted in a bench-scale fixed-bed reactor unit in
CPERI/CERTH by using inert silica sand (non-catalytic) or ZSM-5 zeolite (in-situ catalytic
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upgrading of bio-oil vapors). The silica sand or Catalyst/biomass ratio was between 13 and 16.
The temperature was set at 500 oC and the recovery of products was achieved through rapid
cooling at 40 oC. Liquid products were separated in aqueous and organic phases and analyzed
through respective techniques (e.g. GC-MS). Gas products were analyzed in a gas
chromatograph (CO, CO2, H2 and C1-4) whereas char and coke (solids) were determined by
C/H elemental analysis and, sample weighting [70]. The product yields using the catalyst ZSM5 and the silica sand are reported in Table 10
Table 10: Pilot plant yields
Process

Catalytic pyrolysis

Thermal pyrolysis

Solid material

ZSM-5

Silica sand

CO2

7.300

6.690

CO

10.300

8.548

H2

0.000

0.062

CH4

5.126

3.996

C2H6

0.573

0.428

C2H4

2.889

0.614

C3H8

0.323

0.117

C3H6

2.422

0.326

Total gases

28.933

20.781

Organics

11.64

26.15

Water

18.64

12.50

Total liquid

30.28

38.65

Coke/Char

48.6

45.1

Gaseous products (wt.%)
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Table 11: Ultimate analysis for organic phase and char/coke in pilot plant
Ultimate analysis
Organics

Char/coke

Catalytic pyrolysis

Thermal pyrolysis

Catalytic pyrolysis

Thermal pyrolysis

C (wt.%)

72.44

56.85

70

67

H (wt.%)

6.85

5.89

7

3

O (wt.%)

20.71

37.26
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As observed in Table 11, the catalytic process produces more gases, 28.933%, in respect the
thermal pyrolysis’s process of 20.781%. Moreover, the catalytic pyrolysis process produces
more water and coke/char, 18.64% and 48.6% respectively, than the thermal pyrolysis process
which produces 12.5% and 45.1%. According to Vasalos et al [71] the higher water content
using ZSM-5 originates from the dehydration reactions occurring from the removal of water
from oxygen-containing organic components [71]. Generally, catalytic biomass processes tend
to produce more light hydrocarbons, water and coke/char than the conventional one processes
[36].

4.1 Process Simulation
Using the lab scale experimental data as presented in the previous paragraph a scale up for a
throughput of 100 tonne/h of lignin was performed using Aspen PlusTM. The mass fraction of
each component was determined (process validation) in order to match the elemental analysis
of all product streams and satisfy the atomic balances. The feed properties and the yields for
the Aspen Plus model were solely based as shown in Table 9 and Table 10 respectively. In case
of missing components (especially in bio-oil) the Aspen PlusTM database was screened in order
to substitute with components of similar properties. The char was modeled as unconventional
solid according to the ultimate analysis in Table 11.
The schematic of the process model and detailed functions are shown in Table 12 and Figure
16 respectively. The process has 5 process stages, the fast pyrolysis (non-condensable gases,
vapors and char coke production), the separation (gas-solid and gas-vapor separation), the biooil recovery, the combustion and the L.P. steam/power generation.
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Table 12: Functions for each process step
Process step

Description and function

Pyrolysis

Fluidized bed reactor

Solids removal

Cyclones

Combustion

ZSM-5/ silica sand regeneration and heat production

Steam power generation

Flue gas heat recovery, steam generation to supply. steam
turbines and provide Power and L.P. steam.

Gas-vapors separation

Rapid cooling condensers and separator

Bio-oil recovery

Bio-oil water separators

Figure 16: Aspen PlusTM process model
The current model it is based on the originally model developed in the Chemical Process
Engineering Research Institute (CPERI) in Thessaloniki, Greece [72]. The design parameters
of the process and the detailed methods used for developing the Aspen Plus

TM

simulation

(Figure 17) are shown in Table 13 and Table 14 and respectively.

34

Table 13: Design parameters of the process
Parameter

Unit

Feedstock

Lignin

Capacity [tonne/h]
Reactor type

100
Fluidized Bed Reactor

Reaction pressure [Atm]

1

Reaction temperature [oC]

500

Quench temperature [oC]

20

Combustion temperature [oC]

650

Bed material

ZSM-5 or silica sand

Fluidizing gas

N2 + non-condensable gases

Table 14: Methods for Aspen PlusTM simulation
Aspen parameters

Type

Property method

NRTL

Component
Binary interaction parameter

Conventional, non-conventional, solid
HENRY

Figure 17:Process model development in Aspen PlusTM
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The Ryield reactor model was applied to simulate the fast pyrolysis process and generally it
was used to process the lignin and char/coke streams since they comprise solid components
(both of conventional and non-conventional type). The Cyclone model was applied to separate
char/coke from the gaseous and vapors and the RGibbs model to simulate the char/coke
combustion (full combustion in excess air is assumed). Furthermore, the Sep and Rstoic models
were used to simulate, the non-condensable components, the bio-oil and water according to the
material balance (based on the experimental data shown earlier). As a fluidization medium it
was recycled the gaseous stream. The Compressor and Flash models were used to produce
electricity as a byproduct. Finally, the Heater, the Fsplit, the Mixer, the Pump and the
Compressor models were used in pressure -temperature alterations in the process. The overall
description of the process flow diagram is discussed step-by-step in the subsequent section. As
discussed earlier, the overall Aspen Plus model was validated against the experimental data
shown in Table 10 and Table 11.

4.2 Process Description
The pyrolysis process is assumed to convert 100 tonne/h of lignin derived from birchwood
biomass into bio-oil, biochar and gases. Biomass preprocessing such as chopping, drying and
grinding are out of the scope of this study and it is assumed to receive it in small particles. The
proposed process flow diagram is shown in Figure 18.
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Figure 18: Process flow diagram of the lignin pyrolysis model

4.3 Fast Pyrolysis
The fast pyrolysis process occurs at 500 oC and 1 atm using non-condensable gases and nitrogen
as a fluidization agent and silica sand (thermal/non-catalytic process) or ZSM-5 (catalytic
process) as a heat transfer medium. In addition to non-condensable gases, the nitrogen is
supplementary added due to insufficient capacity during fluidization. As a nitrogen generator it
is used a PSA unit due to its reliability and low-cost nitrogen supply.

4.4 Char Separation
The products are treated in the cyclone where the solids (ZSM-5 or silica sand along with char
and coke) are separated from the non-condensable gases and the vapors. The solids are
circulated back to the combustor and the bed material (ZSM-5 or silica sand) is regenerated for
reuse in the pyrolysis reaction. The regeneration takes place at 650oC. The necessary air to
achieve full combustion and hence regeneration of the bed material, ZSM-5 or silica sand, is
300 tonne/h and 240 tonne/h respectively. The air is supplied from a blower. The combustion
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reaction occurs at 650 oC and the heat generation is 1,06 ∗ 106 MJ/h and 863,111 MJ/h using
ZSM-5 or silica sand respectively. The regenerated bed material is recirculated back to the
reactor again and mixed with reactants. The continuous regeneration of the bed material results
in mass loss and considered 2% is added at each cycle.

4.5 Liquid Collection
Downstream the cyclone, the product stream is assumed to be free of particles, comprised of
non-condensable gases and vapors and is rapidly quenched from 500oC to 40 oC to avoid the
unwanted further cracking of organic components. In the current process model, the quenching
is achieved using two heat exchangers and assumed no fouling occurred in the tubing.
The liquid-gas stream is introduced to a 2-phase separator where the non-condensable gases are
separated from the liquid. The non-condensable gases are recycled back to the reactor as a
fluidization medium and the liquid product is fed to a liquid-liquid separator to recover bio-oil.
At this process stage, it is assumed that the produced wastewater is free of organics and they
recovered for producing the bio-oil.

4.6 Steam Power Generation
The energy content of the generated flue gases in the combustion process is utilized to produce
power and low-pressure steam (L.P. steam). A water pump increases the pressure at 50 bar and
transfer it to a heat exchanger where flue gas heat recovery occurs and high-pressure steam
(H.P. steam) of 500 oC is produced. The H.P. steam expands to a steam turbine system and
electricity of MW and MW out of the ZSM-5 and silica sand flue gases is produced respectively.
Furthermore, L.P. steam at 120 oC and 2.0 bar is the secondary product from the steam turbine
system. The flue gas release temperature to the environment is 165 oC and assumed to be
adequate without occurring any condensation or agglomeration directly at the stream exit.
In Table 15 it is presented the capacity and utility consumption of the catalytic and thermal
pyrolysis processes.
Table 15: Material and energy balance of the catalytic and thermal pyrolysis commercial plants
Operating conditions
Biomass feedstock
Biomass feed [tonne/h]

Catalytic pyrolysis

Thermal pyrolysis
Lignin
100
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Operating conditions

Catalytic pyrolysis

Thermal pyrolysis

Bed material

ZSM-5

Silica sand

Bio-oil [tonne/h]

15.383

25.263

Non-condensable gases [tonne/h]

16.913

11.595

Char/coke [tonne/h]

57.684

49.693

Electricity production [MW]

18456.2

15.128

Air supply [tonne/h]

300

240

Bed material additional flow [tonne/year]

1030

1057

Electricity consumption [MW]

5.345

5.168

Water consumption [m3/h]

352.4

331.6

84377.7

88765.7

N2 [m3/h]

4.7 Equipment Sizing
The equipment capacity estimated from the material and energy balances calculated as shown
in Table [73, 74]. The scaled-up reactor (riser and stripper included) calculated at 87.1 m3 in
correspondence with the available pilot plant reactor located at the Chemical Process & Energy
Resources Institute (CPERI) in Thessaloniki, Greece. In order to optimize and maximize the
energy efficiency of the process, the total capacity of the heat exchangers estimated from the
Aspen Energy Analyzer and the sizing limits provided by Walas [74]. The 2-phase and the
liquid-liquid separators sizing calculated according to Walas [74] considering a residence time
of 7 sec and 5 sec respectively. The above equipment was made of 316 SS due to pyrolysis
products corrosiveness. The storage tank capacity estimated by taking into consideration the
residence time at 30 days for the raw materials [74] and to 7 days the for the products. The N2
generator is a Pressure Swing Absorption (PSA) unit at a designed capacity to provide the
supplementary fluidizing gas needed for the process. The capacity and the number of the rest
of the equipment calculated according to the data derived from the Aspen PlusTM simulation.
The steam turbines sized according to the steam produced from heat recovery of flue gases and
calculated at 61 tonne/h and 50 tonne/h for the catalytic and thermal pyrolysis processes
respectively.
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Table 16: Equipment list for 100 tonne/h catalytic and thermal pyrolysis plant
Capacity
Main equipment

Number
Catalytic

Thermal

Reactor (riser + stripper) [m3]

1

Regenerator [MW]

1

297

240

Heat exchangers [m2]

5

2945

2826

2-phase separator [m3]

1

20.14

Oil-oil separator [m3]

1

7.0

Blower [kW]

1

960.3

768.2

Pumps [MW]

4

5915.3

5929.5

Cooling tower [m3/h]

1

4698.8

4422.3

Inert gas generator (PSA) [kW]

1

3395

3565

Steam turbine [MW]

2

18.45

15.12

Wastewater facilities [m3/h]

1

10.0

13.45

Silo [m3]

2

31972

31972

Bio-oil [m3]

2

1177

1933

87.1

5 Techno-Economic Assessment
The techno-economic assessment in engineering is a cost-benefit comparison method, to
evaluate:
•

The economic feasibility of a project

•

Different technologies – processes and applications

•

Cash flows, profitability and financing problems

The techno-economic assessment is a critical stage to develop a pyrolysis plant that dealing this
thesis. The first stage was to calculate the investment cost which comprises the capital (e.g.
equipment, infrastructure, consulting, insurance) and operating related costs (e.g. raw materials,
utilities, labour, maintenance). Then, applied the financial appraisal methods such as the Net
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Present Value (NPV), the PayBack Period (PBP) and Return of Investment (ROI). Moreover,
the minimum selling price (MSP) of bio-oil calculated to evaluate the margin between the
applied default (literature) value.

5.1 Cost Assessment
The mass and energy rates applied from the simulation, to calculate operating and capital costs
of the large-scale pyrolysis processes. The cost estimations employed from the literature [75,
74, 73] and according to vendor quotes. The installation costs and the estimations for the total
project cost employed from Peters & Timmerhaus [75], and Walas [74]. The former years
equipment costs escalated to 2018 following the Chemical Engineering Plant Cost Index
(CEPCI) and the dollar values converted to euro at ratio €⁄$ = 0.81.
The cost of the large-scale pyrolysis processes can be classified in two main categories, the
capital or fixed and operating costs. The capital costs include the direct cost of buying and
installation of the main equipment in the plant such as, pyrolysis reactor, combustor, heat
exchangers, separators, feed handlers (pumps, conveyor), steam turbines and storage tanks. In
Figure 19 is shown the distribution of the main equipment cost of the both processes.

Main Equipment Cost
24 €

Cooling tower

22 €
20 €

Wastewater facilities

18 €

Millions

16 €

Nitrogen generator

14 €
12 €

Pumps

10 €
Reactors (riserstripper incl.)

8€
6€
4€

Liquid-Gas
separators

2€

Tanks

0€
Catalytic

Non-Catalytic

Figure 19: Main equipment cost for the catalytic and non-catalytic processes
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The total equipment cost of the both processes calculated almost at the same value, with the
catalytic process being approximately 1,3 MM€ higher than non-catalytic. Even-though the
production volumes of the bio-oil in the catalytic process are smaller and hence, produce
smaller equipment storage capacity needs, 5,99 MM€ in contrast 6,17 MM€ for the noncatalytic, the higher production of char/coke results in higher capital costs for combustion and
power generation equipment. The capital cost for the combustor in the catalytic process
calculated at 5,32 MM€ and much higher than the 4,43 MM€ of the non-catalytic process. While
the power generation equipment calculated at 1,8 MM€ in respect to 1,53 MM€ of the noncatalytic. As far for the reactor, the cost calculated the same at 151,9 M€ and the cost of the
separators (cyclone, liquid-gas and liquid-liquid separator) calculated at the same level, 4,92
MM€ for the catalytic and 4,94 MM€ for the non-catalytic. Regarding the heat exchangers and
the blower, the cost for the catalytic process calculated at 2,23 MM€ and 35,67 M€ respectively,
slite higher than the 2,02 MM€ and 34,02 M€ in the non-catalytic. This small difference is
mainly accounted to higher capacity of the blower and the heat exchanger at flue gas heat
recovery section. The remaining equipment cost (pumps, nitrogen generator, wastewater
treatment) calculated more or less the same.

Figure 20: Main equipment cost distribution
In Figure 20 it is shown the distribution of the main equipment cost of both processes. For the
both processes (catalytic, non-catalytic) the main equipment cost is attributed to the liquid-gas
separators, the storage tanks and the combustor, and that is approximately 72 %. The total fixed
capital investment is based on main equipment cost calculation. The total fixed capital
investment (TFCI) includes both direct and indirect costs, as well as other costs and working
capital. The Installation costs, instrumentation, piping and insulation costs accounted for 47%,
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36%, 68% and 8% of the main equipment cost respectively. Other costs such as electrical and
development of facilities (land, buildings) have been accounted also in the capital cost
estimation. Along with direct costs, the indirect costs, which are engineering-supervision and
construction and other costs, such as contingencies, legal and contractor’s fees and working
capital, comprise the total fixed capital investment (TFCI) which estimated to 134,64 MM€ for
the catalytic and 127,25 MM€ as shown in Figure 21.

Figure 21: Total fixed capital investment

The operating costs of the processes were estimated also from the material and energy balances
of the simulation process, the literature [73, 75] and vendor quotes. The operating hours of the
processes are based on similar processes and set to 7884 h/year [76, 77]. In this study it was
considered a lignin purchase price of 100 €/tonne. Water and electricity prices are based on
Greece’s public power and water supply companies bills for industrial consumers. For
electricity production the selling price was set to 0.17 €/kWh according to the Greece’s pricing
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policy to enhance the development of renewable energy sources and for water to 0.81 €⁄𝑚3
[78]. The catalysts for the pyrolysis process, ZSM-5 and PSA unit, CMS, are set to 2200 €/tonne
and 1000 €/tonne respectively. The wastewater treatment cost is based on literature [73] and set
to 0.03 €/m3 and it is similar with similar facilities. Table 17 provides the assumptions for the
operating cost estimation. As was found in references [71, 79, 80, 81] an average bio-oil price
set to 526,5 €/tonne.
Table 17: Assumptions for material and operating parameters
Parameter

Value

Annual operating time [h]

7884 (90%)

Lignin feedstock [€/tonne]

100

Bio-oil [€/tonne]

526.5

Electricity production [€/kWh]

0.17

Electricity consumption [€/MWh]

0.064

Water [€/m3]

0.81

Additives [€/m3]

0.00848

Wastewater cost [€/m3]

0.03

Catalyst [€/tonne]

2200

Silica sand [€/tonne]

850

Carbon Molecular Sieves (CMS) [€/tonne]

1000

The annualized raw materials and utilities operating costs calculated to 117.74 MM€ and 114,63
MM€ for the catalytic and non-catalytic process respectively. The labor force and cost are based
on information from similar processes and literature [36, 73]. The total number of employees
estimated to 30. The operating labor cost estimated to 4 employees per shift using the Alkayat
Gerrard equation considering 5 process stages, the reaction, the separation, the storage, the
combustion and the power-steam generation stage. Assuming three shifts per day the total
number of employees to operate the process is 12. For maintenance and engineering accounted
9, administration-4, management and supervision-5. The utilities cost includes electricity, water
consumption, wastewater treatment cost and the necessary cost for the needed additives in
cooling water facilities. Furthermore, the catalyst consumption (ZSM-5) and adsorbent material
(CMS) included in the utilities cost. Other direct operating costs, such as supervision and
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maintenance and indirect costs such as taxes and insurance, estimated as a percentage of either
the fixed capital investment or the operating costs. Figure 22 details the composition of the
parameters used to calculate the annual operating cost. It is clearly that the raw materials and
utilities costs are the most significant parameters affecting annual product cost and is
approximately 74% for the both processes.

Figure 22: Annualized operating cost

5.2 Financial Appraisal
The economic viability of the processes was calculated using a discounted-cash flow-rate of
return (DCFROR) for a commonly used of IRR 10% [36, 76, 82] over a 20 year of operation
and straight depreciation of 10% over these years. Furthermore, the efficiency of the investment
evaluated by estimating the Return of Investment (ROI) and Pay Back Period (PBP) although
they do not consider the time value of money.
Table 18: Assumptions for DCFROR analysis
Plant life [years]

20

Working capital [%]

15

Salvage value

0

IRR [%]

10

Type of depreciation

straight
45

Depreciation [%]

10

Depreciation period

20

Income tax rate [%]

26

For the 20-year plant life, the NPV for the non-catalytic process calculated to 156,7 MM€,
whereas in the catalytic process calculated negative to -175,3 MM€. In addition to NPV, the
ROI and PBP calculated to 17.9% and 3.76 years respectively for the non-catalytic process and
to -2.4% for the catalytic process. It is clearly from them above results that the non-catalytic
process is economically viable while the catalytic not. The economic viability of the noncatalytic process is attributed mainly to the bio-oil yield, which is 25,263 tonne/h in respect of
the catalytic process yield, which is 15.383 tonne/h. the minimum selling price (MSP) for the
non-catalytic process calculated to 441.2 €/tonne a vale significantly lower than found in the
literature [81, 13, 79]. Further analysis carried out in the catalytic process in order to be
economically viable and the minimum selling price (MSP) calculated to 683,2 €/tonne which
is 30% above the default value of 526,5 €/tonne. Also, the MSP calculated at the same level
according to the reference [79] and approximately 25% higher than [81, 80].

6 Conclusions & Future Steps
This study evaluated the economic feasibility of two pyrolysis processes using the lignin as a
biomass feedstock. At the beginning a literature review undertaken regarding the types of
biomass, its composition and its properties. Then studied the biomass treatment processes and
focused on the pyrolysis reactors since the scope of the study is the pyrolysis process. Further
literature research conducted as far the pyrolysis products (bio-oil, biochar and noncondensable gases) and their applications. The applications of bio-oil are numerous, it can be
used as heating-oil and as a feedstock in various processes for producing bio-fuels, chemicals
and biodegradable chemicals.
The processes models developed in Aspen PlusTM simulation software according to the
experimental data conducted in a pilot plant unit at Lulea University. The expiranments resulted
lower yields of bio-oil for the catalytic process than the non-catalytic and that was according to
the literature. Then the material and energy balances produced in the Aspen PlusTM, were used
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for the economic analysis of the both processes. The main equipment cost for the both processes
was almost the same, 22.6 MM€ for the catalytic processes and 21.3 MM€ for the non-catalytic.
This difference is mainly attributed to the larger capacities of the combustion and power
generation stages which were larger in the catalytic process as show again in Figure 23 below.

Figure 23: Main equipment cost
Due to the larger capacities in catalytic process, the TFCI calculated to 134.68 MM€ little
higher than the 127.25 MM€ of the non-catalytic process. The annualized operating costs
calculated at the same value, with the catalytic process being at 117.7 MM€ and 114.6 MM€
for the non-catalytic.

Figure 24: Annualized operating cost
As shown in Figure 24 for the both processes the raw materials and utilities costs are the main
parameters that affects annual operating costs, which is about 74%.
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To measure the profitability of the processes it was applied the NPV, ROI and PBP budgeting
tools. The outcome was that the non-catalytic process was profitable at plant’s operating life,
20 years, while the non-catalytic was not. However, to become economical viable the catalytic
process, the minimum selling price (MSP) estimated and resulted to 683.2 €/tonne, at similar
levels with the literature. The MSP calculated also for the non-catalytic and resulted to 441.2
€/tonne, which was much lower than the default bio-oil price of 526.5 €/tonne. In Table 19
below is presented economic analysis results.
Table 19: Economic analysis of catalytic and non-catalytic process
Catalytic

Non-catalytic

NPV [€]

-175.3

156.7

ROI [%]

-2.42

17.9

PBP [years]
MSP [€/tonne]

-

3.76

683.2

441.2

Future steps should focus in literature review regarding the utilization of bio-oil’s components.
High added value components exist in bio-oil and at significant quantities by selecting the most
efficient process may provide further profits and benefits. So, even though the catalytic process
seems to be unacceptable in this thesis, the catalytic bio-oil may be more valuable than the noncatalytic. However, this remains to be proved.
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