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1 Introduction

Despite major efforts in sustainability research, today’s society still depends extensively
on fossil resources. Energy and even more so chemicals are mainly generated from fossil
feedstock. The disadvantage is not only that by using the resources massive amounts of
greenhouse gases are emitted [1]. But also further detriments to the environment, human
and animal health, like environmental mining issues or lung diseases from emissions,
come along with their intensive use. Moreover, fossil fuel resources are limited. This
limitation holds true despite the fact that due to increasing crude oil price and better
exploitation technology the proven oil reserves have increased from 1980 to 2016 from
about 640 · 109 barrels by the factor 2.5 [2]. The fossil fuel reserves-to-production ratio
was estimated in 2015 to be about 50, 55, and 120 years for crude oil, natural gas, and
coal, respectively [3]. Although the quantity of known resources has increased also the
demand increases rapidly due to global population growth and rising living standards.
In 2015 a global population of 7.3 billion people lived on earth. It is expected that
with an annual growth of 1.18 % a population prospect of 8.5 billion people will be
reached in 2030 [4]. Together with the growing population also living standards are
rising. Thus, not only peak oil but also the peak of natural gas and coal are estimated
within the next half-century [5]. A major share in the depletion of these resources has
the production of petrochemicals. Approximately 5 % of annual oil and gas production
is utilized in petrochemicals [6]. Moreover, the demand for and production of chemicals
increases dramatically [7]. About 16.6 · 106 barrels of liquefied petroleum gas, ethane, and
naphtha were utilized per day in 2015 and in prospect 21.2 · 106 barrels will be their daily
demand for chemical production in 2040 [8]. The demand is further illustrated by the
development of chemicals sales, which increased from 270 · 106 $ in 1970 to 4200 · 109 $
in 2010 and rise is estimated to accelerate to 6400 · 109 $ in 2020 (not inflation-adjusted) [9].

Therefore, to meet the growing future demand, it is inevitable that the development of
all regenerative energies, including bioenergy, are advanced to global prevalence. But,
while the future energy demand might be met by regenerative energy technologies such
as photovoltaic, thermal solar, hydrodynamic and wind power, only sustainable material
cycles can be the solution to anthropogenic materials use. The future sustainable demand,
replacing petrochemicals, can only be achieved by recycling, new products from biomass or
possibly atmospheric CO2. Unfortunately, already today the utilization of biofuels as an
energy resource is expected to affect global food security [10]. Thus, to achieve the vision
of regenerative materials cycles, while evading the competition with food production,
other biomass sources than e.g. corn starch [11] or sugar cane [12] have to be evaluated [1].

This situation has of course not gone unnoticed by researchers, politicians and societies
all over the world. Many countries have policies and roadmaps pushing the utilization and
research of non-food-biomass for energy and chemicals. Intensive research is conducted on
lignocellulosic biorefineries [1, 13–20]. Lignocellulosic biomass – a material composed of
the carbohydrates cellulose and hemicellulose, and aromatic lignin – is the most abundant
organic material on earth as it is the material grasses, straws, wood and other plant
biomass are made of. Admitting that the technology of lignocellulosic biomass processing
is of notably higher complexity [1], utilization of lignocellulosic biomass poses also a
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Introduction

major chance as lignocellulose is abundant in huge amounts. For example, in the USA
400 · 106 t of straw (dry matter) remain unused, while in Germany 50 · 106 t could be used
without diminishing natural field cultivation and organic fertilizing [15].

Pulping of lignocellulosic biomass is a well-established technology, while the production
of bioethanol from the cellulose fraction is on the brink of commercial success. Regardless
of the employed process, huge amounts of lignin are produced as a by-product. About
20 to 35 % of the utilized total biomass is comprised of lignin [21] and lignin amounts to
approximately 20 % of the earth’s land biosphere [22]. In industrial wood pulping about
80 · 106 t of lignin are produced [23] and with the increasing activity in lignocellulosic
ethanol production, the available amount of lignin will further increase [22]. Common
practice is the combustion of lignin for process energy, as its polyaromatic structure is
very stable, and therefore, challenging to chemically modify [22]. But it is expected that
modern biorefineries, will be energetically completely self-sufficient and thus have roughly
60 % of excess lignin [1].

Due to its interesting chemical structure, containing high fractions of aromatics, lignin
could be a valuable source for aromatic products [20]. But due to the intrinsic natural
resistance to microbial or enzymatic degradation (recalcitrance) it is tough to degrade
biologically [1, 24]. Therefore, thermochemical conversion of lignin is an alternative as
the harsh reaction conditions enable extensive degradation. Pyrolysis is such a process
in which, under the absence of additional oxygen, the chemical structure is cleaved to
form char, gas, and oil which is, in case of lignin, rich in aromatics. Possible products
encompass biochar for soil enhancement, bio-bitumen, fuel additives, activated carbon,
bio-resins, bioplastics, or specialty chemicals such as food additives and pharmaceuticals
[20].

Many parameters influence the pyrolysis process performance. To achieve high liquid
product yields, i.e. pyrolysis oil yield, a short oil vapor residence time in the hot reaction
zone is necessary to prevent secondary cracking from oil to gas [25]. Furthermore, an
excellent heat and mass transfer and high heating rates favor a high liquid product
fraction. Circulating fluidized bed technology is characterized by exactly these attributes.

In a nutshell, circulating fluidized bed pyrolysis of lignin could be a promising process
to reduce the humankind’s profound dependence on fossil resources for the production of
chemicals. CFB lignin pyrolysis does not only allow high yields of pyrolysis oil containing
valuable chemical components, but also lignin is biosynthesized in large abundance.

2
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2 State of art

This chapter provides an overview on the current technology for lignin pyrolysis. Because
the biomass composition is directly impacting process performance as well as product
composition, chemical composition and properties of lignocellulosic biomass are discussed,
followed by a topical review on biomass pyrolysis technology with a particular emphasis on
circulating fluidized bed reactors and lignin pyrolysis. Moreover, the parameters influenc-
ing pyrolysis performance are discussed and typical product yields, spectra, properties and
applications of char, oil, and gas compared. The chapter is concluded with a discussion
of the state of art in pyrolysis process modeling, including reaction pathways, kinetics,
pyrolysis in fluidized bed reactors and pyrolysis refineries.

2.1 Lignocellulosic biomass
It is estimated that on annual basis about 1.7 to 2.0 · 1011 t of terrestrial biomass is
photosynthesized, with a fraction of 6 · 109 t used anthropogenically, mostly for food
production and energy generation and only 3 to 3.5 % as material [15]. An additional
sustainable biomass utilization potential of 1.3 · 109 t exists in the United States only
[26, 27], of which roughly 95 % is lignocellulose. One example for lignocellulosic biomass
is wheat straw, of which 529 · 106 t/a is generated worldwide. 43 %, 32 %, and 15 % are
produced in Asia, Europe, and North America, respectively. [14] It is a very attractive
resource for the production of bioethanol because of its fast growth, low cost and low
lignin content [28, 29]. In Germany 50 · 106 t straw (dry matter) is available for produc-
tion of chemicals and fuel without negatively affecting the agricultural nutrient cycles [15].

The cell wall of vascular plants mostly consists of the biopolymers: cellulose, hemicellulose
(polyoses), and lignin [14, 30, 31], and is hence referred to as lignocellulosic biomass. The
composition depends on biomass type and origin (cf. Table 2.1). Additional biopolymers in
lignocellulosic biomass are polyhydroxy fatty acid esters, polyisopropenoids (e.g. terpenes
and steroids), glycosidic pectins and energy storing carbohydrates (sugars and starch).
Other minor constituents can be dyes, pigments, flavors, alkaloids, and inorganic matter,
with their amount and composition depending on the biomass type. [14] The biopolymers
are heavily intertwined with each other [30] but can be separated by pulping technolo-
gies [30–32]. Cellulose is a valuable resource for pulp and paper industry as well as for
production of renewable ethanol [33], levoglucosan (potentially useful as polyol) [34] and
others. From hemicellulose furfural based nylon can be produced [14]. Lignocellulosic
biomass consists of 6 to 33 wt.-% lignin [14, 31], which is the largest renewable resource
of aromatics on the planet [30]. In conclusion, lignocellulosic biomass such as straw and
forest resources is available in great abundance and a renewable resource for both fuel and
chemical production.
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State of art

Table 2.1: Composition (wt.-% dry matter) of biomass types (data from [14, 31])

biomass type cellulose
hemicellulose

ligninhexoses pentoses

hardwood 30-43 2-5 17-25 18-25
softwood 40-48 12-15 7-10 26-33
straw/ grasses 35-41 0-5 15-28 6-24

2.1.1 Cellulose and hemicellulose

Cellulose
Cellulose and hemicellulose fibers provide structural support to plant cells. Cellulose,
as the main constituent of the cell wall, is the most prevalent biopolymer. [14] It is
approximated that the annual biosynthesized yield of cellulose is 1.3 · 109 to 1 · 1011 t/a
[14, 35]. Cellulose is a non-branched water-insoluble polysaccharide built from glucose
monomers linked by β–1,4–glycosidic bonds yielding a syndiotactic β–1,4–polyacetal
of cellobiose (4–O–β–D–glucopyranosyl–D–glucose) (cf. Figure 2.1) [14, 33, 35]. The
length of a cellulose chain ranges from several hundred to tens of thousands of β–glucose
molecules [14]. Its basic structure can thus be expressed by multiples of cellulose
C6 P H10 P +2O5 P +1 ≈ (C6H10O5)P , where P is the degree of polymerization (number
of glucose units with Mglucose = 162 g/mol) [14, 35]. The degree of polymerization for
technical (treated) cellulose is in the range of about 1000 to 3000 [23] and for untreated
cellulose in the range of 5000 to 10 000 [36]. The molar mass of a cellulose polymer
depends on its degree of polymerization: Mcell = Mglucose · P + 18 ≈ 162 g/mol · P [35].
Cellulose is a nonmelting polymer [35].

OH
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O
OH

OH

O
OH

OH

O
HO

OH

OH

O
CH2OH

O
CH2OH

O
CH2OH

O
CH2OH

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦
n

Figure 2.1: Model chain structure of cellulose

Hemicellulose
Hemicellulose (Greek: hemisys=half) is an amorphous polyose (cf. Figure 2.2) in the
plant cell membrane and consists of hexose and pentose subunits, among them are
D–glucose, D–galactose and D–mannose (hexoses) and D–xylose and L–arabinose (pen-
toses). [14, 33] Furthermore, hemicellulose can encompass sugar acids (uronic acids) such
as D–glucuronic, D–galacturonic and methylgalacturonic acids. The bonding frequency
and composition (amount of specific hexoses and pentoses) in hemicellulose depends
on the biomass type and its source. The main linkages are xylan β–1,4–linkages. In
hardwood, more xylans are found than in softwood, which contains more glucomannans
than hardwood. [33] The degree of polymerization of technical hemicellulose is within 50
to 200, and thus considerably lower than that of cellulose [23, 36].
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Figure 2.2: Model structure of hemicellulose (arabino–4–O–methyl–glucuronoxylan), as
proposed by [37–39] in [14]

2.1.2 Lignin
Lignin, which comprises about 20 % of the planet’s biosphere mass [22], is after cellulose
the second most common organic substance in the world [14]. It was first named in
1813 by the Swiss botanist de Candolle, M. A. P. [40] after the Latin word lignum
(wood). Together with hemicelluloses, lignin is a binding agent between adjacent cells
and is heavily intertwined with hemicellulose and cellulose microfibrils in the cells itself,
forming a composite structure with outstanding strength and elasticity. Furthermore,
lipophilic lignin controls water permeation as well as nutrient and metabolite transport.
Finally, lignin defends plants against microorganisms by inhibiting penetration of harmful
enzymes into the cell walls. [30, 31]

Lignin is mostly obtained as a by-product of pulping processes. These processes are
Kraft, sulfite, soda, organosolv, and aquasolve pulping and other processes of minor
importance [13, 30–32, 41]. The most important process is Kraft pulping with an annual
global production of 73 %, which relates to 170 · 106 t pulp [32]. The majority of lignin is
burnt for pulping chemical recovery and supply of pulping process energy; less than 2 to
5 % is isolated and sold [22, 31]. Recent research interest in alternative pulping processes
has increased due to intensified work on lignocellulosic biorefineries [6, 17]. The aim is to
sustainably produce bioethanol as fuel and lignin as a by-product.

The content of lignin in biomass increases from grasses/straw over hardwood to softwood
(Table 2.1). Lignin is an amorphous randomly cross-linked polyphenol, consisting of the
phenylpropane (C9) subunits coumaryl, coniferyl, and sinapyl alcohol, which have zero,
one, and two methoxyl groups (Figure 2.3), respectively [14, 30, 31, 42]. Depending on
plant type and species the contents of these primary monomer units vary (cf. Table 2.2)
[30]. Softwood lignin is primarily built from coniferyl alcohol (guaiacyl structure) and thus
called G-lignin. Hardwoods, on the other hand, contain almost equal amounts of coniferyl
and sinapyl alcohol (syringyl structure) and therefore their lignin is categorized as GS-
lignin. [30, 31] Grass and straw lignin contains all of the three monolignols (additionally
the coumaryl structure p-hydroxyphenyl) and is thus abbreviated (GSH-lignin) [29–31].
Diverse functional groups can be found in the lignin structure. Predominantly these
groups are methoxy, phenolic, and aliphatic hydroxy, benzyl alcohol, non-cyclic benzyl
ether, and carbonyl groups [30]. Reported frequencies per C6C3 unit in spruce milled
wood lignin are 1.09 for aliphatic OH, 0.26 for phenolic OH, and 0.2 for total carbonyl [43].
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Figure 2.3: Aromatic phenylpropane subunits of lignin and most frequent interunit linkage

A multitude of different linkages irregularly connect the various primary monomer
unit’s allyl ethers to form a network with O–O, ether, and C–C bonds. Depending on
the biomass type the proportion of these linkages varies. Softwood and hardwood are
connected by ether-moieties in more than two-thirds of the linkages. [14, 30, 43] The most
common linkage is β–O–4–aryl ether (cf. Figure 2.3) with e.g. 60 % in birch (hardwood)
and 46 % in spruce (softwood). Other important linkages include β–5–phenylcoumaran,
α–O–4–, 4–O–5–diaryl ether, β–β–resinol, 5–5–biphenyl and β–1–1,2–diarylpropane
motifs [14, 30, 42, 43]. The proportions for birch and spruce wood are given in Table 2.3.

Table 2.2: Lignin composition of phenyl-
propane units [30]

biomass phenylpropane unit, %
type coumaryl coniferyl sinapyl

(H) (G) (S)

hardwood - 50 50
softwood - 90†-95 5-10
grasses 5 75 25
wheat straw‡ 5 49 46

†from [43], ‡from [29]

Table 2.3: Interunit linkages of
wood lignin [43]

linkage proportion in %
type softwood hardwood

(spruce) (birch)

β–O–4 46 60
α–O–4 6-8 6–8
4–O–5 3.5-4 6.5
β–5 9-12 6
β–1 7 7
β–β 2 3
5–5 9.5-11 4.5

Molar mass
The molar mass of isolated lignins depends on the pulping conditions and biomass type
[44]. Most isolated lignin, e.g. from the Kraft, soda, and sulfite pulping have molar masses
in a range between 3000 and 20 000 g/mol. [30, 31] An example is wheat straw lignin from
an organolsolv process with Mw = 3960 g/mol and Mn = 2330 g/mol [45]. The Mw values
for Kraft lignins are generally below 10 000 g/mol [31].

Glass transition
The lignin glass transition temperature ϑg depends on moisture content, raw material,
production process, molar mass, and measurement procedure. Hardwood lignins have ϑg
values between 65 and 85 ◦C which is lower than in softwoods (90 to 105 ◦C). For isolated
lignins the following ϑg values have been found: MWL lignins: 110 to 180 ◦C [31, 46] and
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Kraft lignins: 102 to 174 ◦C. Moisture has a severe effect: values of 195 ◦C when dry and
90 ◦C when containing 27 wt.-% moisture have been reported. The effect of lignin molar
mass is even more severe, i.e. a ϑg of only 32 ◦C at low molar mass (M = 620 g/mol)
and a ϑg of 173 ◦C at the highest molar mass M = 180 000 g/mol. [31, 47] Furthermore,
Nowakowski et al. [48] reported softening of amorphous lignin between 120 to 180 ◦C and
Hatakeyama et al. [49] a ϑg for dioxane lignin at 122 ◦C.

2.2 Biomass pyrolysis
Pyrolysis is a thermal decomposition process for organic materials. As opposed to
combustion or gasification no oxidation by oxygen (or an oxygen donor) occurs. Pyrol-
ysis, in the absence of air, is utilized to crack the feedstock to gas, char, and oil. The
process conditions substantially affect the product composition. At low heating rates
< 200 K/s, moderate temperatures < 400 ◦C, and long solids residence times (up to
several days) mostly char is produced [36]. This process, called conventional or slow
pyrolysis, is applied since centuries to produce e.g. charcoal. A more recent technology is
fast pyrolysis, also called rapid or flash pyrolysis. Fast pyrolysis at higher temperatures
between 500 and 1000 ◦C, short vapor residence times < 2 s, and high heating rates of
1000 to 10 000 K/s [50–53] aims at producing high amounts of liquid product for energetic
or chemical valorization [36]. The vapor residence time for high liquid yield pyrolysis has
to be kept short (typically less than 2 s) to prevent secondary degradation of liquid to
gaseous compounds [54].

A typical layout [55–57] of a biomass pyrolysis process is shown in Figure 2.4. The biomass
is fed into the pyrolysis reactor where it is cracked to oil, gas, and char. Downstream, first
solids and then permanent gases are separated from the product oil. Separation of the
solids is necessary because they promote secondary cracking of pyrolysis oil [25], pyrolysis
oil aging, oil instability, and other application barriers. In most cases, cyclones are used
as they are easily maintained high-performance separators and downstream separation
of solids from the liquid phase proves difficult [53]. Additionally, candle filters, granular
filters, and others are investigated for pyrolysis process application [58–62]. To achieve high
liquid yields, the oil vapors are cooled rapidly (quenched) to prevent secondary reactions
from oil to gas. Optionally, the by-products (permanent gas and char) can be combusted to
supply the endothermic pyrolysis energy demand. Furthermore, electrostatic precipitators
are widely used to separate aerosols from pyrolysis gas and vapors.

heat

pyrolysis
reactor separator

biomass
feed

combustion

char

oil vapor
and gas

permanent
gas

product
oil

air flue gas

oil vapor,
gas and

char
gas-solid gas-liquid

separator

quencher and

by-product

Figure 2.4: General scheme of biomass pyrolysis system

A large variety of reactor types for fast pyrolysis has been investigated mainly at
laboratory and pilot scale: ablative reactors in which the feedstock is heated by contact
with a hot surface [54, 56, 63] like cyclone reactors [64–68], vortex reactors [54, 69–72],
auger or double screw reactors [56, 73, 74], rotating cones, rotary kilns, and hearth
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furnaces [75–77]. Furthermore, reactors with mainly convective and conductive heat
transfer such as fixed bed reactors [78, 79], fluidized beds such as (conical) spouted beds
[52, 80–82], bubbling/ stationary fluidized beds [51, 53, 55, 56, 63, 83, 84], fluidized beds
with mechanical fluidization [85–87], and circulating fluidized bed reactors [88–93] have
been applied to pyrolysis. Additionally, reactors that transport heat by means of radiation
and convection: entrained flow reactors [94–96] and microwave pyrolysis reactors [97–99]
have been used. Lastly, especially thermogravimetric analysis and tubular reactors
coupled with various online product analysis systems are widely applied for analytical
investigation of pyrolysis and pyrolysis mechanisms [100–104]. Besides the analytical
equipment, of the above reactor types, fluidized beds are used most frequently [54, 105].

2.2.1 Pyrolysis in circulating fluidized bed reactors

Circulating fluidized beds (CFB) have the advantage of short vapor residence time and
good heat transfer (about 80 % conduction, 19 % convection, 1 % radiation [54]) leading
to high reaction rates. An additional advantage is that CFBs are potentially suitable
for larger throughputs, as CFB technology is widely used at very high throughputs
in the petroleum and petrochemical industry [56, 106]. Summarized advantages and
disadvantages are [54–56, 70]:

+ good mixing

+ good temperature control

+ high heat transfer & reaction rates

+ short vapor residence time

+ large feedstock particle size possible
(up to 6 mm)

+ can be coupled with a char combus-
tion reactor for heat supply

+ high throughput possible (∼ 60 t/d
and bigger)

+ catalytic bed material can be used

− possible liquid cracking by hot solids

− char attrition and breakage leading
to higher solids content in pyrolysis
oil

− possible attrition and breakage of
catalytic bed material leading to
higher process costs

− increased complexity (compared to
BFB)

A typical layout [55, 56] of a biomass pyrolysis process with circulating fluidized bed
reactor is shown in Figure 2.5. It shows an integrated system with a CFB pyrolysis
reactor, which is coupled with a stationary fluidized bed for char combustion. The CFB
consists of a pyrolysis riser reactor, a cyclone for gas-solid separation, a connection to the
char combustion reactor and a return leg into the riser. Two loop seals are necessary to
prevent gas exchange between the reactors. The recirculating bed material is heated by
char combustion, supplying the heat demand for pyrolysis. In this example, secondary
solid separation (e.g. additional cyclones) is followed by a scrubber for fast quenching of
the pyrolysis reaction and an electrostatic precipitator. The non-condensable permanent
gas can partly be recycled to supply the fluidization gas for the pyrolysis reactor.

In 1999, ENSYN was the only commercially operating organization giving a performance
guarantee for their fast pyrolysis plants [53]. The reactor is a common CFB riser with
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Figure 2.5: Circulating fluidized bed system for biomass pyrolysis with integrated char
combustion and product oil separation

syphon and return leg [107–110]. Further examples of plants include a 36 t/d unit at Red
Arrow, WI, USA and some plants in research & development organizations (e.g. ENEL,
Italy and VTT/Metso/UPM, Finland) [53, 56]. Today, Envergent Technologies (a joint
venture of ENSYN and Honeywell) has developed the fast pyrolysis plant with the largest
liquid product capacity of about 30 MW [111], although for the produced biofuel no sig-
nificant market has been established yet [111]. In 2007, another CFB reactor system was
investigated. The biomass is fed into the bottom of the riser section. The entrained char is
returned to a bubbling fluidized bed at the bottom of the riser, where it is partly oxidized
for supply of pyrolysis energy. [88, 89]. A recent 2013 comprehensive review of research
and commercial activities in the field is given by Meier et al. [112], but until today no
in-depth investigation of lignin pyrolysis in a CFB system has been reported.

2.2.2 Lignin pyrolysis

Lignin can be obtained from various biomass sources by diverse pulping processes. There-
fore, a large variety of lignins has been investigated as pyrolysis feedstock. Examples are:
wheat straw lignin [113], Kraft lignin [47, 114–116], alcell lignin [117], organosolv lignin
(from softwood and wheat straw) [29, 48], soda lignin (from grasses and wheat straw) [48],
bamboo lignin [118], alkali lignin [119], lignin from corn cob acid hydrolysis residue [120],
and milled wood lignin (MWL) [121]. Next to the lignin variety also different reactors
for lignin pyrolysis have been investigated. Analytical methods and reactors range from
pyrolysis-GC-MS [47, 48, 120], TG-FTIR [120, 122], TGA [48, 119], pyroprobe [118, 123],
heated screen [119] over tubular laboratory scale reactors [102, 116], microwave pyrolysis
[97] and centrifuge reactors [124] to fixed bed [115, 117], and fluidized bed reactors
[29, 48, 85–87, 125].

Lignin pyrolysis – especially in fluidized beds – has been reported to be difficult by many
investigators [29, 48, 87]. Nowakowski et al. [48] carried out round robin pyrolysis of
a soda and an organosolv lignin in several laboratories and reactors. They found that
the pyrolysis of the soda lignin (94 wt.-% lignin content) led to problems already when
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feeding pneumatically or by auger feeding into the reactor. It melted in the pneumatic
feeding lance and the screw feeder, respectively. Additionally, molten lignin in the fluidized
bed resulted in bed agglomeration and subsequent defluidization. The authors conclude
that fluidized bed pyrolysis of this lignin is nearly impossible. The same melting behavior
leading to bed agglomeration and defluidization was observed for wheat straw lignin (lignin
purity > 90 %) pyrolysis at 550 ◦C. Removing the lignin fines prior to feeding resolved the
problem [29]. For the softwood organosolv lignin (about 40 wt.-% carbohydrate content,
estimated from elemental analysis) agglomeration was also observed but only in one lab
and to less extent [48]. Due to the melting at 150 to 200 ◦C, which together with slow
reaction induces a liquid phase and therefore bed agglomeration and defluidization [87],
researchers at ICFAR, University of Western Ontario developed a mechanically agitated
fluidized bed reactor with an internal mechanical stirrer [85–87]. For further reading on
recent lignin pyrolysis research activities, the work of Lago [85] is suggested.

2.2.3 Influence parameters

2.2.3.1 Main parameters

The yield and composition of pyrolysis products can be adjusted by careful selection of
process parameters. The main parameters are temperature, vapor and solids residence
time as well as heating rate. Residence time and heating rate are primarily defined by
reactor type; nevertheless, they can be adjusted within the limits of a given system.

Temperature
The main control parameter is the pyrolysis temperature. Numerous studies on the in-
fluence of this parameter on product yields have been conducted [51, 56, 119, 126–128].
Virtually all feedstock and reactor variations have been studied. Generally, the gas yield
increases with rising temperature, because more feedstock is converted into volatile prod-
ucts and secondary reactions convert more pyrolysis oil to gas [51, 56, 84, 126]. Com-
plementarily, the char yield decreases continuously [51, 56, 84, 126], while the oil yield
increases until an optimum temperature is reached [51, 56, 84, 119, 126–128]. Beyond
this optimum, the secondary cracking reactions from oil to gas become more substantial
[51, 56, 84, 119, 126–128]. For illustration, two examples for fluidized bed pyrolysis are
given in Fig. 2.6.
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Figure 2.6: Fluidized bed pyrolysis yields of sawdust from wood mixture [128] (empty
symbols) and hybrid poplar aspen wood [84] (filled symbols)
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Heating rate
Hoekstra et al. [129] found that the heating rate severely impacts the liquid yield for
cellulose and lignin pyrolysis in a laboratory scale wire mesh reactor. The liquid yield
from cellulose and lignin increased by 6 wt.-% and 24 wt.-% respectively, if the heating
rate was increased from 50 to 6000 K/s. This increase occurs at the expense of both
gas and char yield. For lignin, the oil’s molar weight distribution was narrower at the
lower heating rate of 50 K/s, which could be explained by a longer vapor residence time
in the hot zone. The decrease of char yield with increasing heating rate is confirmed by
Chhiti et al. [130]. Because it is difficult to measure the particle heating rate in fluidized
beds accurately, it is usually approximated by simulations. Di Blasi [131] investigated
the heating rates of cellulose particles in fluidized beds by simulation and found that the
heating rate depends on particle size and conversion. The heating rates estimated vary
from about 8 to 1100 K/s for maxima (low conversions), but on average (high conversion)
the actual values reduce to 1 to 300 K/s. Kersten et al. [132] calculated an average rate of
50 K/s for heating a 2 mm particle injected into a fluidized bed from ambient temperature
to 490 ◦C. The influence of biomass particle size on the heating rate in a fluidized bed was
approximated by Salehi et al. [128]. Particles smaller than 590 μm exhibit a heating rate
of ≥ 2200 K/s. For larger particles in the size range of 1000 to 1400 μm, the heating rate
first decreases sharply before it reaches about 250 K/s. Further estimations for heating
rates at fast pyrolysis conditions are: fluidized bed 1000 to 105 K/s [50, 51] and entrained
flow up to 104 K/s [133]. It should be mentioned here that these latter high values are
mostly initial heating rates (zero conversion) for very small particles, neglecting the energy
consumption by pyrolysis [134].

Vapor residence time
For achieving a high gas yield a long vapor residence time is essential. A high liquid
yield, on the other hand, is favored by short vapor residence times, suppressing secondary
reactions converting oil to gas, especially at elevated temperatures. Below 350 ◦C these
reactions are slow [25]. An example is the pyrolysis of aspen wood in a fluidized bed
reactor. It was shown that with an increase of vapor residence time from 0.4 to 1.1 s the
liquid yield decreased from 57.5 wt.-% by about 12 wt.-% [51].

2.2.3.2 Other parameters

Next to the above-mentioned main parameters (temperature, heating rate, and vapor
residence times), further parameters must be considered, such as feed mass flow, biomass
particle size, gas atmosphere (e.g. steam, inert gas like nitrogen, or recycled pyrolysis
gas), pressure, and feedstock mineral matter content. Except for mineral matter and gas
atmosphere, these parameters are closely related and their influence can in most instances
be attributed to the main parameters. For instance, the feed mass flow primarily influences
the heating rate and residence times.

Biomass feeding rate
Park et al. [135] investigated the pyrolysis of sawdust in a bubbling fluidized bed. As the
variation of mass flow was not decisive and the mixing behavior and heat transfer in such
a system can be considered optimal, it can be assumed that only the residence time of the
gaseous products was affected. The authors showed that the char yield stayed constant,
while the oil yield increased to the same degree as gas yield decreased, likely a result of
decreased vapor residence time with increasing mass flow. However, changing the pyrolysis
system feeding rate to a larger degree will also have an effect on the heating rate.
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Biomass particle size
The biomass particle size affects the heating rate, pyrolysis particle temperature as well
as residence times (e.g. in fluidized beds with considerable entrainment and segregation
effects). A larger particle will heat up more slowly and develop a temperature gradient.
Therefore, the actual pyrolysis temperature inside the particle will be lower than the reac-
tor temperature, resulting in a different product spectrum. Furthermore, a larger particle
impairs the removal of gaseous products from the reaction zone, as the gas must diffuse
through the particle itself, resulting in slower mass transfer compared to smaller particle
size. The particle matrix itself might catalyze the decomposition of primary volatiles.
This effect can be explained by a sequence of deposition, adsorption and polymerization
of primary volatiles on the solid pore surface [136]. Due to these correlations with other
parameters, it is not straightforward to predict the effects of changing particle size. Inves-
tigations in fluidized and fixed beds showed that with increasing particle diameter char
yield can vary from decreasing [51] to unaffected [135, 137] and slightly increasing [128].
Likewise, for gas and oil, intangible trends are reported in the literature. The trends vary
from increasing [51, 128] to constant [137] and decreasing [135] and from an optimum
[135] to constant [137] and globally decreasing [128, 138] with increasing particle size. To
achieve high heating rates usually finely ground feedstock is required [54].

Pressure
Another parameter is the reactor pressure [34, 77, 139–143]. By applying reduced pres-
sure, the vapor residence time in the hot zone is decreased [144] (and thus secondary
reactions suppressed). An example is the pyrolysis of lignin in N2 at 600 K/s, 650 ◦C and
0.000 133 bar. At these conditions, the oil yield with 58 wt.-% was found to be 16 wt.-%
higher than at atmospheric pressure [119]. On the other hand, the oil yield from pinewood
pyrolysis in a conical spouted bed did not change considerably at vacuum conditions [52].
This finding might be explained by the already sufficient mass transport at ambient pres-
sure in such a reactor system, i.e. optimal mixing, high dilution of the hot vapors with
fluidization gas and short vapor residence times [144]. Cellulose pyrolysis was investigated
in a pressure range of 1 to 5 bar [145, 146]. The experiments in the laboratory scale steam
flow reactor revealed that the specific surface area of cellulose char decreases with increas-
ing pressure. Furthermore, the elevated pressure resulted in a decreased oil and increased
gas yield, which might be explained by the higher vapor pressure of the oil components
leading to intensified crosslinking reactions with a release of gases.

Reactor atmosphere
Diverse studies on the effect of different gases on pyrolysis yields have been carried out.
Investigated were reductive and mild oxidative atmospheres. Reductive gases analyzed are
CO and H2. The mild oxidative gases used are CO2 as well as CH4 and H2O. For steam,
conflicting study results exist. Some researchers found steam to have a negligible effect
on pyrolysis below 800 ◦C [136], whereas others measured small to significant impacts on
pyrolysis yields and product composition [137, 147–153]. Several effects have been linked
to steam, i.e. an enhanced tar evaporation and desorption [147, 151], hydrogen donation
[147, 151], mild oxidation at temperatures of 800 to 1200 K [151], decarboxylation, and
decarbonylation (release of –COOH and CO, respectively) [151], as well as an improved
heat transfer [147]. The char yield decreased with the addition of steam [150, 153], while
oil yield increased [137, 150, 152]. Analogously to coal pyrolysis at elevated pressure
and in the presence of steam [154, 155], cellulose pyrolysis was investigated in a pressure
range of 1 to 5 bar [145, 146]. The experiments in the laboratory scale steam flow reactor
revealed that cellulose char from steam pyrolysis exhibits a larger surface area than char
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from inert nitrogen pyrolysis. The influence of the other gases can be read elsewhere
[42, 119, 136, 156–160].

Mineral matter
Various studies revealed that the mineral content of biomass influences the pyrolysis
product formation [161]. Inorganics in biomass are alkali and alkaline earth metals Li,
Na, Mg, K, Ca, Ba, various metals Al, Ti, V, Cr, Mn, Fe, Ni, Zn, and others Si, P, S,
Cl, etc. The inorganics are associated with counter ions or connected to organic acids.
[162, 163] Popular methods for investigating the influence of minerals on pyrolysis product
distribution are solvent washing of biomass, with subsequent salt addition or ion exchange
[164]. The difference is that salt addition has compared to ion exchange a smaller but
still major effect on biomass decomposition [164]. Fahmi et al. [165] investigated the
liquid yield of various biomasses (mostly grasses, washed and untreated) with an ash
content of 0 to 8 wt.-%. With increasing ash content, the oil yield decreased from about
72 to 45 wt.-% whereas the char yield increased. This insight is supported by Eom et al.
[166], who pyrolyzed rice straw (both untreated and demineralized) in a fluidized bed.
Furthermore, the addition of potassium acetate to short rotation willow coppice and a
synthetic mixture of cellulose, hemicellulose, and lignin increases the char yield [167].
The addition of Fe(NO3)3, Al(NO3)3, Ca(NO3)2, K2CO3, Mg(NO3)2, and Na2CO3 to
demineralized pine bark with successive thermogravimetric analysis (TGA) revealed an
increase in char yield [168]. The strongest effects were found for Al(NO3)3, Na2CO3,
and K2CO3 in decreasing order. Na2CO3 added to tobacco stalk and yellow pine wood
on the other hand slightly improved the oil yield, particularly with respect to methanol,
acetic acid and 1–hydroxy–2–propane yield [169]. Cation exchange in cottonwood with
K+, Li+ and Ca2+ has an increasing and decreasing impact on char and tar yield in
vacuum pyrolysis, respectively [164]. Moreover, potassium catalyzes pyrolytic reactions
resulting in more CO2, CO and formic acid being formed from polysaccharides and acetic
acid from hemicellulose [170]. The effect of K, Mg, and Ca on degradation products by
addition of their chlorides to demineralized poplar wood xylem tissue was investigated
by Eom et al. [171]. The char yield increased from 10.5 to 19.6 wt.-% for potassium,
whereas magnesium and calcium had a minor effect. Furthermore, K-addition led to
an increase of acetol, butanedial, cyclopentenes, phenol, guaiacol and syringol whereas
the yield of levoglucosan was decreased. Magnesium, on the other hand, increases the
levoglucosan yield. This finding is supported by Richards and Zheng [164], who found K,
Li, and Ca to decrease the yield of levoglucosan, whereas other ions like transition metals
tend to increase the levoglucosan yield. Removing almost the entire mineral content
by washing poplar wood or stake cellulose can increase the levoglucosan yield while
decreasing hydroxyacetaldehyde yield [172, 173]. Further studies evidence the influence
of Ca2+ [174, 175], Fe3+ [176], acidic, alkaline and neutral salts [177] on product yields.

Mineral matter has an impact on pyrolysis product distribution for lignin as well. For
example, sulfur in form of sulphoxide or sulphone, contained in Kraft lignin, facilitates
lignin depolymerization [42]. The presence of cations Na+, NH +

4 , and Ca2+ influences
lignin decomposition. The strongest effect in lignin pyrolysis was observed for Na+, which
increases char and gas yield at the expense of oil yield [178]. Jakab et al. [179] investigated
the influence of sodium addition to MWL. Sodium was found to facilitate char formation
and cleavage of functional groups while the volatiles yield decreases. Sodium enhances
demethoxylation (cleavage of R−OCH3) rather than demethylation (cleavage of R−CH3),
dehydration and decarboxylation are promoted, while C-O bond scission is preferred,
i.e. sodium-catalyzed heterolytic reactions. Furthermore, formaldehyde and CO formation
are suppressed [179, 180]. Sodium contained in the lignin side groups −COONa and
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−CONa increases the yield of alcohols and hydrocarbons, whereas the yield of benzenes is
reduced [181]. The impact of K2CO3 and ZnCl2 on pyrolysis behavior of cellulose, xylan,
and lignin was studied by Rutkowski [182]. All combinations except lignin with K2CO3-
addition showed a constant or decreasing oil yield. The lignin oil yield with K2CO3-
addition increased as K2CO3 favored dehydration and demethoxylation such that the
aliphatic hydrocarbons yield increased whereas oxygen containing component yields of
monocyclic aromatic hydrocarbons, phenols and carboxyl group containing substances
decreased. Treatment of MWL with NaCl and ZnCl2 was carried out by Jakab et al.
[183]. These salts lead to a char yield increase by 4 and 6 wt.-%, respectively. NaCl further
decreases CH2O yield whereas H2O and CH3OH increase. The Lewis acid ZnCl2 catalyzes
ionic reactions, i.e. heterocyclic cleavage of C−O and C−C. Also, more CH3OH compared
to the untreated but less than for NaCl-supplemented MWL is formed. Furthermore,
potassium is known to increase the yield of CH3OH from lignin [170].

2.2.4 Product yields, spectrum, properties, and applications

2.2.4.1 Pyrolysis oil

The pyrolysis oil yield ranges from 40 to 95 wt.-% [36, 102] and sometimes even as low
as 12 wt.-% [48], depending on pyrolysis feedstock, i.e. cellulose, hemicellulose and lignin
content, inorganics content as well as pyrolysis conditions such as heating rate, pyrolysis
temperature and vapor residence time. High lignin content leads to a lower liquid yield
[36]. Qu et al. [102] found maximum oil yields of 60 wt.-%, 53 wt.-%, and 40 wt.-% at
400 ◦C, 450 ◦C, and 500 ◦C, respectively, when pyrolyzing cellulose, hemicellulose and
lignin in a fast tubular laboratory reactor. A study on the pyrolysis of cellulose in
a fluidized bed [184] also showed a maximum oil yield in the magnitude of 60 wt.-%.
The tar yield of Kraft and hardwood Alcell lignin in a fixed bed yielded 20 wt.-% and
25 wt.-%, respectively [115, 117]. The pyrolysis of wheat straw lignin in a centrifuge
reactor at 500 to 550 ◦C, a feed of 340 g/h and a gas residence time of 0.8 s yielded about
32 wt.-% organic oil and 10 wt.-% reaction water [124, 163]. Furthermore, oil yields for
lignin pyrolysis in fluidized beds were reported in the range of 16 to 57.7 wt.-% with the
optimum mostly in the temperature range of 450 to 550 ◦C] [29, 48, 125]. For entrained
flow pyrolysis at 700 ◦C 11.7 to 36.6 wt.-% [48] and mechanically fluidized bed pyrolysis
at about 550 ◦C 45 wt.-% [85] were found.

Biomass pyrolysis oil is a complex mixture of several hundred organic components
as well as inorganic constituents. The main compounds found in biomass-derived
pyrolysis oils are: acids (mostly carboxylics), alcohols, aldehydes, alkanes, alkenes,
esters, furans, ketones, nitrogen compounds, miscellaneous oxygenates, phenolics,
syringols, catechols, guaiacols, other aromatics, carbohydrates (sugars), and water
[36, 47, 48, 101, 102, 113, 114, 123, 156, 162, 185, 186]. Specific examples are acetic acid,
furfural, furan, 1-Hydroxy-2-propanone, and water for hemicellulose and levoglucosan,
5-hydroxymethylfurfural, formaldehyde, acetic acid, acetol, and water for cellulose
[101, 185]. Lignin yields small quantities of monomeric phenolics (such as phenol,
cresol, guaiacols, syringols), acetic acid, CH3OH, formaldehyde, acetaldehyde, benzene,
water and furthermore, mainly from lignin, but also from cellulose a large amount of
oligomeric oil species with molar mass ranging from few hundred to several thousand
g/mol [36, 47, 48, 113, 114, 123, 162, 185, 186]. Part of the oligomeric products from
lignin is so-called pyrolytic lignin, which has on average a higher molar mass than the
water-soluble pyrolysis oil fraction and can be precipitated from the oil by the addition
of deionized water [46, 187, 188]. The pyrolytic lignin from MWL pyrolysis in a fluidized
bed was found to have mostly light brownish color and yielded 8 to 25 wt.-% of lignin
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feed [46, 188]. Additionally, extractives produce waxy bio-oil species like fatty acids and
rosin acid [185]. Due to its complex composition and high reactivity the pyrolysis oil is
not distillable and highly inhomogeneous, which can lead to phase separation [56]. The
latter is also caused by water in the oil, which can for various biomasses contribute to
pyrolysis oil in a content of 5 to 55 wt.-% [46, 54, 70, 128, 142]. Inorganic species present
in the biomass are also found in the pyrolysis oil. The single mineral species content
is mostly in the range of 0 to 20 mg/kg (rarely in the magnitude of 100 mg/kg) and
thus 10 to 10000 times lower than the content in char [189]. The total solids content
(inorganics and char) of pyrolysis oil is typically found to range from <0.1 to 0.4 wt.-% [36].

Pyrolysis oil has a dynamic viscosity of 5 to 350 mPa · s [54, 185, 190] and a kinematic
viscosity of 1.1 · 10−5 to 9.7 · 10−5 m2/s [46, 70], which depends on biomass feedstock,
water, alcohol, and inorganics content as well as storage time [190, 191]. The acids
contained in the oil leads to a pH between 2 and 5.5 [36, 46, 54, 190]. Pyrolysis oil
densities are in the range between 0.9 to 1.3 g/cm3 [36, 54]. The higher heating value
of pyrolysis oil ranges from 13.9 to 41 MJ/kg. This range comprises raw pyrolysis oil
with high water content (low heating value) and water free oils with high heating value.
Due to its mostly high water content, raw pyrolysis bio-oil typically has a higher heating
value (HHV) at the lower end of the range, which is considerably lower than the HHV
of petroleum with about 40 MJ/kg [192]. For example, Raveendran and Ganesh [193]
summarized the HHV of raw pyrolysis oil from diverse lignocellulosic feedstocks to be in
the range of about 22 to 25 MJ/kg.

Several application prospects exist for pyrolysis oil. It can be used as combustion or
transportation fuel, for power generation and the production of chemicals and resins from
either pyrolysis oil fractions or single components. [20, 162] As liquid products are easier
to handle and may be stored and transported, and thus can be used offside the production
site, it is beneficial to use pyrolysis oil as combustion or transportation fuel or fuel additive
substitution in fossil fuels [20, 53, 162, 194]. The use of pyrolysis oil in power generation
was successful as it can be combusted in diesel engines and gas turbines [53, 54, 162, 194].
Problems with high viscosity and suspended char are benign, but processes have been
run only demonstration scale [53] so far. Fractions of pyrolysis oil are used as binder for
pelletizing and briquetting combustible organic waste materials [162], heavy pyrolysis oil
tar for roofing or roads [195], calcium salts of carboxylic acids as environmentally friendly
road de-icers [54, 194], polyphenols or pyrolytic lignin to substitute phenol in phenol-
formaldehyde resins [7, 54, 194, 196–198], and in the production of adhesives, especially
for fiberboard production [7, 162]. Furthermore, research showed possible application as:

- slow release fertilizer exploiting the pyrolysis oil’s high content in carbonyl groups
through enrichment with nitrogen [54, 194, 199],

- preservative e.g. of wood [162] as some terpenoid and phenolic compounds present
in pyrolysis oil act as insecticides and fungicides [194],

- insecticide to control insect pests in agriculture because of its toxicity (especially
lignin oil) [200] and

- capturing agent of SOx in coal combustors (use as calcium salts and phenates from
reaction of carboxylic acids and phenols with lime) [194].

Single chemicals of interest from pyrolysis oil are anhydrosugars like levoglucosan (for
manufacturing of pharmaceuticals, surfactants, biodegradable polymers) [54, 162, 194],
hydroxyacetaldehyde [54], or levoglucosenone, which has potential use in the synthesis
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of flavor compounds and antibiotics [194]. Only a few commercial niche applications
exist. The most important are flavorings, essences and browning agents for food industry,
also called liquid smoke. [53, 54, 194] The most important application barriers are low
market value of chemicals at high production, separation, and purification costs, most for
chemicals for which no established market exists [53, 54], the high separation and purifi-
cation requirements arise primarily from the biomass and liquid product inhomogeneity
[20]. Furthermore, nested interests (e.g. use as fuel vs. chemical production), scale
of logistics (e.g. 10 MWel with 35 % electrical efficiency would need 40 000 t/a biomass
feedstock, i.e. 40 km2 arable land), high risk for new processes as well as public perception
(not-in-my-backyard syndrome) impediment commercial use [53, 54].

2.2.4.2 Pyrolysis gas

For fast pyrolysis at moderate temperature and low vapor residence time, yields in the
order of 10 wt.-% and for slow pyrolysis at low temperature and high vapor residence
time around 35 wt.-% are typical [36]. The biomass feedstock composition influences the
gas yield. Feedstocks rich in lignin pyrolyze to form less gas. Qu et al. [102] investigated
the gas evolution of cellulose, xylan, and lignin pyrolysis in a tubular reactor. In the
temperature range between 350 and 550 ◦C the yield was highest for xylan, increasing
linearly from about 17 to 28 wt.-%. Above 550 ◦C the yield from cellulose was highest,
reaching a maximum of 44 wt.-% at 650 ◦C. For lignin, on the other hand, the yield
increased only from 8 to 22 wt.-% in the overall temperature range of 350 to 650 ◦C.
At considerably higher temperatures (e.g. 1000 to 1400 ◦C [201]) the fuel is mainly gasified.

Pyrolysis gas contains CO, CO2, H2 and light hydrocarbons such as CH4, propane, propy-
lene, butane, butenes, C5, ethane, etc. [102, 114, 123, 162]. Furthermore, it may contain
SO2, especially when produced from Kraft lignin (originating from pulping with a NaOH-
Na2S mixture) [42]. The higher heating value of pyrolysis gas is in the range of 15 to
20 MJ/m3 [55], or 5 to 17 MJ/kg while the higher heating value of the gas from the three
biomass components increases in the following order: cellulose < lignin < xylan with 1.3,
8.2 and 37.6 MJ/kg, respectively [193]. The gas can be used for (pyrolysis) process energy
or as carbon feedstock (CO2) for industrial applications [162].

2.2.4.3 Pyrolysis char

Figure 2.7 shows the degradation curves for the biomass components cellulose, hemicel-
lulose (xylan), and lignin. When heated, xylan decomposes first, followed by cellulose.
Lignin’s mass loss rate has its maximum at the highest temperature, but it also reacts over
the broadest temperature range. The curves obtained in this work (Fig. 2.7) are in good
agreement with the data measured by Órfão et al. [202]. They investigated the thermal
decomposition of cellulose, hemicellulose, and lignin with a heating rate of 5 K/min in the
temperature range of 25 to 900 ◦C in nitrogen. Cellulose decomposition started at 225 ◦C
with the main degradation peak at ∼ 370 ◦C, xylose, and lignin decomposition started at
160 ◦C and 110 ◦C, respectively. Lignin decomposition spreads over a wide temperature
range up to 900 ◦C.

The char yield is influenced by process parameters, i.e. pyrolysis temperature, solids
residence time, heating rate (all three having impact on carbonization degree), and
feedstock composition like carbohydrate composition and mineral content. Generally,
increasing pyrolysis temperature results in decreasing char yield leveling on a constant
minimum value. When it comes to biomass composition, char yield increases from
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cellulose over hemicellulose (xylan) to lignin (Fig. 2.7 (a)) with 13.5, 24, and 41.7 wt.-%
at 700 ◦C, respectively. Similar values can be found in literature [102, 202]. It should be
noted that the lignin source and pulping conditions/process have an influence on the char
yield [203, 204] (cf. 2.1.2). As the minerals contained in the feedstock are mainly retained
in the char an increasing minerals content directly results in an increased char yield [102].
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Figure 2.7: TG (a) and DTG (b) curves of cellulose, Kraft lignin, and xylan (hemicellulose
model compound)

measured by Mettler Toledo TGA/DSC 1 with N2-flow of 40 ml/min, β = 20 K/min

Char contains (elemental) carbon together with hydrogen and oxygen, depending on its
degree of carbonization. In addition, char also comprises the inorganics found in the
pyrolyzed biomass (cf. Section 2.2.4.1). Usually, the content of single mineral species
ranges from few 100 mg to several 104 mg/kg [189]. Sharma et al. [123] and Goyal et al.
[162] reported char densities ranging from less than 300 to about 2000 kg/m3. The
measured densities (apparent and solid) depend on the degree of carbonization, and
additionally on biomass type, pyrolysis conditions, and others [205–208]. The typical
higher heating value of char (obtained from a large variety of biomass) is in the range
of 24 to 33 MJ/kg, depending mainly on biomass composition [193, 209]. The pyrolysis
temperature seems to have little effect [128]. Possible char applications are solid fuel in
boilers, production of activated carbon, carbon fibers, carbon black, carbon-nano-tubes,
soil amendment, nutrient adsorber, and direct supply of (pyrolysis) process energy
[20, 162, 195].

2.3 Process modeling
2.3.1 Reaction pathway and kinetics
The reaction mechanism of biomass pyrolysis consists of numerous complex reactions
with hundreds or thousands of intermediates and products. Therefore, it is currently
not feasible to model the pyrolysis process in its entity, let alone all chemical reactions.
Hence, reaction modeling on the basis of lumped or pseudo-components (char, gas, oil) is
the widespread practice. [129, 210–212]. To consider biomass composition, the reaction
mechanism and its kinetic parameters are either only valid for a specific feedstock or
can include the dependence on the composition (cellulose, hemicellulose, and lignin)
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via parallel reaction schemes [212]. The pseudo-component reaction schemes can be
summarized by a sequence consisting of an optional preliminary activation step (initial
depolymerization), parallel primary reactions, and secondary cracking of mainly oil
vapors (cf. Figure 2.8). Depending on the model complexity, some reaction steps may
be omitted. The kinetic parameters are derived from experimental data and vary with
the experimental conditions, i.e. temperature and heating rate. Consequently, the kinetic
parameters have to be carefully selected for modeling a specific biomass pyrolysis reactor
case. The pyrolysis reactions are typically assumed as first order and their temperature
dependence described by the Arrhenius approach.

biomass
cellulose, hemicellulose,

lignin, wood, ...

active

gas

oil

char

oil

reaction type: activation primary secondary

Figure 2.8: General reaction scheme with pseudo-components for biomass pyrolysis (com-
bined and generalized from [91, 213–216])

An overview of the existing biomass reaction schemes is given in reviews [129, 210–212].
Examples of biomass reaction schemes can be found for various biomasses, i.e. spruce,
eucalyptus, poplar, oak, beech, pine, corn, sunflower, and straw [91, 213, 216]. Unfortu-
nately, for different biomasses, all kinetic parameters must be measured separately. Thus,
interest in pyrolysis of biomass components increased, aiming to predict the pyrolysis
behavior of biomass according to its composition, mainly cellulose, hemicellulose, and
lignin but also extractives and ash, with cellulose being investigated most intensely.
An overview of cellulose reaction mechanisms is given by Serbanescu [217]. Today, the
Broido-Shafizadeh-model [218] is generally accepted and used for simulations [210, 215].
It was developed by Broido et al. [219] for cellulose and simplified by Bradbury, Allan G.
W. et al. [218]. Based on this scheme, a model for biomass pyrolysis with superimposition
of cellulose, hemicellulose, and lignin including secondary reactions from oil to gas was de-
veloped [220]. Another three-component model of superimposed reactions was developed
by Miller and Bellan [221], which is predicated on another cellulose pyrolysis model [222]
and extrapolated for the components hemicellulose and lignin. The amount of char formed
from oil is small so that it is possible to neglect this reaction (cf. Figure 2.8) [213, 214, 223].

Due to possible interactions between the components, it is necessary to investigate
the validity of the three-component-model. Órfão et al. [202] carried out TG analysis
of the components cellulose, hemicellulose, and lignin as well as pine and eucalyptus
wood. From the obtained data, a kinetic model with three independent reactions for the
three components was derived and it was shown that the three-component-model can
reasonably predict the volatile yields of the two investigated wood species. However, for
pine bark the high content of extractives causes deviations. Furthermore, Peters [224]
showed that the three-component-model can predict devolatilization of pistachio shells.
Qu et al. [102] reported that in the case of rice straw, corn stalk, and peanut vine the
additive three-component-model can predict the total yields of char, oil and permanent
gas, as confirmed by Miller and Bellan [221] and Couhert et al. [225]. However, while the
overall yields of char, gas, and oil can be predicted from the three biomass components,
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gas and oil composition cannot. The complex reactions underlying pyrolysis of cellulose,
hemicellulose, and lignin lead to interactions between these three components and thus
influence gas and oil composition. TG-FTIR analysis of samples with varying content of
cellulose, hemicellulose, and lignin by Wang et al. [101] revealed for oil that formation
of 2–furfural and acetic acid is enhanced by the presence of cellulose and lignin and the
amount of 2,6-dimethoxy-phenol is increased by the combined influence of cellulose and
hemicellulose. Furthermore, the interaction between cellulose and hemicellulose promotes
the formation of 2,5-diethoxytetrahydrofuran, and inhibits the formation of altrose and
levoglucosan. The presence of cellulose enhances the formation of hemicellulose-derived
acetic acid and 2-furfural, whereas lignin is inhibiting. The gas component yields cannot
be predicted from an additivity law as the components interact during pyrolysis. It was
deducted by Couhert et al. [225] that interactions occur in the gas phase and probably
also inside the solid reactant since the variation of cellulose, hemicellulose, and lignin
content has an impact on the CO2 yield. Raveendran et al. [226] suggest that the ash
content in the biomass should be considered by the additivity law.

Models with increasing complexity exist, which include various chemical product species.
An example is a pyrolysis scheme derived for Kraft lignin, which considers e.g. gaseous
species like CO2, multi-ring phenolics like phenanthrene, fluorene, bibenzyl in addition to
light liquids, single ring phenolics, and carbonaceous residue [227, 228]. Another model
considers the evolution of gaseous species like H2, CO, CO2, various CmHn, and vapor
phase species like phenol, glyoxal or 5-hydroxy-methyl-furfural for beech wood or softwood
pyrolysis [229]. However, these models are mainly derived for a single biomass (component)
and for specific operating conditions and are difficult to generalize due to interactions
between biomass components and the influence of pretreatment conditions.

2.3.2 Pyrolysis process modeling

A large number of pyrolysis process models with varying complexity have been developed.
In most cases, the reactor models are based on fluid dynamics and single biomass particle
pyrolysis. Single particle pyrolysis models have been developed as 1-D and 2-D models
considering single wood particle or biomass component pyrolysis with reaction kinetics,
particle, and product mass as well as heat balance [214, 216, 221, 230]. The model of
Haseli et al. [214] also includes the temperature dependency of the heat of reaction. These
models are either designed for micro-particle processes, thus neglecting intra-particle heat
and mass transfer implying kinetic control or can additionally comprehend the influence
of macro-particles for which internal diffusion and heat conduction resistance leads to
concentration and temperature gradients inside the particle. Therefore, the product
distribution may be influenced considerably by particle size [221, 230]. For evaluation
of the governing regime, i.e. kinetic control or heat and mass transfer control, different
criteria exist. Important in this case is the Biot number Bi = hT · dp/λT, which correlates
the external heat transfer (convection) to the internal heat transfer (conduction) of a
body (a particle with diameter dp). If Bi < 0.1 conduction is considerably greater than
heat transfer to the particle. Thus, the particle temperature is almost uniform and the
reaction kinetically controlled [144, 209]. For Bi > 0.1 a temperature gradient develops
inside the particle body. The pyrolysis process is then governed by heat and mass transfer
inside the particle. For typical biomass pyrolysis conditions in fluidized beds, this criterion
can be reduced to the particle size. Scott et al. [231] pyrolyzed Avicel cellulose and maple
sawdust in a fluidized bed and a transport reactor. They found that if the particle weight
loss is smaller than 10 % before the particle reaches a core temperature of 450 ◦C, the
reactor temperature will be the only variable determining the yields of char, oil, and
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gases for a given feed material and residence time. Kinetic consideration showed that
particles with a diameter below 2 mm show this behavior. The boundary between kinetic
and heat transfer control depends mainly on pyrolysis temperature and particle size [232]
as well as heating rate [233]. For cellulose particles with a particle diameter below 200 μm
and a pyrolysis temperature below 500 ◦C, the pyrolysis reaction is kinetically limited
[232]. It was estimated that for lignocellulosic biomass with a particle size <1 mm heat
and mass transfer phenomena are drastically decreased and kinetic control prevails [220].
Finally, fast pyrolysis of cellulosic particles is largely controlled by the rate of external
heat supply, with internal heat transfer control becoming important for T ≥ 700 K and
particles thicker than 3000 μm [131].

Models for fluidized bed reactor pyrolysis can predict the product distribution depending
on fluidization and process parameters such as fluidizing velocity and pyrolysis tempera-
ture. The simplest model is a residence time model with no distinct fluid dynamics. Using
such a model, it was shown that the influence of residence time and temperature can
reasonably be described for poplar wood [213]. More complex models have additionally
implemented the fluid dynamics of bubbling fluidized beds and the overall mass and heat
transfer equations. Based on the kinetic scheme for the three main biomass components
cellulose, hemicellulose, and lignin [221] and the fluid dynamics of a fluidized bed reactor
[234] such a model was developed [235, 235]. However, the model is neither validated
for application in circulating fluidized bed simulation nor for lignin pyrolysis. Also, CFD
multi-fluid models with multi-phase fluid dynamics based on kinetics by Miller and Bel-
lan [221] show reasonable results for fluidized bed pyrolysis. Modeling and experimental
investigation has been reported by several researchers at University of Iowa [236–238],
with a modeling time of about 200 s. Also for circulating fluidized beds, reactor mod-
els have been derived. A simple residence time model with no distinct fluid dynamics
for different biomasses shows again that the influence of residence time and temperature
can be calculated [91]. A 1-D steady-state CFB reactor model with kinetics for cellulose,
hemicellulose, and lignin with mass and heat balancing equations shows that the fluid dy-
namics and yields for biomass with varying composition can be predicted and this model
is applicable for use in flowsheeting [239]. In summary, models calculating the main fluid
dynamics and product yields for either bubbling/stationary fluidized beds or circulating
fluidized beds have been developed. However, distinct flowsheet modeling of lignin CFB
pyrolysis is not known to the author of this work.

2.3.3 Flowsheet modeling of pyrolysis refineries
Increasing interest in sustainable lignocellulosic biomass use has brought about biore-
finery concepts including pyrolysis processes, especially for lignin utilization. The sim-
plest concept is solitary pyrolysis with product separation and collection – which was
modeled e.g. by Qu et al. [102] in Aspen Plus®. A more complex example is the
”BiomassPyrolysisRefinery”-concept proposed by Schwaiger et al. [240]: the pyrolysis oil
is upgraded by deoxygenation and the char hydrogenated to liquid fuel and both refined
together. Furthermore, biomass fractionation for cellulose and hemicellulose derivative
production and successive lignin residue pyrolysis is proposed in literature [20, 29]. A py-
rolysis refinery concept containing numerous oil upgrading and refining steps was simulated
with Aspen Plus® [241, 242]. These models have in common that the pyrolysis process is
depicted by a simple black box model (RYield block in Aspen Plus®) [102, 241, 242] which
does not consider reactor specific fluid dynamics or heat and mass transfer phenomena.
Thus, pyrolysis (biorefinery) flowsheet modeling including a comprehensive fluidized bed
reactor model (both BFB and CFB) has not yet been covered in depth in literature.
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Lignin pyrolysis, especially in fluidized beds, has proven to be difficult because of bed
agglomeration or even clogging of feeding systems. While most research groups described
these problems, others could finally pyrolyze lignin, e.g. by mechanical agitation of the
fluidized bed. But also the lignin composition seems to have an influence on the pyrolysis
behavior. To correlate possible feedstock influences a softwood Kraft lignin with a high
purity and a hydrolysis lignin obtained from hydrothermal and subsequent enzymatic
hydrolysis of wheat straw with a low purity are characterized and pyrolyzed. To prevent
the reported agglomeration, defluidization and feeding problems a circulating fluidized
bed (CFB) system with cooled pneumatic feeding was designed, erected and operated.
As an in-depth investigation of CFB lignin pyrolysis is not known to the author, the
composition of pyrolysis char, oil and gas are measured and their composition and yield
determined.

To shed some light on the agglomeration and clogging issues, the two used feedstock are
characterized by Flash-DSC at heating rates comparable to heating rates in fluidized
bed applications. Moreover, the obtained characteristics are compared to reference
materials by the same method: cellulose, xylan and straw lignins attained by organosolv
(high purity) and soda (intermediate purity) pulping. Furthermore, the morphology
of the solid samples from the CFB (a mixture of quartz sand and char) is analyzed to
understand the difference in pyrolysis behavior and mechanisms in char particle formation.

The pyrolysis performance is determined by measurement of the overall yields of the
pseudo products gas, oil, and char as well as their composition. The obtained yields
are correlated to the main process parameter, which is the pyrolysis temperature. The
circulating fluidized bed system works semi-continuously, i.e. gas and oil vapors are
continuously removed from the hot reaction zone by the carrier gas, while the char
remains mostly in the CFB system. With the char also the feedstock ash accumulates in
the CFB system. Due to this accumulation and the catalytic activity of some minerals, an
influence on product distribution can be expected. Therefore, samples at different experi-
ment duration and times have been taken for all products and were subsequently analyzed.

To reach a broader understanding of the pyrolysis process the experimental work was
accompanied by process simulation. For flowsheet simulation of integrated refineries or
pulping plants including a CFB pyrolysis process for lignin utilization, a CFB lignin
pyrolysis unit model is necessary. Problems of previous models are that often only limited
feedstock types and/or reactor conditions can be accounted for. But in an integrated
process, which the flowsheet simulation is supposed to represent, the input parameter
may vary greatly. For example, the feedstock composition and lignin purity obtained
by pulping might change due to different pulping parameters. Furthermore, it might be
desired to operate the pyrolysis process in circulating or stationary regime. Thus, it is the
aim to develop a model, which is predicting pyrolysis process yields for a broad pyrolysis
feedstock composition (by means of cellulose, hemicellulose and lignin content) and
works for both circulating and bubbling fluidized beds considering the fluidized bed fluid
dynamics. Furthermore, this broad applicability to various biomasses and fluidized bed
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systems has the advantage, that the model can be validated by experimental literature
data not readily available for lignin.

Sensitivity analyses on discretization, fluidization velocity, and biomass composition show
the functionality of the model. The model is not only validated by the data obtained in
this work but also literature data for pyrolysis of maple wood, poplar wood and wheat
straw in a bubbling fluidized bed as well as pine wood in a circulating fluidized bed.
Contrary to the fact that the oil composition obtained from cellulose, hemicellulose,
and lignin pyrolysis is fundamentally different, the important secondary reactions for
conversion of oil to gas are mostly assumed to be equal. Therefore, the kinetic data sets
for lignin are compared to the experimental data obtained in this work. Subsequently, a
proposal on model improvement is given and the model goodness validated by comparison
with the mentioned own and literature data.

For proof of applicability to flowsheet simulation as well as energetic process evaluation
the simulation of a process integrating char and pyrolysis gas combustion is attempted.
Therefore, a flowsheet containing the pyrolysis reactor, a fluidized bed char combustor
and short-cut models for gas-solid separation, oil condensation, permanent gas com-
bustion as well as heat exchangers is set up with mass and enthalpy balances. The
pyrolysis process efficiency is evaluated by the oil energy recovery rate and the integrated
pyrolysis-combustion-process is rated by a surplus-to-deficit ratio.
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4 Experimental

4.1 Pyrolysis plant
The pyrolysis plant consists of three main components: circulating fluidized bed (CFB)
reactor, liquid (oil) product separation and after burning chamber (ABC) (cf. Figure 4.1).
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Figure 4.1: Scheme of pyrolysis plant (after burning chamber (ABC) not depicted)

Pyrolysis system
The heart of the pyrolysis plant is the circulating fluidized bed reactor, with its scheme de-
picted in Figure 4.1 and in detail in Figure 4.2. The fluidizing gas is preheated electrically
by preheater LV1 to 350 ◦C and introduced via a windbox and a bubble cap gas distrib-
utor into riser R1 (80 mm diameter). The distributor has three triangularly positioned
bubble caps. As fluidizing gas air, nitrogen, steam or a mixture of nitrogen and steam can
be used. Air and nitrogen are supplied at 5 bar by a compressed air supply and bottled
pressurized gas, respectively. Steam is supplied by a controllable steam generator (max.
9 kW) at 2.2 bar and 150 ◦C, an insulated pipe, and a superheater DV1. The bed material
is fluidized in fast fluidization regime so that is entrained at the top of the 1700 mm high
riser. The particle laden gas enters the primary cyclone C1 and most of the particles are
separated from the gas. The particles are returned to the riser R1 via a standpipe D1
(53.1 mm diameter) and a syphon SY1 (100 mm diameter). The syphon is fluidized with
air or nitrogen at about 0.15 m/s superficial gas velocity. Downstream from cyclone C1
fine particles are separated from the gas stream by a secondary cyclone C2. The cyclone
dimensions are given in Figure 4.3. The whole reactor system is made of stainless steel
(1.4841) and heated electrically. Refractory lining in not used to ensure short heating and
cooling time and thus flexible operation.

23
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



Experimental

PF

FI
30

N2

FI
1a

fines

PIR
2

bed 
material

M
WIR
30

lignin

sand

TIR
12

C1

C2

TIR
8

air

TIC
1

PIR
1

DPIR
7-9

DPIR
1-7

DPIR
6-7

DPIR
4-6

LV1

LV2

S1

B1

B2

PIR
7

oil 
sepa-
ration

PI
31

DPIR
2-5

TIRC
6

TIRC
7

TIRC
5

TIRC
4

R1

B3

D1

SY1

FI
2

PI
10

steam

L1el

DV1

PI
25

TI
25a

TIC
25

DPIR
1-4

el

QIR
1

DPIR
5-8

cooling 
water

DPIR
9-11

PIR
11

DPIR
11-15

TIR
10

TIC
2

V1a

V1b
V1

 V3a

 
V5a V5

V4a

V4b

V7

V3

V22

V23

V25

V2b

V2a

V32

V10

FI
7

 
V40

el

oil separation

Figure 4.2: Scheme of pyrolysis reactor

20
0.

0

53.1

80
.050

.0

120.0

28.5

10
.5

20.0

35
.0

(a) primary cyclone C1

12
0.

0
60

.050
.0

80.9

12
.5

15.0

35
.0

25.0

25.0

(b) secondary cyclone C2

Figure 4.3: Sketch of cyclones (all dimensions in mm)

24
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



Experimental

Oil separation system
Gas and oil vapor exiting the reactor system via C2 are cooled rapidly in the oil separation
part of the plant, depicted in Figure 4.1 and in detail in Figure 4.4. By cooling the gas
and oil vapor mixture rapidly secondary reactions are quenched and the oil is condensed.
Quenching is achieved by a scrubber Sc1, which is operated with water. Water is recircu-
lated from the scrubber sump by two lines consisting of a liquid filter with two chambers
(F1 and F2), a plate type heat exchanger (W1 and W2) and a membrane pump (P1 and
P2) each. The pump of line one is pumping the water through two rings of six hydraulic
nozzles each into the scrubber gas volume. Further, a rotary cleaning nozzle is operated
to clean the scrubber walls from tars. The second line is supplying water to six flat spray
nozzles, which produce a liquid film on the vertical scrubber walls. Additionally, the third
ring of six hydraulic nozzles is connected to line two. The hydraulic nozzles mainly achieve
the cooling duty and are operated at 10 bar. The rotary cleaning and the flat spray noz-
zles are operated at 2.5 bar and at 2 bar, respectively. The gas exiting the scrubber Sc1
passes through a demister and is heated to a temperature of more than 150 ◦C to prevent
condensation in the pipe to the ABC and consequently blocking. The scrubber Sc1 can
be by-passed by BL1.
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After burning chamber
From the oil separation system, the gas is introduced into a circulating fluidized bed
combustor CFBC functioning as an after burning chamber ABC. The gas is fed at 500 mm
above the gas distributor into the CFBC riser. The CFBC which is operated with air,
has a height of 15 m, and a diameter of 100 mm. The combustion takes place at 850 ◦C.
Downstream the after burning chamber the flue gas is cooled and mixed with fresh air
before entering the induced draft fan. A detailed description of the after burning chamber
with subsequent cooling and fan is given in [243, 244].

Lignin feeding system
Lignin is fed axially into the riser R1 from the bottom through a water cooled feeding
lance L1 (cf. Figure 4.5). The lance is positioned coaxially between the bubble caps and
its tip is positioned 140 mm above gas distributor plate. Water cooling is necessary to
prevent softening of the lignin and consequently blocking of the feeding line. The lignin is
conveyed pneumatically by nitrogen through the lance (6 mm inner diameter) at 35 m/s.
The lignin mass flow is controlled by a screw feeder with adjustable rotor speed. The
average mass flow is monitored by weighing the whole system of lignin bunker and screw
feeder.
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Online measurement system
For the operation of the pyrolysis plant, online measurements of pressure drops, absolute
pressure, temperatures and gas concentrations are carried out. The acquired signals are
stored and displayed by the system design software LabView. The pressures and pres-
sure drops are obtained by 26 differential pressure transducers. These transducers have
different measurement ranges: 0 to 1035 mbar and 0 to 345 mbar for absolute pressures
(measured relative to ambient pressure) and 0 to 345 mbar and 0 to 69 mbar for relative
pressures, i.e. pressure drops. The measured pressure drops in the CFB system indicate
the solids recirculation and the pressure drop over the scrubber Sc1 acts as an indicator of
blockage. The pressure signals are stored at 1 Hz. Temperatures are measured with type K
thermocouples. In total 15 temperature sensors are installed and the signals are processed
by a 3 times 5 channel multiplexer (operated at 3 Hz) and an analog-to-digital converter.
Also the temperatures are stored and displayed with a frequency of 1 Hz. For online mea-
surement of the permanent gas composition, a side stream is taken between the demister
DM1 and the after burning chamber ABC at QIR2 (cf. Figure 4.4). The measurement
system is shown in Figure 4.6. The side stream is taken using open tubular-probes. In an
electrostatic precipitator, which is operated at 3 kV, the gas is cleaned from tar. A heated
filter (200 ◦C) separates fines before the gas is dewatered in a cooler. A flame ionization
detector (FID) of type RS55-T (Ratfisch Analysensysteme GmbH) is used to analyze the
CmHn concentration of the gas. The FID-unit has a built-in gas filter, is fueled by hydro-
gen and the by-pass stream of the unit is used as the feed for the subsequent analyzers.
The measurement range of the FID changes dynamically within five ranges, with a total
range of 0 to 100 000 ppm. Downstream the FID-unit sequentially coupled (nondispersive
infrared NDIR) GME.42-analyzers (TAD Gesellschaft für Elektronik-Systemtechnik mbH)
for CO2 and CO are used. The analyzers have a range of 0 to 20 vol.-% and 0 to 10 vol.-%,
respectively. The accuracy of all three analyzers is 2 % of the upper range value. The
volume flows for the analyzers are controlled by rotameters. The off-gas of the measuring
system is sent back to the plant off-gas.
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Figure 4.6: Measuring system for permanent gas concentration at QIR2

Operating procedure
Start-up
Prior to the experiment, the lignin is dried at 60 ◦C in a drying cabinet over night. 5 to
10 kg lignin are filled into hopper B1 and the weighing is started. The scrubber system
is filled with water and deaerated by V43b and V44b. Cooling water for the scrubber
system and the feeding lance is switched on. 5 kg quartz sand is filled into the CFB
system. During heating up the scrubber is operated in bypass mode. The air pressure
reduction valve is adjusted to 5 bar and the feeding air is turned on to prevent clogging
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of the feeding lance. Then, the riser fluidization air and syphon are adjusted to 4 to
5 m/s and 0.1 m/s, respectively. The solids recirculation is monitored such that the total
pressure drop over distributor and bed DPIR 1-7 adjust itself between 30 and 120 mbar
and the pressure drop in the upper part of the riser DPIR 6-7 between 3 and 15 mbar.
The oven, secondary cyclone, and pipe heating are adjusted to the desired set point.
Subsequently, the gas preheaters LV1 and LV2 are turned on (max. 500 ◦C). When the
set point temperature in the riser are reached, the steam generator and heating of steam
pipe are turned on and the air flow is reduced in such a way that the superficial gas
velocity in the riser is maintained at 4 to 5 m/s. Thereafter, the nitrogen bottle valves are
adjusted to 5 bar and the three-way valve V1 switched to N2. The lignin hopper is flushed
with nitrogen by opening V23 using counterflow through the screw. When the oxygen
has been removed from the plant the scrubber is set into operation (the bypass is closed
and scrubber connection opened). To start pyrolysis operation the screw feeder is turned
on and adjusted to the desired set point. Afterward, the voltage of the electrostatic
precipitator might need adjustment.

Stable operation
During operation, the main parameters of feeding system, CFB system, oil separation
system, and after burning chamber are controlled. Important parameters are: feeding
rate, pressure at screw feeder outlet (clogging of lance), CFB temperatures, and pressure
drops (regular solids circulation and heating), maximum pressure in riser and pressure
drop over the scrubber system (clogging in oil separation system) as well as pressures in
scrubber recirculation lines (proper operation of liquid injection).

Shutdown
For shutdown, the lignin feeding is turned off and it is waited until pyrolysis is complete
(no pyrolysis gases measured by online analyzers). All heating devices and the steam
generator are turned off. Subsequently, the N2 supply to the syphon is stopped to stop
solids recirculation and accumulate the bed material in the syphon and standpipe. When
the pressure drop over distributor and bed DPIR 1-7 dropped to the distributor pressure
drop and the pressure drop in the upper part of the riser DPIR 6-7 to 0 mbar the N2
flow to the riser is reduced to 2 m3 (standard conditions). By the time the CFB system
temperature has come down to 300 ◦C the nitrogen supply is closed.

4.1.1 Pyrolysis product sampling

Pyrolysis oil sampling
Consecutive side stream samples are taken at different pyrolysis times during the exper-
iments. The sketch of the sampling system is shown in Figure 4.7. At V32a between
secondary cyclone C2 and Scrubber Sc1, an open tubular-probe is inserted orthogonally
into the gas stream and centrally arranged in the pipe (cf. Figure 4.8). The sample train
consists of the open tubular-probe (including V32), one 500 ml and five 250 ml impinger
bottles (cf. Figure 4.9a). The first five bottles are filled to approximately equal level with
in total 1 l isopropanol. These bottles are cooled to −19 ◦C in an ice bath. Bottles two to
four are equipped with glass frits for good gas distribution. The insert of the first bottle
has a plain stem to prevent clogging. The pyrolysis oil is condensed in the first four bottles.
The fifth bottle serves as blank test to prove that the oil is completely condensed in the
first four bottles. The sixth bottle is filled with cotton wool for adsorption and demisting
(cf. Figure 4.9b). Downstream the sample train temperature, pressure, volume flow, and
oxygen content are measured for balancing purpose. Before sampling the sample train is
inertized by N2 purge gas (connection of purge gas to silicone connection). The oxygen

28
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



Experimental

level is monitored by the Oxynos 100 O2-analyzer (Emerson Process Management GmbH
& Co. OHG). The measuring range of the analyzer was adjusted to 0 to 23 vol.-% and an
accuracy of ≤ 1 % of limit of detection. When the oxygen concentration has reached zero,
the sample train is attached at the silicone connection to V32 and the sampling is started.
Up to 20 l (standard conditions) sampling gas is sucked through the sample train with a
volume flow of 20 l/ min. Although the impinger bottles are sealed with grease, the system
cannot be sealed completely from the environment at any time. Therefore, the oxygen
concentration is continuously measured also during sampling. After sampling is complete,
V32 is closed and the sampling time is manually recorded. Then, the open tubular-probe
(including V32) is exchanged, as an oil fraction does already condense on the surface of
the tube and valve. At that moment, the sampling routine can be repeated.
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Figure 4.7: Side stream sampling system for pyrolysis oil (QIR1)
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Gas sample bags
As the online gas measurement is carried out for CO, CO2 and CmHn no information about
H2 and hydrocarbon composition is measured online. To gain this additional information,
at the end of each oil sampling a gas bag is attached to V34 (cf. Figure 4.7). It is filled
with up to 10 l (standard conditions) and the content is analyzed by GC.

Char sampling
After plant shutdown, when ambient temperature is reached, the bed material (BM) is
discharged from the syphon. The material is weighed (for balancing purpose) and a sample
taken. Additionally, the material from the hopper B3, below secondary cyclone C2, is
weighed and a sample taken. This latter material is named secondary cyclone material
and abbreviated C2 in this work. Both samples are a mixture of initial bed material
(quartz sand) and pyrolysis char.

4.2 Analysis methods for characterization of used material and
pyrolysis products

4.2.1 Sample preparation
The pyrolysis oil samples are dissolved in isopropanol and for analysis have to be sepa-
rated from the solvent. The bottles 1 to 4 are collected together with the product which
condensed in the tubular-probe and valve V32. Rinsing of the tubular-probe and valve
V32 is done with isopropanol and methanol. In parallel, the fifth bottle is prepared for
analysis analogously. That way it can be guaranteed that all dissolvable oil components
are collected in the first four bottles. The water contained in the sample has to be sepa-
rated before analysis. For drying of the organic solution Na2SO4, is added in excess. The
preparation for analysis follows different pathways. These paths are shown in Figure 4.10
and the corresponding procedures and analyses were carried out at the Thünen Institute
of Wood Research, Hamburg, Germany.

- Path 1: One fourth of the sample is concentrated in a Vigreux-distillation column
at 82 ◦C (boiling point of isopropanol). The concentrated sample is transferred to a
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volumetric flask and filled with isopropanol to 20 ml. Then 10 ml of the sample are
dried completely in a rotary evaporator under vacuum and 40 ◦C and the remaining
tar2 is weighed. A fraction of the tar is then dissolved in dimethyl sulfoxide (DMSO)
for SEC analysis.

- Path 2a: For GC analysis, 1 ml from the sample vial (path 1) is taken.

- Path 2b: As it is difficult to quantitatively determine catechols directly by GC,
the catechols have to be derivatized for analysis. Therefore, another fourth of the
sample is dried completely in a rotary evaporator, the remaining tar1 weighed and
redissolved in pyridine. For derivatization BSTFA+TMCS 99:1∗∗ is added in excess
to the solution. The silylation reaction causes the exchange of hydroxy groups by
trimethylsilyl groups. The silylated catechols are easier to evaporate in the GC
system and can be qualitatively and quantitatively determined. Tar1 is used also
for ultimate analysis of the pyrolysis oil.

Furthermore, half of the sample is retained for additional or repeated analysis.
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Figure 4.10: Sample preparation for in isopropanol dissolved pyrolysis oil from side stream
sample train

4.2.2 Analysis methods
For evaluation of experiments as well as analysis of feedstock and products, various meth-
ods have been applied in this work. A short overview on analytic sample measurement
methods is given in Table 4.1. The analytic methods are further described below.

Gas chromatography (GC)
Permanent gas∗

The gas in the sample bags (cf. Section 4.1.1, page 29) is analyzed by GC-TCD and
GC-FID. A sample of 250 μl is injected into the GC-TCD Agilent 6890 GC (column
flow rate: 43.9 ml/ min He). It is used for quantification of H2, CO, CO2, O2, N2,
and CH4. The GC-TCD is equipped with a Porapack Q column of 2 m, 1/8′′, 80/100

∗∗BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) + TMCS (trimethylchlorosilane), Sigma Aldrich
[245]

∗Measured at Institute of Environmental Technology and Energy Economy, Hamburg University of
Technology, Germany
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Table 4.1: Applied analysis methods for used and produced materials
samp./meth.†: PSD PAM SEM UA PA TM KFT ρ FD CHL GC SEC

lignin X X X X X X X X X
ref. biomass X X X‡ X X X�

quartz sand X X X
bed material X X X X X X X
C2-material X X X X X X X
pyrol. oil X X X X X X
pyrol. gas X
†PSD: particle size distribution; PAM: physical adsorption measurement; SEM: scanning electron mi-
croscopy; UA: ultimate analysis; PA: proximate analysis; TM: trace metals by inductively coupled plasma
optical emission spectrometry; KFT: Karl-Fischer titration; ρ: solid, apparent and/or bulk density; FD:
Flash-DSC; CHL: carbohydrate composition and lignin content; GC: gas chromatography; SEC size ex-
clusion chromatography; ‡solid density only; �lignins only,

mesh and a molecular sieve 5A of 2 m, 1/8′′, 60/80 mesh. It is operated in sample loop
with an isotherm 50 ◦C SP1Temp program. Furthermore, a sample of 300 μl is injected
into the GC-FID Chrompack CP 9000 (column flow rate: 8.6 ml/ min N2). It is used
for qualitative and quantitative analysis of additional hydrocarbons. The GC-FID is
equipped with an Al2O3/S column of 50 m, ID 0.53 mm, df 15 μm. It is operated in
splitless mode with the following SP1Temp program: 1 min holding at 76 ◦C, heating with
2 ◦C/ min to 100 ◦C, heating with 8 ◦C/ min to 148 ◦C, heating with 12 ◦C/ min to 200 ◦C
and holding the final temperature for 32 min.

Pyrolysis oil††

For quantitative identification of single pyrolysis oil components, a known amount of
the internal standard fluoranthene is added to the sample before injection (path 2a and
2b in Figure 4.10). As for all sample preparation pathways and steps the split rates
and the component specific GC response factors are known, the single component mass
in a side stream sample can be calculated. The single component content is measured
by a GC-MS/FID Agilent 6890N with 5975B MS for liquid injection. It is operated
with an Agilent VF-1701 60 m x 0.25 mm column (column flow rate: 2.0 ml/ min He).
A 1.0 μl sample is injected with 15:1 split mode. The applied temperature program is:
4 min holding at 45 ◦C, heating with 3 ◦C/ min to 280 ◦C and 20 min holding at the final
temperature of 280 ◦C (total: 102.33 min). For identification, the NIST2012 library and
an in-house pure substance library are used. The MS signal is used for identification and
the FID signal is used for quantification of a substance.

Size exclusion chromatography (SEC)††

Both the pyrolysis oil samples prepared as described (cf. path 1 in Figure 4.10) and the
lignin samples were analyzed by the following procedure: The lignin is dissolved in DMSO
with 2 % LiBr in a concentration of 1 to 2 mg/ml. Of the dissolved lignin/the pyrolysis oil
a sample of 100 μl is injected into the SEC Agilent 1100. It is equipped with two Varian
PolarGel-L columns, each with 300 mm length, a 7.5 mm ID and operated at 60 ◦C. The
solvent flow rate is 0.8 ml/ min. The UV detector (254 nm) is used for signal measurement.
Calibration is carried out with various polyethylene glycol standards.

††Measured at Thünen Institute of Wood Research, Hamburg, Germany
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Particle size distribution (PSD)
Three different particle size measurement techniques are used for characterizing the par-
ticle size of the solid material:

- Beckman Coulter LS13320 laser diffraction particle size analyzer [246] with Fraun-
hofer evaluation method (sample dissolved in isopropanol (Kraft lignin, bed and
secondary cyclone material))

- Camsizer XT dynamic image analyzer (Retsch GmbH) [247], X-Fall (gravity disper-
sion) with measuring range of 1 to 7000 μm (quartz sand, hydrolysis lignin, bed and
secondary cyclone material)

- Sieve analysis, standard DIN66165 [248] (mesh sizes: 100, 300, 450, 710, 1600, 2000,
and 4000 μm; for agglomerated Kraft lignin and Kraft lignin behind the screw feeder)

Scanning electron microscopy (SEM)¶

For determination of particle morphology, a scanning electron microscope of type Zeiss
Supra 55 (Oxford Instruments) with SE2 and EDX detector is used. The acceleration
voltage is adjusted between 3 to 4 kV and the measuring chamber pressure kept at 10−4

to 10−3 Pa. Prior to measurement, the lignin samples are sputtered with a 2.5 nm gold
layer to prevent electrical charging of the sample. For analysis of single particle elemental
surface composition of solid product particles, energy-dispersive X-ray spectroscopy (EDX)
is applied.

Total lignin content and carbohydrate composition††

For determination of lignin content and carbohydrate composition, a procedure according
to Willför et al. [249] and Lorenz et al. [250] is applied. Prior to borate-HPAEC for
carbohydrate quantification, sample preparation is performed by 2-step hydrolysis. At
first, a 200 mg sample is ground, followed by the first hydrolysis step where the sample is
hydrolyzed at 30 ◦C with 2 ml sulfuric acid (72 % by volume). After one hour the hydrolysis
reaction is stopped by addition of 6 ml distilled water. The sample is transferred to a
volumetric flask and 50 ml distilled water are added. For the second hydrolysis step, the
sample is autoclaved at 1.2 bar and 120 ◦C for 40 min. The hydrolyzate is filtered with G4
sinter glass frits (pore size 10 to 16 μm) and the lignin residue dried and weighed. Together
with the mass of the acid soluble lignin (detected by UV-spectroscopy) the total lignin
content is calculated. The liquid fraction is separated on an Omnifit column of 115 mm
length and 5 mm diameter. The column is packed with a stationary phase, which is a
potent anion exchange resin MCI Gel CA08F (Mitsubishi-Chemical) tempered at 65 ◦C.
For the mobile phase, water based potassium tetraborate/boric acid-buffer is used in two
concentrations: A (0.3 M, pH 8.6) and B (0.9 M, pH 9.5). The flow rate is adjusted to
0.7 ml/min. At the start of the elution program, the two buffers are mixed in a ratio of
90% A and 10% B and linearly changed within 35 min to 10% A and 90% B. After 8 min
the ratio is linearly reversed to 90% A and 10% B within 7 min. After separation, the
analytes are derivatized by Cu-bicinchoninate in a teflon coil at 105 ◦C and a flow rate of
0.35 ml/min. The teflon coil has a length of 30 m and diameter of 0.3 mm. Identification
and data processing of the carbohydrates is executed via UV/VIS-detection operated at
560 nm and the Dionex Chromeleon software.

¶Measured at Central Division Electron Microscopy, Hamburg University of Technology, Germany
††Measured at Thünen Institute of Wood Research, Hamburg, Germany

33
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



Experimental

Gas adsorption‡‡

The average pore size and surface area of the char and quartz sand are determined by gas
adsorption measurement. Prior to the sorption experiments all samples are degassed for
20 h at 200 ◦C and vacuum conditions. Mesopore area and average pore size are determined
by nitrogen sorption experiments (desorption branch) on a NOVA 3000e Surface Area
Analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The analysis is carried
out according to the IUPAC standard procedure [251]. The Brunauer-Emmett-Teller
(BET) method is used for evaluation of the sorption data. Micropore area and average
pore size are determined by CO2 sorption experiments (desorption branch) on the same
analyzer. The Dubinin-Radushkevich (DR) method [252] is used for evaluation of the
micropore sorption data. Evaluation is done with the software Quantachrome NovaWin.

Elemental analysis
The water content of bed and secondary cyclone material is measured according to the
German standard DIN51718 [253] at 106 ◦C. Due to decomposition of lignin above 66 ◦C
the biomass samples are dried at 40 ◦C in a vacuum drying cabinet for determination of
the water content.

The bed material, secondary cyclone material, and lignin samples are analyzed according
to the German standard DIN51719 [254] for determination of the inert content. The
sample is incinerated at 815 ◦C and the solid residue balanced. Deviating from standard
fuels, bed and secondary cyclone material consist of a mixture of pyrolysis char and
quartz sand. Thus this procedure gives the sum of the samples ash content originating
from the char and the quartz sand content. Figure 4.11 illustrates the composition of
the samples. Therefore, the inert content is differentiated in this work by inert, sand
and ash content. The ash content of a bed or secondary cyclone material can only be
approximated by calculation from the char yield and ash content of the lignin (cf. Section
4.3.3).
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Figure 4.11: Composition of bed material

The elemental composition (C, H, N, and S) of solid samples, i.e. bed material, secondary
cyclone material, and biomass, as well as pyrolysis oil is analyzed in a elementar vario
MACRO cube (Elementar Analysensysteme GmbH).§ The oxygen content is calculated

‡‡Measured at Institute of Thermal and Separation Processes, Hamburg University of Technology,
Germany

§Measured at Central Division Chemical Analytics, Hamburg University of Technology, Germany
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From the elemental composition of biomass, char, and oil, the higher heating value HHV
H0 can be approximated. The correlation derived by Channiwala and Parikh [255] was
not only fitted to coals but additionally to biomass, gaseous and liquid fuels. For H0 it
holds in MJ/kg:

H0 = 34.91wC + 117.83wH + 10.05wS − 10.34wO − 1.51wN − 2.11wA . (4.1)

The ash composition of bed and secondary cyclone material, pyrolysis oil, and quartz
sand are measured with ICP-OES (Inductively Coupled Plasma Optical Emission Spec-
trometry).§ For analysis, the samples are dissolved in nitrohydrochloric acid. An Optima
7000 DV ICP-emission spectrometer (PerkinElmer, Inc., Boston, USA) with integrated
software is used for analysis. The metal ions Fe, Zn, Mn, Al, Na, K, Ca, Mg, Cu, Li, Ni,
P, and S are quantified.

Water content of pyrolysis oil‡‡

The water content of the pyrolysis oil can only be determined for experiments without
H2O(g) as fluidizing medium. And even for experiments that are carried out with only
nitrogen as fluidizing gas, the determination of the water that is produced in the pyrolysis
reaction, is difficult as the water content of the feed material and the isopropanol in
the sample train have to be considered. Also, the split rate for sampling (cf. Section
4.3.2) is very low, resulting in extremely low water content in the isopropanol sample.
Nevertheless, for some samples (for experiments with only nitrogen as fluidizing medium)
the water content is determined with a Karl-Fischer Coulometer C20/C30 (Mettler-Toledo
Inc.) according to DIN51777-1 [256].

Density and porosity of solid material
The material, apparent as well as bulk densities are obtained by the calculation specifica-
tion provided in DIN 66137-1 [257]. Measurement of the material density ρm is done for
quartz sand, lignin, reference biomasses, bed and secondary cyclone material. The mea-
surement is carried out with a MultiVolume Pycnometer 1305 (Micromeritics Instrument
Corporation) working with He at 140 to 170 kPa and a sample size of 5 cm3. The apparent
density ρa for quartz sand, lignin, bed and secondary cyclone material is measured in a
liquid pycnometer of known volume (50 ml). Therefore, Kraft lignin, bed and secondary
cyclone material are dispersed in isopropanol, whereas hydrolysis lignin and quartz sand
are dispersed in water. The density of the dispersing agent is taken from [258] at the mea-
sured temperature. The bulk density ρbulk of selected solid samples is measured following
DIN51605 [259]. The char density ρchar is calculated from the rule of mixture of quartz
sand ρQS and bed ρBM or secondary cyclone densities ρC2 as well as the mass fraction of
char wchar, BM/C2 in the sample, respectively.

ρchar =
wchar, BM/C2

1
ρBM/C2

− 1−wchar, BM/C2
ρQS

(4.2)

The porosity is calculated from material and apparent densities and the calculation spec-
ification provided in DIN 66137-1 [257].

§Central Division Chemical Analytics, Hamburg University of Technology, Germany
‡‡Measured at Institute of Thermal and Separation Processes, Hamburg University of Technology,

Germany
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Thermal analysis by Flash-DSC‖

Chip and instrument
For analysis of material behavior at high heating rates corresponding to pyrolysis condi-
tions in a fluidized bed, a Flash DSC 1 (Mettler Toledo Inc.) is used. The Flash DSC
1 has a twin membrane calorimeter chip, based on MEMS (Micro-Electro-Mechanical
Systems) sensor technology. The MultiSTAR UFS1 (24 x 24 x 0.6 mm3) MEMS chip
sensor (Figure 4.12(a)) is mounted on a ceramic base plate and is coated with aluminum
to achieve a homogeneous temperature distribution. [260] Each membrane has a 0.5 mm
diameter. One membrane holds the sample, whereas the other remains empty and serves
as reference. The sensor has 16 thermocouples (8 polysilicon thermopile each on the
sample and reference sides) [261]. Instead of using a sample crucible the sample particle
is placed directly on the sample membrane. Thereby the required heating power is kept
low and temperature inaccuracies at high heating rates are minimized. [260] Heating and
cooling are controlled by dynamic power compensation [260], making measurement at
a temperature range (ambient temperature + 5 K) to 500 ◦C with typical cooling rates
of −0.1 to −4000 K/s and heating rates of 0.5 to 40 000 K/s possible. The instrument’s
resolution is 0.005 K and 0.01 K in the temperature range of 0.005 to 250 ◦C and −100 to
400 ◦C, respectively. The maximum sampling rate is 10 kHz. [261]. Due to small sample
size required for high heating rates, no balancing during thermal degradation is possible.
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Figure 4.12: Flash-DSC: (a) MEMS chip sensor (b) temperature program

Scan procedure
The scanning procedure is based on an approach given by Cebe et al. [262]: Sample
images are taken before and after scanning on an Olympus BX41 microscope with DCM
510 camera (10x lens). During scanning the sample environment is flushed with a flow
rate of about 50 ml/min inert nitrogen. The ceramic support temperature is set to 298 K.
The empty sensor is conditioned according to the manufacturer’s procedure, by four or five
heating and cooling cycles at ±2000 K/s to 450 K. Then, using a fine wire, a small sample
particle is placed on the sample membrane of the sensor. If not denoted otherwise, the
temperature program as depicted in Figure 4.12(b) is applied to the sample (repeatedly).
The sample is kept at 50 ◦C for 0.1 s, is then heated with 1000 K/s to 470 ◦C, isothermally
treated for 0.1 s and subsequently cooled with −1000 K/s to 50 ◦C and kept at 50 ◦C for
0.1 s. This cycle is repeated for most samples for two to four times.

‖Measured at Polymer Physics Group of Rostock University, Germany
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4.3 Evaluation of experiments

For the evaluation of the pyrolysis experiments, the product yields of permanent gas
(components), pyrolysis oil (components) and char are calculated.

4.3.1 Permanent gas yield

During pyrolysis, the permanent gases carbon monoxide, carbon dioxide, diverse hydrocar-
bons, and hydrogen are formed. For determination of the gas yield, the formed mass flow
of each gas component has to be calculated from the measured gas concentrations. The
calculation for CO, CO2, and hydrocarbons CmHn (measured as CH4) is carried out with
the online measured concentrations. Both the hydrogen gas content as well as the hydro-
carbon composition is calculated from the gas sample bag concentrations. For calculation,
two positions in the process flowsheet as shown in Figure 4.13 are of interest. Firstly, the
effluent of the CFB pyrolysis reactor before the side stream sampling PS, which equals
the reactors total fluid effluent flow. Secondly, the influent of the online analyzers behind
the cooler GA. For each stream in the system the sum of molar fractions must follow the
equation (with varying molar fractions):

∑
yi = 1 with i = N2, H2O, oil, CO, CO2, CmHn and H2 . (4.3)
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Figure 4.13: Simplified balancing scheme for permanent gas

At the point GA, it can be assumed that no pyrolysis oil remains in the stream as the oil is
condensed in the scrubber Sc1 and the stream is subsequently cleaned in the electrostatic
precipitator and heated filter. The molar fraction of CO, CO2, and CmHn corresponds to
the online measured values. As water is used as washing medium, much water is in the
effluent of the scrubber Sc1. Therefore, behind the cooler, the gas is saturated with water
at the cooler temperature of 5 ◦C. The molar fraction of water can thus be calculated from
the vapor pressure

yGA,H2O =
pS

GA,H2O

pGA
≈

pS
GA,H2O

p19
. (4.4)
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Herein, the pressure pGA is approximated by the absolute pressure at PIR19 p19. For the
water vapor pressure the Antoine-equation [263] does apply:

pS
GA,H2O in kPa = 107.31549− 1794.88

−34.764+T in K . (4.5)

The hydrogen gas content is either considered by

yGA,H2
= (yGA,CO + yGA,CO2

+ yGA,CmHn
) · yGB,H2

yGB,CO + yGB,CO2
+ yGB,CmHn

(4.6)

with yGA,i the molar fractions at the online analyzers and yGB,i the fractions in the cor-
responding gas bag or omitted if no gas bag is available. With the molar fractions of the
permanent gases and water known, the molar fraction of N2 can be calculated by Eq. 4.3.
Although the concentrations of water and pyrolysis oil do change it can expected that the
ratio of permanent gases and N2 stays constant in the whole system. Hence, the pyrolysis
reactors effluent permanent gas molar flow rates ṅPS,i satisfy the following equation:

ṅPS,i =
yGA,i

yGA,N2

· ṅPS,N2
with i = CO, CO2, CmHn and H2 . (4.7)

The unknown molar flow rate ṅPS,N2
of N2 can be calculated from the sum of volume

flows of fluidizing gases (riser and syphon) and feeding gas V̇N2
. Using the ideal gas law

provides:

ṅPS,N2
=

p · V̇N2

R · T
(4.8)

with V̇N2
, p and T the volume flow, pressure, and temperature at standard conditions.

The volume flow of V̇N2
is determined from the rotameter scale together with the pressure

(5 bar) and temperature (∼10 ◦C) at the rotameter. From the molar flows the mass flows
can easily be calculated by multiplication with the gas components molar mass:

ṁPS,i = ṅPS,i · Mi with i = CO, CO2, CmHn and H2 . (4.9)

With the lignin mass flow ṁL the gaseous product yield is given by

Yg,i =
ṁPS,i

ṁL · (1 − wH2O,L)
with i = CO, CO2, CmHn and H2 , (4.10)

the overall gas yield thus is

Yg =
∑

i

Yg,i with i = CO, CO2, CmHn and H2 . (4.11)

4.3.2 Pyrolysis oil yield
The simplified flowsheet for balancing of pyrolysis oil is shown in Figure 4.14. The deter-
mination of pyrolysis oil yield is obtained from the side stream sampling. Thus, as only a
portion of the pyrolysis oil is condensed in the sample train, the split rate SR is necessary
to extrapolate from the side stream SS to the overall yield at PS. The calculation of the
split rate SR is based on the following assumptions:
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- The molar flow out of the sample train at SS2 contains N2, permanent gases, iso-
propanol, and H2O.

- The temperature and relative pressure at FI40 are equal to T26 and P27, respectively.

- The flow is saturated with isopropanol and H2O at T26.

- Due to high sampling temperature and the multiple changes of sample trains during
an experiment, a leakage in the glass-glass connection of the impinger bottles cannot
always be avoided thoroughly. Thus, a possible leakage of air has to be considered
and can be calculated from the oxygen content measured behind the sample train.
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Figure 4.14: Simplified balancing scheme for pyrolysis oil

As the molar flow rate of permanent gases does not change between the point SS1 and
SS2 (cf. flowsheet) and the N2 flow can be corrected by the known oxygen content it holds

SR =
ṅSS2,CO + ṅSS2,CO2

+ ṅSS2,CmHn
+ ṅSS2,H2

+ ṅSS2,N2

ṅPS,CO + ṅPS,CO2
+ ṅPS,CmHn

+ ṅPS,H2
+ ṅPS,N2

. (4.12)

The numerator can be obtained from the isopropanol, water, and air molar fraction as
well as the total molar flow at SS2:

ṅSS2,CO + ṅSS2,CO2
+ ṅSS2,CmHn

+ ṅSS2,H2
+ ṅSS2,N2

= ṅSS2

·(1 − ySS2, isopopanol − ySS2,H2O − ySS2, air) .
(4.13)

The molar flow rate is calculated from the volume flow at the rotameter FI40 and the
ideal gas law (Eq. 4.8). The molar fraction of water with temperature T26 is analogously
obtained from Eq. 4.4 and the Antoine correlation for water Eq. 4.5. The same holds for
the molar fraction of isopropanol with the Antoine correlation [263]

pS
SS2, isopopanol in kPa = 107.24268− 1580.92

−53.54+T in K . (4.14)

The measured oxygen content together with the volume fraction of oxygen in air yields

ySS2, air =
ySS2,O2

0.21
. (4.15)
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With the split rate known, the total mass flow of pyrolysis oil can be extrapolated from
the condensed oil in the sample train:

ṁPS, oil =
ṁSS1, oil

SR
. (4.16)

For the pyrolysis oil mass flow in the side stream, it holds

ṁSS1, oil =
mtar1

ΔtSS
(4.17)

with mtar1 the mass of oil weighed after rotary evaporation (cf. path 2b in Figure 4.10)
and the sampling duration ΔtSS. With the lignin mass flow ṁL the liquid product yield
is given by

Yoil =
ṁPS, oil

ṁL · (1 − wH2O,L)
. (4.18)

The mass of a pyrolysis oil component in a side stream sample mi,oil, SS is obtained as
explained in Section 4.2.2 ”Gas chromatography (GC)”. Together with the split rate SR,
lignin mass flow during sampling ṁL, SS, its water content wH2O,L and the sampling dura-
tion ΔtSS the yield of component Yoil,i can be calculated:

Yoil,i =
mi,oil, SS

ṁL, SS · (1 − wH2O,L) · ΔtSS
. (4.19)

4.3.3 Char yield

For determination of the char yield, the overall char mass produced during the pyrolysis
experiment mchar is to be determined:

mchar = mchar, BM + mchar, C2 + mchar, comb + mash, L . (4.20)

Herein, mchar, BM is the mass of char in the bed material, mchar, C2 the char mass in the
secondary cyclone material, mchar, comb the char mass that remained in the reactor, which
is determined through incineration before the next experiment, and mash, L the mass of ash
in the fed lignin. Endmost holds for the assumption that all mineral matter remains in the
solid residue during pyrolysis. The mass of inert free char in the bed material is obtained
from the total mass of bed material, drained from the CFB system after experiment mBM
and its water wH2O,BM and inert wI, BM content:

mchar, BM = mBM · (1 − wH2O,BM − wI, BM) . (4.21)

The mass of inert free char in the secondary cyclone material is obtained analogously to
Eq. (4.21). It holds

mchar, C2 = mC2 · (1 − wH2O,C2 − wI, C2) . (4.22)
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The amount of char that can not be drained from the CFB system, is calculated from the
measured CO and CO2 volume fraction during heating up for the following experiment.
The char incinerates due to oxidation, which starts at about 400 ◦C. It holds

mchar, comb =
¯̇Vair · Δtcomb

1 − 0.5 · φ̄CO
·
(

φ̄CO · ρCO · MC

MCO
+ φ̄CO2

· ρCO2
· MC

MCO2

)

·(1 + fH + fN + fS + fO) .

(4.23)

Herein, ¯̇Vair is the average air volume flow at standard conditions during the combustion
duration Δtcomb, φ̄CO and φ̄CO2

the volume fractions of CO and CO2 in the flue gas,
respectively. Furthermore, ρCO = 1.23 kg/m3 and ρCO2

= 1.95 kg/m3 are the densities of
the combustion products (at standard conditions), Mi the molar masses of i = C, CO,
and CO2 and fi the solids loading of carbon with the other char components H, N, S,
and O. As the ash content in the bed and secondary cyclone material samples can not
be measured directly (cf. section 4.2.2 – Elemental analysis) it can only be approximated
by the ash content in the fed lignin wA, L. With the assumption that all mineral matter
remains in the char (which is not entirely correct, cf. section 2.2.4.1) the mass of ash in
the char is approximately determined by Eq. (4.24):

mash, L = mL · wA, L . (4.24)

The total char yield (including ash) depends on the total amount of fed lignin mL, and
the total mass of produced char (Eq. (4.20)). It holds:

Ychar =
mchar

mL · (1 − wH2O,L)
. (4.25)

4.4 Used material
In this section, the used fluidized bed heat carrier quartz sand, Kraft, and hydrolysis lignin
are characterized. The lignins are additionally compared by thermal characterization to
reference biomasses (cellulose, xylan, organosolv and soda lignin).

4.4.1 Lignin
Preparation of lignins
Kraft lignin
The Kraft lignin used for pyrolysis experiments was produced by Kraft pulping of
softwood chips with subsequent separation from the black liquor by the LignoBoost
process (Innventia AB, Sweden). Pulping conditions are cooking in an aqueous solution
with NaOH and Na2S at about 165 to 175 ◦C for a digestion time at the maximum
temperature of 1 to 2 h [264]. The lignin molecules are cleaved, dissolve and are separated
from the pulp. The lignin is then precipitated from the black liquor by acidification,
preferably with CO2, and filtered before drying [265, 266]. The primary particle size
distribution as received is depicted in Fig. 4.15a (lignin). Due to the small particle size,
which is leading to bridge forming in the lignin hopper, the Kraft lignin is agglomerated
with methyl cellulose to a particle size of 0.5 to 2 mm (cf. aggl. lignin in 4.15a). A picture
of the agglomerated lignin is shown in Fig. 4.15b.
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Hydrolysis lignin
As second feed material for pyrolysis hydrolysis lignin is used. It was produced at the
Institute of Thermal and Separation Processes, Hamburg University of Technology, which
acquired consolidated knowledge in the field of biomass pretreatment in the past years
[13, 41, 267–272]. Straw is hydrolyzed in a 40 l single high pressure fixed bed. A batch of
11 kg wet straw is cooked in the reactor at 200 ◦C and 40 bar. The fixed bed is passed
through upstream by a water mass flow of 180 kg/h for 30 min. In this process step the
hemicellulose is dissolved in the water, while cellulose and lignin remain in the beds
material. Successively, the bed is transferred into a second reactor, where it is further
enzymatically hydrolyzed for 72 h at 50 ◦C, 1 atm, a pH of 5 and an enzyme concentration
of 15 fpu (filter paper units). Cellulose is degraded to glucose during this process step
by a cellulase mixture (Cellic� CTec2 of Novozyme A/S, Denmark) which contains
also β–glucosidases and hemicellulases. Glucose dissolves and the remaining hydrolysis
residue is decanted from the substrate and dried at 50 ◦C creating a hard solid cake
like structure. Cake pieces (10 x 10 x 5 cm3) are then ground by a jaw crusher (Fritsch
GmbH, “Pulverisette 1”) and a cone mill (W. Feddeler GmbH & Co. Laborbedarf,
“Laborkegelbrecher FE 10”) and sieved to a particle size of < 1.8 mm resulting in the
feed material used for pyrolysis (particle size distribution cf. Figure 4.16a). A picture of
the material is shown in Fig. 4.16b.

Reference material for thermal characterization
As reference materials for thermal analysis cellulose, xylan, organosolv and soda lignin
are used. The cellulose particles of type Sigmacell Cellulose S3504 have been purchased
from Sigma-Aldrich. Xylan from birch wood serves as hemicellulose model compound
and is obtained from Sigma-Aldrich as well. It has the chemical structure Poly(β-D-
xylopyranose[1→4]). Both organosolv and soda lignin were produced at the Thünen Insti-
tute of Wood Research, Germany from the same wheat straw as the hydrolysis lignin. The
soda pulping was carried out in a laboratory scale reactor with 16% NaOH at 160 ◦C. The
liquor residence time was 60 min, the liquor ratio 40. The lignin was then precipitated with
H2SO4. Analogously, the organosolv lignin was obtained by cooking the wheat straw with
an ethanol-water mixture of 1:1 in a laboratory scale reactor with 2% H2SO4 at 180 ◦C.
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The residence time was 2 h, the liquor ratio 4. Precipitation is achieved by dilution with
water. The pulping residues were drained by by centrifuging in 2 steps and dried in two
steps in air at 55 ◦C and with P2O2 at 40 ◦C. Finally, the lignins were milled.

General lignin characterization
In the screw feeder, comminution takes place with a resulting particle size distribution for
Kraft lignin (Fig. 4.15a, lignin after screw feeder). For the hydrolysis lignin, which is much
harder than the Kraft lignin agglomerates, less size reduction occurs when it is fed through
the pyrolysis plants screw feeder. The resulting cumulative particle size distribution is
depicted in Fig. 4.16a. The Sauter diameters are provided in Table 4.2. SEM images for
lignin fines are depicted in Figure 4.17. It can be observed that the Kraft lignin is more
homogenous in shape (Fig. 4.17a), whereas the hydrolysis lignin also contains twig-like
particles (cf. Fig. 4.17b). This morphology can be explained by incomplete conversion
in the hydrolysis process (cf. above) resulting in considerable amounts of cellulose (∼
39 wt.-%) and hemicellulose (∼ 5 wt.-%) in the hydrolysis lignin. It only has a purity
of 49 wt.-% compared to Kraft lignin with about 95.5 wt.-% as well as 89.2 wt.-% and
61.3 wt.-% for the reference materials organosolv and soda lignin, respectively (cf. Table
4.3). Table 4.4 lists the further composition of the lignins. Notable are the differences
in carbon and oxygen content (due to different carbohydrate content) and the high ash
content of hydrolysis and soda lignin. The latter originates from the higher ash content
in straw (8.2 wt.-%) compared to woody biomass (e.g. 0.3 wt.-% for spruce wood) [14] and
differences in the pretreatment processes. The lignins also possess different inorganics
composition. Part of these differences might be accounted for by the used pulping and
recovery chemicals in the Kraft process: S, Na, and Ca [32]. Furthermore, lignocellulosic
biomass is known to have larger concentrations of potassium and calcium, whereas sodium,
magnesium and other metals are normally contained in a lower amount [273]. The molar
mass averages for the lignins are given in Table 4.5. They span from about 1500 to
2250 g/mol and from 5300 to 14 800 g/mol for Mn and Mw, respectively. The polydispersity
index ranges from 3.6 to 8.9 showing the samples have a different degree of heterogeneity
of molar weight distribution. The lignin densities are summarized in Table 4.2, showing a
slightly lower density for Kraft lignin. The material densities ρm of the reference biomass

43
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



Experimental

Table 4.2: Densities, Sauter diameter and minimal fluidization velocity of used materials

Kraft lignin Hydrolysis
lignin, fed

Quartz
sandfines aggl. fed

ρm kg/m3 1317 1317 1317 1436 2604
ρa kg/m3 1216 1216 1216 1320 2590
ρbulk kg/m3 n.d. 449 n.d. 565 1325
dsauter μm 2.5 944 301 82 175
umf

† m/s n.d. n.d. n.d. n.d. 0.0213
†measured in air at 1 bar and 20 ◦C

100 μm

(a) Kraft lignin

100 μm

(b) Hydrolysis lignin

Figure 4.17: SEM images of lignin fines

Thermal characterization
Conventional DSC/TGA measurements are carried out at heating rates of 0.02 to
300 K/min. But the heating rate in fluidized beds – especially for small particles – can
reach up to 105 K/s [50, 51] and for average conversions about 1100 to 8 K/s [131]. Thus,
conventional DSC/TGA measurements do not reflect the actual heating rate behavior.
As only few investigations on biomass component behavior at these high heating rates
have been reported in literature, it is of interest to analyze the thermal treatment at
high heating rates. The progress in development of analytical equipment has recently (in
2011) brought about the commercialization of the Flash-DSC 1. With this equipment,
the characterization of thermal behavior is attempted here. Preliminary experiments
have shown that the decomposition of lignin samples also takes place at a heating rate
of 10 000 K/s, but the material transitions can best be observed at a heating rate of
1000 K/s. Furthermore, 1000 K/s are close to possible heating rates in fluidized bed
systems ([50, 51]) and thus selected for sample analysis.

The Flash-DSC diagrams (e.g. in Figure 4.18(a)) show curves for the heat flow
into the sample (heating) and out of the sample (cooling). The heating curve is the lower
part of a heating and cooling cycle, followed by a vertical line, which is representing the
isothermal treatment between heating and cooling. Successively, the cooling curve (the
upper part of the heating and cooling cycle) and a further vertical isothermal complete

44

samples are 1480, 1500, 1290, and 1480 kg/m3 for cellulose, xylan, organosolv, and soda
lignin, respectively.
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Table 4.3: Composition of Kraft and hydrolysis lignin in comparison to reference biomass
samples

component wt.-%, dry
lignin cellulose xylanKraft hydrolysis organosolv soda

xylose 0.46 4.48 1.96 12.26 0.01 76.42
glucose 0.23 38.38 0.78 1.68 0.97 0.65
mannose 0.11 0.35 0.08 0.07 0.02 0.00
galactose 0.67 0.25 0.12 0.33 0.00 0.21
arabinose 0.27 0.30 0.20 2.31 0.00 0.00
rhamnose 0.00 0.05 0.01 0.04 0.00 0.25
sugars total 1.74 43.80 3.15 16.69 1.00 77.54

lignin solid residue 90.67 46.93 89.20 61.30 0.00 0.43
acid soluble 4.77 1.93 n.d. n.d. n.d. n.d.

lignin total 95.43 48.85 89.20 61.30 0.00 0.43
The difference to 100% are not detected oils, proteins, waxes and losses in the analytical hydrolysis

Table 4.4: Ultimate, partial proximate, and inorganic content analyses as well as higher
heating value of Kraft and hydrolysis lignin in comparison to reference biomass
samples

Kraft Hydrolysis Organosolv Soda Cellulose Xylanlignin lignin lignin lignin

Ultimate analysis in wt.-%, dry bases
C 65.9 48.0 66.0 46.4 43.8 43.6
H 6.0 6.3 6.4 5.9 7.4 7.6
O† 25.0 33.3 24.7 24.8 48.6 48.6
N 0.2 0.8 2.1 0.5 < 0.1 < 0.1
S 1.8 0.3 0.2 2.4 0.2 0.2
Partial proximate analysis in wt.-%
Moisture 2.2 3.9 2.4 5.8 4.3 11.3
Ash, dry bases 1.1 11.3 0.6 20.0 0 0
HHV‡ in MJ/kg, dry bases

27.7 20.5 28.0 20.4 19.0 19.1
Inorganic content analysis, dry bases
Na in g/kg 2.8 1 n.d. n.d. n.d. n.d.
K in g/kg 0.7 < 4 n.d. n.d. n.d. n.d.
Ca in g/kg 0.6 4.9 n.d. n.d. n.d. n.d.
Cu in mg/kg < 5 11.6 n.d. n.d. n.d. n.d.
Mg in mg/kg 55.3 700 n.d. n.d. n.d. n.d.
Al in g/kg 0.2 0.3 n.d. n.d. n.d. n.d.
Fe in mg/kg 33.2 545.0 n.d. n.d. n.d. n.d.
Mn in mg/kg 56.8 25.5 n.d. n.d. n.d. n.d.
Ni in mg/kg < 50 18.6 n.d. n.d. n.d. n.d.
Zn in mg/kg 52.2 18.7 n.d. n.d. n.d. n.d.
Li in mg/kg < 5 < 50 n.d. n.d. n.d. n.d.

†by difference, ‡HHV correlation by Eq. 4.1
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Table 4.5: Molar mass (number Mn and weight Mw average) and polydispersity index PD
for Kraft, hydrolysis and reference lignins

Mn Mw PD
g/mol g/mol (-)

Kraft lignin 2257 12949 5.7
hydrolysis lignin (straw)† 1670 14821 8.9
organosolv lignin (straw) 1462 5272 3.6
soda lignin (straw) 2007 8157 4.1
†presumably only lignin fraction dissolved in DMSO

the cycle. The hysteresis between the heating and cooling curves is a measure of sample
weight. Thus, as the sample loses weight through drying and devolatilization, the distance
between the curves of heating and cooling heat flux is reduced. The curves converge
somewhat on every cycle. For visual insight into what changes a sample undergoes,
microscopic pictures before and after thermal treatment are taken. The sample particles
placed on the measuring chip were measured in size (by scaling of particles in microscopic
images) and the mass was approximated by an ellipsoid volume and the apparent material
density. Sample particle masses ranged from 0.2 to 10 μg.

Lignins are known to be fundamentally amorphous showing local mode relaxation, glass
transition and decomposition with rising treatment temperature. Further, it is believed
that lignin shows no first order thermodynamic phase transitions, indicating that solid
lignin is either in glassy or rubbery state [274]. When Kraft lignin is heated with 1000 K/s
up to 470 ◦C drying, glass transition, softening, melting and pyrolysis reactions can be
observed. Glass transition can be seen at 170 to 190 ◦C in contrast to literature data.
Therein, glass transition temperatures ϑg are reported for milled wood and Kraft lignin
in the range of 110 to 180 ◦C and 100 to 174 ◦C, respectively [46, 47, 274, 275]. Softening
and melting starts in a temperature range of 215 to 240 ◦C and continues to about 285 ◦C
followed by reactions from about 315 ◦C. The reactions continue until the temperature
declines below 315 ◦C in cooling (solid line in Figure 4.18(a)). In the second cycle (dotted
line) reaction is recurring at higher temperature of 435 to 455 ◦C during heating.

Figure 4.18(b) shows the behavior at the same conditions for a hydrolysis lignin particle.
Neither a phase change nor a distinct reaction region can be observed. But it can be seen
that, as the heating and cooling curves draw nearer to each other, some mass loss occurs.
Also, the pictures of the particle before and after thermal treatment show that no phase
change (melting) took place. Furthermore, the particle shrank by about 11 area-% and
its color became darker, indicating a mass loss. This mass loss might be attributed to
drying and a partial reaction of cellulose, hemicellulose, and lignin (cf. composition of
hydrolysis lignin in Table 4.3), which together react in a broad temperature range of 200
to 500 ◦C (cf. Figure 2.7).
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Figure 4.18: Flash-DSC heat flow rates to (a) Kraft and (b) hydrolysis lignin particles

It is obvious that the thermal behavior is fundamentally different for the two lignins. To
shed some light on the reason for this difference cellulose, xylan as a model compound
for hemicellulose, organosolv, and soda lignin are investigated. Cellulose did not react
at higher heating rates, which could be due to bad heat transfer from the chip to the
particle, induced by the fact that the particle does not melt (small contact area between
chip and particle). Thus, cellulose was investigated at 30 K/min matching a heating
rate of conventional DSC (Figure 4.19(a)). No phase transition can be seen but the
particle reacts almost completely in one cycle, leaving only a small residue. Additionally,
the shape of the residue indicates that no melting did take place. The reaction is first
endothermic and then exothermic and is complete at about 400 ◦C on cooling. Xylan
in Figure 4.19(b) shows also no melting and degradation starts at 400 ◦C during first
heating, is then interrupted when cooled below about 360 ◦C and continues in the second
cycle from 380 ◦C (heating) to stop at 385 ◦C during second cooling. Further some minor
reactions take place in the third cycle. The xylan sample retains a particulate structure,
which darkens in color with progressing degradation to form a black residue after four
cycles. In a conventional DSC xylan degrades at the lowest temperature, then cellulose,
and lignin degradation has its maximum at the highest temperature but reacts over the
broadest temperature range (cf. Figure 2.7). Contrary to this behavior, here cellulose
reacts not at all at the high heating rates, whereas lignin does and xylan starts to react
at higher temperature of more than 400 ◦C. This finding could be due to the difference
in heat transfer at the contact interface between chip membrane and sample. The heat
transfer for a solid sample is inferior compared to molten sample due to smaller contact
area. For further investigation, this heat transfer could maybe be enhanced by using a
thin layer of oil, with known properties, between the sample and the membrane, making
a good wet contact [276].
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Figures 4.19(c) and 4.19(d) show the Flash-DSC measurement curves and microscopic
pictures for soda and organosolv lignin. The behavior of soda is similar to that of
hydrolysis and that of organosolv similar to Kraft lignin. Soda lignin, like hydrolysis
lignin does not melt. The only difference for soda lignin is a bigger shrinkage of about
45% by area, which can partly be explained by some degradation reactions above
400 ◦C. Organosolv lignin shows similar melting behavior compared to Kraft lignin. The
endothermic melting peak is greater, probably mainly because of bigger particle size
and the degradation reactions starting more vigorous at ∼350 ◦C. This observation is in
good agreement with the results from TGA analysis (10 K/min) of wheat straw derived
organosolv lignin [29], which shows a maximum thermal degradation around 365 ◦C.
Furthermore, the formed droplet contains several bubbles.

It can be expected, that the hottest reaction zone in the sample is the contact interface
between the particle or formed droplet and the chip membrane. Thus, in case of a molten
sample (droplet), gaseous reaction products form bubbles in the proximity of the hot
chip surface. The bubbles formed can be observed in each microscopic droplet picture in
Figures 4.18(a) and 4.19(d) for Kraft and organosolv lignin, respectively. It can be seen
that one bubble has formed right in the middle of the intermediate product droplet from
Kraft lignin. For organosolv lignin, multiple bubbles can be seen, which either are released
from the droplet or coalesce after repeated thermal treatment. The fluctuations of the
measured heat flux are caused by the reaction heat needed for sample decomposition. But
it should also be considered that the formation of bubbles might induce further fluctua-
tions in heat flux. As bubbles are formed and grow due to the ongoing reactions, bubble
movement, coalescence, and release create a change in the chip-sample interface. Thus,
as a changing fraction of the sample at the chip-sample interface is either gaseous bubble
or liquid droplet, a change in heat transfer is caused. If for example, a bubble which is
in contact with the membrane surface is released from the droplet rapidly, the bubble de-
tachment from the membrane surface will presumably, due to the higher solid-liquid heat
transfer at the now liquid-membrane surface, instantly increase the heat flux to the sample.

To summarize the results, it can be concluded that the difference in thermal be-
havior can be explained by the diverse sample composition. But, biomass origin as reason
for deviation in thermal behavior can be eliminated due to the fact that hydrolysis and
soda lignin (not melting), as well as organosolv lignin (melting) were produced from
the same primary material (wheat straw). Furthermore, on the particle level also the
particle size contrary to de Wild et al. [29] seems to be of minor importance as the small
hydrolysis and soda lignin particles (size range of 50 to 100 μm) do not melt. Thus, it can
be deduced, that a higher impurity of a lignin sample with cellulose and hemicellulose
inhibits melting.
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Figure 4.19: Flash-DSC heat flow rates to (a) cellulose, (b) xylan, (c) soda lignin, and (d)
organosolv lignin particles
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4.4.2 Quartz sand
The heat carrier for the circulating fluidized bed, quartz sand of type F36, is procured
from Quarzwerke GmbH, Germany. The sand particle size distribution is shown in Figure
4.21. Figure 4.20 shows a SEM image of the quartz sand. Its composition is given in Table
4.6. Sauter diameter, densities, and minimal fluidization velocity are listed in Table 4.2.

Table 4.6: Quartz sand F36 composition from supplier data sheet [277]

SiO2 Al2O3 Fe2O3 Loss on ignition†

wt.-% wt.-% wt.-% wt.-%

99.3 0.5 0.06 0.2
†according to DIN EN ISO 3262-1 at 1000 ◦C

100 μm

Figure 4.20: SEM image of quartz sand
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Figure 4.21: Cumulative mass distribution of quartz sand
measured with Camsizer XT
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4.5 Pyrolysis experiments
In Table 4.7 the operating conditions of the pyrolysis experiments of this work are listed.
Kraft lignin was pyrolyzed in 14 and hydrolysis lignin in four experiments. For Kraft
lignin, the temperature was varied between 550 to 700 ◦C in 50 K steps. The hydrolysis
lignin pyrolysis temperature was varied in 100 K steps in the range of 500 to 700 ◦C.
The experiments further varied in duration 47 to 162 min, lignin mass flow rate 1.34 to
3.34 kg/h for Kraft and 3.64 to 4.44 kg/h for hydrolysis lignin. The pyrolysis experiments
for hydrolysis lignin were carried out without steam as fluidizing gas, while for most Kraft
lignin experiments a mixture of steam and N2 was used. Only during experiments 71, 72
and 89 the inert gas solely consisted of N2. Although an influence of steam atmosphere
exists (cf. Section 2.2.3) and has also been observed to a small extent in this work, it is
not further considered in the discussion.

Table 4.7: List of CFB pyrolysis experiments and operating conditions

exp. lignin ϑ lignin feed ṁN2
ṁH2O velocities†, m/s

no. type tfeed mL ṁL steam uN2
uH2O uN2

uN2◦C min kg kg/h kg/h kg/h riser riser feed syphon

57 KL 650 68.0 2.46 2.15 21 12 2.1 2.5 41.8 0.17
58 KL 650 32.2 0.94 1.76 21 12 2.1 2.5 40.5 0.16
61 KL 650 62.7 2.26 2.16 18 12 1.8 2.5 42.0 0.10
63 KL 600 51.9 1.84 2.13 20 12 1.8 2.4 42.0 0.16
64 KL 700 34.3 0.78 1.34 18 12 1.8 2.6 42.0 0.18
70 KL 650 36.0 2.00 3.34 21 12 2.1 2.5 39.4 0.17
71 KL 650 38.0 0.96 1.52 36 0 4.3 0.0 39.5 0.17
72 KL 650 50.2 1.43 1.71 36 0 4.3 0.0 39.4 0.17
73 KL 550 63.5 2.07 1.95 21 12 1.9 2.2 42.3 0.15
78 KL 650 116.5 3.93 2.02 22 12 2.3 2.5 42.3 0.17
81 KL 650 129.5 4.36 2.02 22 12 2.3 2.5 42.1 0.17
87 HL 600 67.5 4.31 3.83 35 0 3.7 0.0 41.8 0.21
88 HL 600 150.7 9.13 3.64 34 0 3.7 0.0 41.7 0.16
89 KL 650 162.4 6.07 2.24 34 0 4.0 0.0 41.9 0.17
90 HL 700 99.3 7.34 4.44 31 0 3.7 0.0 41.7 0.17
91 HL 500 95.2 6.34 4.00 36 0 3.6 0.0 41.8 0.14

†reference is cross sectional area of riser, feeding lance and syphon; prevailing temperature: ϑ in
riser and syphon as well as 20 ◦C for feeding gas
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5 Modeling of pyrolysis process

For simulation of the lignin pyrolysis process, a generalized semi-empirical fluidized bed
reactor model was developed in the Aspen Custom Modeler® (ACM) language. The
generalization has the advantage, that the model can be validated with diverse biomasses
in different fluidized bed systems as limited data exists for lignin pyrolysis in fluidized
beds. Also, the high impurity level of the hydrolysis lignin makes it necessary to consider
substantial amounts of cellulose and hemicellulose in the feed material. The use of
ACM, which is integrated into Aspen Plus® of Aspen Technology, Inc. has the further
convenience that the ACM model can be imported and used in Aspen Plus® flowsheet
models. Moreover, the comprehensive Aspen Properties Database® can be directly used
for calculation of chemical media properties. The modeling of the fluidized bed reactor is
based on previous work [278, 279] and the student projects carried out under the author’s
supervision (cf. Table A.4).

As pyrolysis is a multi-reaction process with numerous parallel and sequential het-
erogeneous solid-gas and homogeneous gas-gas phase reactions, an increase in gas volume
flow occurs along the reactor height. Thus, the superficial gas velocity increases, which
influences the fluid dynamics and solid entrainment. Also, the solid reactions (and
granulation in the case of Kraft lignin) with the generation of char changes the solid
properties, i.e. density and particle size distribution and thus again the fluid dynamics.
The reaction kinetics depend on the local reactant concentrations, which reversely depend
on the fluid dynamics. Therefore, the reactor model subdivisions (cf. Figure 5.1) have
to be solved altogether. Solving is achieved by the integrated compiler and solver of
the Aspen Custom Modeler® (ACM) program. The Aspen Custom Modeler® works
object and equation-oriented, i.e. sequence and form of the equations do not matter.
The equations are stated – in contrast to traditional programming languages – acausally,
without the necessity to solve the set of DAE equations for the computed variable
manually. The solution is obtained by the ACM® through discretization of the reactor
volume in a number of ntotal volume increments. The number of discretization elements
ntotal can be tuned manually before calculation. For discretization, the backwards finite
difference method of first order (BFD1) was used.

The fluid dynamics of the fluidized bed reactor consider the reactor geometry, different
zones, i.e. a dense zone with bubble and suspension phase and a dilute phase. Furthermore,
the gas and solid fractions, velocities and residence times in each phase are calculated
with rising reactor height. At the reactor outlet, the solids entrainment is calculated.
The reaction scheme contains parallel reactions for cellulose, hemicellulose, and lignin to
pyrolysis oil, gas, and char with the associated reaction rate constants. Mass transfer
occurs by means of prevailing concentration gradients of gases between different phases
and the change of moles due to reaction. As the lignin/ biomass reacts and char is formed
the solid density and particle size change (mono-sized distribution) is determined. In case
of pure (Kraft) lignin, this change in particle size is considered as granulation process with
calculation of char layer growth. The mass balances integrate all model parts so that the
concentration along the reactor height is obtained.
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Figure 5.1: Model structure for lignocellulosic biomass pyrolysis in a fluidized bed reactor

5.1 Reactor fluid dynamics
For description of the fluid dynamics a semi-empirical model for fluidized beds, that is
divided into two distinct zones, is used. The two zones are the dense bottom zone and
the dilute upper zone. The dense bottom zone itself is divided into two phases according
to a model by Werther and Wein [280] and Werther and Hartge [281, 282]. The two-
phase model considers the coexistence of a bubble and a suspension phase. The bubble
phase is assumed to be solids free and the gas to flow in plug flow. The suspension phase
consists of both solid particles and gas. The particles are assumed to be ideally mixed,
while the gas passes this phase also in plug flow. The dilute upper zone consists of a
suspension phase only. Both gas and solids pass through this phase in plug flow. The
solids fraction exponentially decreases with rising height. Virtual formation of clusters
[106] and the division in lean upwards flowing (core) and dense reverse flowing (annulus)
phase [283] are neglected with the purpose to develop a model that gives reasonable
results for pyrolysis yields in a wide range of fluidized bed regimes. The division of the
reactor volume into dense bottom and dilute upper zone occurs according to the persisting
operation parameters. The calculation of the solids mass in each zone and the height of
the inter-zone interphase is carried out by solving the overall mass balances. The total
bed mass and reactor height are fixed. Summarized, the following assumptions are taken
for model derivation:

1. division of fluidized bed into dense bottom and dilute upper zone

2. division of dense bottom zone in bubble and suspension phase

3. solids in bottom zone’s suspension phase are ideally mixed

4. plug flow for gas phase in dense bottom zone and for gas and solids phase in dilute
upper zone

5. dilute upper zone has exponentially decreasing solids fraction

6. only axial dependency, i.e. 1D model

7. solids are mono-sized, i.e. calculations are performed with a time dependent Sauter
diameter growth
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8. mean solids density for biomass-(product)-mixture

9. fixed total bed mass

10. no consideration of reactions in cyclones, standpipe, syphon and piping downstream
of fluidized bed

5.1.1 Dense bottom zone
The gas is injected into the fluidized bed via a gas distributor. Furthermore, the lignin is
fed pneumatically into the reactor via a vertical feeding lance. Numerous correlations for
jet penetration have been derived in the past. A good summary of existing correlations
is given in [284]. For the given pyrolysis parameters at the SPE pyrolysis plant the jet
penetration depth of the fluidizing gas (650 ◦C, 4 bubble caps, 4.75 m/s) can be calculated
by the correlations of [285] and [286] to be 6.2 cm and 6.0 cm, respectively. The feeding
gas together with the pneumatic fed lignin penetrates (calculated by the same correlations
at 650 ◦C, 6 mm lance diameter) between 7.8 and 8.4 cm into the bed. Thus, the bubble
formation zone and jetting of feeding gas are neglected. The dense bottom zone consists
of a solids free bubble and a suspension zone as depicted in Figure 5.2. The bubble phase
has a volume fraction εb and the bubbles a height dependent rise velocity ub, whereas
the gas velocity in the suspension phase ususp, g is assumed to be constant. The bubble
diameter db is also depending on dense zone height. If it reaches the reactor diameter dR,
after continuous growth at high superficial velocities u0, it is fixed to the maximum of
dR. The correlations for calculation of the bed fluid dynamics have been derived in detail
elsewhere [280, 281] and are summarized in Table 5.1.

εs

1 − εb

cvd

εb
ubgassolids

suspension phase bubble phase

ideally plug flow plug flow
ususp, g

mixed

volume excess
concentration

gradient

mass
transfer
due to:

Figure 5.2: Model structure of the dense bottom zone

Table 5.1: Correlations for calculation of fluid dynamics in the dense bottom zone
Not. Quantity Relation Ref. Eq.

Dimensionless numbers
Ar Archimedes number Ar =

g·d̄3
sauter
ν2

f
· (ρ̄s−ρf)

ρf
[280] (5.1)

Rep
Reynolds number single parti-
cle Rep= (u0−umf)·d̄sauter·ρf

ηf
[280] (5.2)

Remf
Reynolds number minimal flu-
idization Remf =

√
25.72+0.0365·Ar−25.7 [287] (5.3)

Dense bed
εb bubble volume fraction εb = V̇b

ub
[280] (5.4)

V̇b
visible volumetric bubble flow
based on cross-sectional area of
the bed in m/s

V̇b = ζ·(u0−umf) [280] (5.5)
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Table 5.1: (continued)
Not. Quantity Relation Ref. Eq.

ζ parameter for V̇b ζ =

{
0.8 for Geldart A

1.45·Ar−0.18 for Geldart B

[281]

[280] (5.6)

ub bubble rise velocity in m/s ub = V̇b + 0.71ξb
√

g·db [280] (5.7)

ξb parameter for ub ξb =

⎧⎪⎪⎨
⎪⎪⎩

1.18 dR < 0.05 m

3.2·d0.33
R 0.05 m ≤ dR ≤ 1 m for Geldart A

3.2 dR > 1 m

[281] (5.8)

ξb =

⎧⎪⎪⎨
⎪⎪⎩

0.63 dR < 0.1 m

2 d0.5
R 0.1 m ≤ dR ≤ 1 m for Geldart B

2 dR > 1 m

[280] (5.9)

db, 0
bubble diameter at distributor
(h = 0) db, 0 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0.008·ε
1
3
b, 0 for porous plate

1.3
(

V̇ 2
n · 1

g

)0.2
for technical
gas distributor,
V̇n=̂ volume flow through
single orifice

[281]

[280]
(5.10)

db bubble diameter db =

⎧⎪⎨
⎪⎩

ddb
dh

=
(

2 εb(h)
9π

) 1
3 − db(h)

3λub(h) for Geldart A

ddb
dh

=
(

2 εb(h)
9π

) 1
3

for Geldart B

[281]

[280]
(5.11)

λ
mean duration of bubble life in
s

λ = 280· umf
g

[280] (5.12)

cvd
solids volume concentration in
dense phase cvd = (1−εmf)·(1−0.14 Re0.4

p ·Ar−0.13) [280] (5.13)

εs solids volume fraction εs(h) = (1−εb)·cvd [280] (5.14)
ub, g gas velocity in bubble phase ub, g = u0−ususp, g·(1−εb)

εb
(5.15)

ususp, g
gas velocity in suspension
phase based on cross-sectional
suspension area

ususp, g =

⎧⎪⎨
⎪⎩

umf + 1
4 (u0−umf)

for technical
gas distributor

umf + 1
3 (u0−umf) for porous plate

[288]

[289]
(5.16)

5.1.2 Mass transfer between phases
Due to gas concentration gradients between suspension and bubble phase, material trans-
port has to be considered in the dense bottom zone. The transfer coefficient was defined
for bubbling fluidized beds [290]. It holds

Kg =
umf

3
+

√
4 · Di,g · εmf · ub

πdb
. (5.17)

As simplification binary diffusion is assumed. The binary diffusion coefficient Di,g of a
component i in the gas g is calculated by the Fuller-method provided in [291].

Di,g(in cm2/s) =
0.00143cm2/s ·

(
T
K

)1.75 ·
[(

Mi
g/mol

)−1
+
(

Mg

g/mol

)−1
]0.5

p
bar · √

2 ·
[
Σ1/3

v,i + Σ1/3
v,g

]2 (5.18)

The diffusion volume increments and the chemical structure used for calculation of the
diffusion volume Σv of a component i are listed in Tables 5.2 and 5.3, respectively.
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Table 5.2: Atomic diffusion volumes
[291]

atomic and structural diffusion
volume increments

C 15.9
H 2.31
O 6.11
N2 18.5

Table 5.3: Chemical structure of va-
por phase components

chemical structure

pyrolysis gas† C0.7H1.1O0.9
pyrolysis oil† C16.7H19.5O3.9

nitrogen N2
†from measured composition of pyroly-
sis gas and oil

The transfer between suspension and bubble phase occurs via their volume specific inter-
face area ab, which was defined by Werther and Hartge [282] as

ab =
6 εb

db
. (5.19)

The model assumes the gas in the suspension phase to have a constant velocity. Therefore,
the excess gas created by reactions in the suspension phase induces a mass transfer from
the suspension to the bubble phase. Excess volume can either evolve from heterogeneous
reactions in which e.g. solid biomass reacts to form oil vapors and gas or from homogeneous
reactions with an increase in moles (e.g. oil vapors react to form gases with smaller molar
mass). Considering the molar balance and the ideal gas law the exchange rate Kq can
be defined [292]. It is calculated from the sum of excess reaction rates of all gaseous
components m in n reactions. In this work, the pressure gradient dp/dh is neglected.

Kq = −umf

p
·
�
�
��
0

dp

dh
+

R · T

p
·

m∑
i

n∑
j

(ri,j · ϕi,j) (5.20)

5.1.3 Dilute upper zone and entrainment

The correlations for the fluid dynamics in the dilute upper reactor zone are listed in
Table 5.4. The dilute upper zone (cf. Figure 5.3) is a suspension with exponentially
decreasing solids volume fraction. It decreases with increasing axial distance from the
solids concentration at the inter-zone bed height εs(hdb) to a constant volume fraction
above TDH εs,∞. The decay constant was experimentally derived for particles with 240 μm
[287]. The solids volume fraction above TDH is calculated from the equation of continuity
and the solids entrainment flux above TDH. This entrained solids flux at TDH is calculated
according to a correlation derived by Choi et al. [293]. The correlation has a broad range
of validity as it was derived from experimental data from different units with various
materials and operating conditions: u0 = 0.3 to 7.0 m/s, dR = 0.06 to 1.0 m and dp = 0.05
to 1.0 mm [294]. The net upwards solids velocity usolid(h) is assumed to have a reciprocal
relationship to the solids volume fraction, as in the lower part of the dilute zone more
particles move also in the downward direction. This velocity is the solids velocity used for
the residence time calculation and thus to determine the heterogeneous plug flow reactions
in this zone. It is assumed that the entrainment flux at the reactor outlet does depend on
the solids volume fraction εs(h = hR) at hR and the terminal velocity ut.
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εs
usolid

gassolids

suspension

plug flow

ugas

plug flow

Figure 5.3: Model structure of the dilute upper zone

5.1.4 Solid properties

In pyrolysis processes the solids are usually formed in two ways (cf. Fig. 5.4). Either
the pyrolyzed particles retain their particulate structure, examples are coal pyrolysis and
combustion and pyrolysis of most lignocellulosic biomasses, or if a liquid is pyrolyzed this
liquid forms a char layer on the bed material during pyrolysis (e.g. in the FCC process
where the coke layer deactivates the FCC catalyst [295]). Latter is also possible if a liquid
intermediate is formed due to melting of a solid feedstock and subsequent pyrolysis. The
bed material is then granulated with a char layer.

As the biomass (virgin) is fed into the reactor, activated (active) and reacts to form
char and volatiles (gas and oil) the mean solid properties of the sand-biomass-and-solid-

Table 5.4: Correlations for calculation of fluid dynamics in dilute upper zone

Not. Quantity Relation Ref. Eq.

εs solids volume content εs(h) = εs,∞ + [εs(hdb)−εs,∞]·e−a·(h−hdb) [280] (5.21)
a decay constant, in 1/m a = 4/s

u0
[287] (5.22)

εs,∞
solids volume content above
TDH εs,∞ = Gs,∞

ρ̄s·ut
(5.23)

ut
single particle terminal veloc-
ity ut = U�

t /[ρ2
f /(ηf ·(ρ̄s−ρf)·g)]1/3 [287] (5.24)

U�
t dimensionless velocity for ut U�

t = [18/D�
p

2+(2.335−1.744·ψWa)/
√

D�
p]−1 [287] (5.25)

D�
p dimensionless diameter for ut D�

p = d̄sauter·[(ρf ·(ρ̄s−ρf)·g)/η2
f ]1/3 [287] (5.26)

Gs,∞ entrainment rate above TDH
in kg/(m2 · s)

Gs,∞ = Ar0.5·exp

[
6.92−2.11F 0.303

g − 13.1
F 0.902

d

]
· ηf

d̄sauter
[293] (5.27)

Fg
gravity minus buoyancy force
per projection area of particle
in Pa

Fg = g·d̄sauter·(ρ̄s−ρf) [293] (5.28)

Fd
drag force on the particle per
projection area of particle in
Pa

Fd = Cd·ρf · u2
0

2 [293] (5.29)

Cd

drag coefficient on the particle
surface based on superficial gas
velocity, dimensionless

Cd =

⎧⎪⎪⎨
⎪⎪⎩

24/Rep for Rep(u0) ≤ 5.8

10/Re0.5
p for 5.8 < Rep(u0) ≤ 540

0.43 for 540 < Rep(u0)

[293] (5.30)

usolid(h) mean solid velocity in dilute
zone in m/s

usolid = Gs,∞
ρ̄s·εs(h) (5.31)

Gs
entrainment rate at reactor
outlet in kg/(m2 · s)

Gs = εs(h=hR)·ρ̄s·ut (5.32)
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Figure 5.4: Solids formation in pyrolysis processes

product-mixture in the bed change. Both mean particle diameter and mean density have
an influence on the fluid dynamics. In case of surface proportional granulation, the particle
growth rate [296] is defined as

dd

dt
=

2 · ṁ

ρ · Atotal
. (5.33)

Solving Eq. 5.33 gives the mean Sauter diameter. The solution for char only is

d̄sauter = dQS · 3

√
ṁchar

Gs · AR − ṁchar
· ρQS

ρchar
+ 1 . (5.34)

In case of incomplete conversion the total mean diameter, resulting from deposition of
active and char, is calculated from sequential layering. For biomasses, that do not melt to
form sand-char granulates the change in particle size is not considered. For all biomasses
the mean density is calculated from the volume fractions x of each solid component i in
the solid mixture.

ρ̄s =
∑

i

ρi · xi (5.35)

5.1.5 Change of superficial velocity due to heterogeneous reactions
The change of moles due to the reaction, i.e. evolution of gases and vapors released from
the solid lignin matrix, directly increases the gas velocities in the riser. The differential
equation for the change of superficial gas velocity with reactor height was in detail derived
by Sitzmann et al. [297] and is described in short here. With the reaction kinetics described
below, the total change in molar flow for all involved reactions in a discrete volume element
dV = AR · dh can be calculated

dn = AR · dh ·
∑

i

ri · ϕi(h) . (5.36)
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Applying the ideal gas law the change in molar flow can be described by

dṅ

dh
=

1
R · T

·
[(dp

dh

)
· V̇ +

(
dV̇

dh

)
· p

]
. (5.37)

Substituting V̇ by AR · u and solving for u yields the differential relationship for change
in axial superficial gas velocity

du

dh
=

1
p

·

⎡
⎢⎢⎣−u ·

�
�
���

0(dp

dh

)
+

R · T

AR
·
(dṅ

dh

)⎤⎥⎥⎦ . (5.38)

In this work the pressure gradient dp/dh is neglected.

5.1.6 Residence times
The average residence time of both solids τs and gas τg in the riser reactor are defined as
follows

τs = τs,db + τs,fb =
mdb

Gs · AR
+
∑ Δh

usolid(h)
(5.39)

and

τg =
∑ Δh

u(h)/(1 − εs(h))
. (5.40)

5.2 Reaction model and mass balances
The reaction scheme of lignocellulosic biomass pyrolysis is described by a micro-particle
model of Miller and Bellan [221] (Figure 5.5). It is composed of a superimposed reaction
scheme for the three main lignocellulosic biomass components j (cellulose, hemicellulose,
and lignin). Each biomass component (virgin) is activated in a preliminary reaction step
(reaction 1). The activated intermediate (active) then reacts in parallel primary reactions
2 and 3 to pyrolysis oil and char + pyrolysis gas (gas I), respectively. The latter two are
formed in reaction 3 in a mass ratio of X̂ and (X̂ − 1), respectively.

VIRGIN
j = cellulose,

hemicellulose, lignin

kj
1

νj
active ACTIVE

k
j
2

νj
oil OIL k4

νgas,II GAS

k j
3

νj
char CHAR + νj

gas,I GAS

Figure 5.5: Reaction scheme for pyrolysis of lignocellulose micro particles according to
Miller and Bellan [221]

The char formation mass ratio X̂ differs for each biomass component but is assumed
to be temperature independent [221]. In a secondary reaction (reaction 4) pyrolysis oil
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reacts further to form pyrolysis gas (gas II). Miller and Bellan [221] assume the reaction
rate constant for the secondary reaction k4 to be independent of the biomass component,
while all other reaction rate constants are different for the three biomass components j.
The temperature dependency of the reaction rate constants kj

i is given by the Arrhenius
equation

kj
i = kj

0,i · e−
E

j
A,i

R·T . (5.41)

The kinetic model parameters are listed in Table 5.5. For stoichiometry the molar
masses of the pseudo-components are defined. The molar mass of lignin, pyrolysis oil and
pyrolysis gas is approximated by the composition determined in this work. The molar
masses of cellulose and hemicellulose are calculated from a degree of polymerization of
3000 and 200, respectively and the molar mass of repeating unit C6H10O5 (cf. Section
2.1.1). For the activated intermediates it is assumed that no change in molar mass occurs.
The molar mass of char is equal to carbon. The molar masses are given together with the
mass ratios of char formation X̂j in Table 5.6.

Table 5.5: Parameters for reaction kinetics, [221]

reaction component
rate cellulose hemicellulose lignin

constant k0, 1/s EA, kJ/mol k0, 1/s EA, kJ/mol k0, 1/s EA, kJ/mol

k1 2.80 · 1019 242.4 2.10 · 1016 186.7 9.60 · 108 107.6
k2 3.28 · 1014 196.5 8.75 · 1015 202.4 1.50 · 109 143.8
k3 1.30 · 1010 150.5 2.60 · 1011 145.7 7.70 · 106 111.4
k4 4.28 · 106 108 4.28 · 106 108 4.28 · 106 108

Table 5.6: Molar mass M and char formation mass ratio X̂ for reaction 3 of reaction
scheme components

component M , kg/kmol X̂†, kg/kg

cellulose 3000 · 162 0.35
hemicellulose 200 · 162 0.60
lignin 3500 0.75
char 12.01 -
gas 24.6 -
oil 280 -
† from [221]
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The stoichiometric factors νj
i are defined as follows:

νj
virgin = νj

active = 1 ,

νj
i =

Mj

Mi
for i = oil, gas II ,

νj
gas I =

Mj · (1 − X̂j)
Mgas

and

νj
char =

Mj · X̂j

Mchar
.

5.2.1 Material balances
As the bubble phase is assumed to be solids free the solid reactions take place in the
suspension phases in the dense bottom and dilute upper zone only. Whereas the secondary
reaction from oil to gas takes place also in the bubble phase. For all phases and for both
gas and solids the overall mole balance holds. For the stationary model, it can be written
as

�
�
��

0
dni

dt
= 0 = Σṅin

i − Σṅout
i ± Σṅreac

i . (5.42)

All molar balances are calculated for the three main biomass components cellulose, hemi-
cellulose, and lignin separately, based on the fed biomass composition of these components,
denoted with j. Thus, giving three sets of equations for the biomass components plus a
set for the cumulative molar flow and concentration profile for the reaction products of
the overall biomass.

5.2.1.1 Dense bottom zone

Solid phase balances
For the dense bottom zone’s suspension phase the solid reaction volume is assumed to be
ideally mixed. As the reactor is divided into discrete volume elements, continuous flow
stirred-tank reactor (CSTR) elements are used in parallel. The fed biomass is assumed
to be distributed to the discrete volume elements proportionately to the fraction of solids
mass in that element. The mole balance for component i is

0 = ṅin
i · ms(Δh)

mdb
− V̇ out · ci + VR · ri (5.43)

with the volume flow out of the volume element, which is defined by the phase’s reaction
volume VR and the residence time τs, db in the volume element

V̇ out =
VR

τs, db
. (5.44)

The residence time, due to perfect mixing and mono-sized volume elements, is assumed
to be the same in all volume elements and equal to

τs, db =
mdb

Gs · AR
. (5.45)
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The reaction volume of the solid phase is depending on the volume fraction of the suspen-
sion phase 1 − εb and the volume fraction of solids in the suspension cvd. It holds

VR = AR · (1 − εb(h)) · cvd · Δh . (5.46)

Equation 5.46 can be rewritten with the volume of the volume element Velement = AR · Δh
to obtain the volume fraction ϕi of the reacting phase

ϕi =
VR

Velement
=

VR

AR · Δh
= (1 − εb(h)) · cvd . (5.47)

Three reactants i in the pyrolysis scheme (cf. Figure 5.5) are solid. Thus, the reaction
rates are given for virgin, active and char by:

rvirgin = −k1 · cvirgin ,

ractive = k1 · cvirgin − k2 · cactive − k3 · cactive and

rchar =
νchar

νactive
· k3 · cactive .

Gas phase balances
The gas passes all phases in plug flow. The change in molar flow from the reactions and
the net convective transport through the volume element are considered. Furthermore,
gas is exchanged between the bubble and suspension phase via diffusive and convective
mass transport. The volume excess due to the change in molar flow, which results from
the reactions is transferred to the bubble phase. Thus, the overall mole balance gives

0 = −dṅconv
i

dh
· dh ± Σṅreac

i ± ṅexcess
i ± ṅtransfer

i . (5.48)

Suspension phase
For the suspension phase the terms in Eq. 5.48 are given by:

ṅconv
i = ususp(h) · AR · (1 − εb(h)) · (1 − cvd) · ci, susp(h)

ṅreac
i = ri · ϕi(h) · AR · dh

ṅexcess
i = −Kq(h) · ci, susp(h) · AR · (1 − εb(h)) · (1 − cvd) · dh

ṅtransfer
i = −Kg(h) · ab(h) · AR · (ci, susp − ci, b) · dh .

The final balance after canceling Velement = AR · Δh is

0 = − (1 − cvd) · d(ususp(h) · (1 − εb(h)) · ci, susp(h))
dh

+ ri · ϕi(h) (5.49)

− Kq(h) · ci, susp(h) · (1 − εb(h)) · (1 − cvd) − Kg(h) · ab(h) · (ci, susp − ci, b) .

The reaction terms ri · ϕi(h) are valid for gas, oil and inert (gas). It holds:
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roil · ϕoil(h) =
νoil

νactive
· k2 · cactive, susp · (1 − εb(h)) · cvd

− k4 · coil, susp · (1 − εb(h)) · (1 − cvd)

rgas · ϕgas(h) =
νgas, I

νactive
· k3 · cactive, susp · (1 − εb(h)) · cvd

+
νgas, II

νoil
· k4 · coil, susp · (1 − εb(h)) · (1 − cvd)

rinert · ϕinert(h) = 0 .

Bubble phase
Analogously to the suspension phase, the terms in the bubble phase are defined as below.
The excess molar flow ṅexcess

i and the material transfer molar flow ṅtransfer
i have opposite

sign compared to the same terms in the dense zone’s suspension phase as the transfer
occurs between these phases.

ṅconv
i = ub(h) · AR · εb(h) · ci, b(h)

ṅreac
i = ri · ϕi(h) · AR · dh

ṅexcess
i = Kq(h) · ci, susp(h) · AR · (1 − εb(h)) · (1 − cvd) · dh

ṅtransfer
i = Kg(h) · ab(h) · AR · (ci, susp − ci, b) · dh

The final balance can be derived the same way as the suspension phase balance

0 = − d(ub(h) · εb(h) · ci, b(h))
dh

+ ri · ϕi(h) (5.50)

+ Kq(h) · ci, susp(h) · (1 − εb(h)) · (1 − cvd) + Kg(h) · ab(h) · (ci, susp − ci, b) .

The reaction terms ri · ϕi(h) are valid for gas, oil and inert (gas). It holds:

roil · ϕoil(h) = −k4 · coil, b · εb(h)

rgas · ϕgas(h) =
νgas, II

νoil
· k4 · coil, b · εb(h)

rinert · ϕinert(h) = 0 .

5.2.1.2 Dilute upper zone

For the upper dilute zone, plug flow is assumed for both solid and gas phase.

Solid phase balances
For the solid phase in the upper dilute zone reactions for virgin, active and char are
considered. As the dilute zone solely consists of a suspension phase, the molar balance
can be reduced to two terms:

ṅconv
i = us(h) · AR · εs(h) · ci(h)

ṅreac
i = ri · ϕi(h) · AR · dh .
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The final balance for every volume element is

0 = −d(us(h) · εs(h) · ci(h))
dh

+ ri · ϕi(h) . (5.51)

It holds further:

rvirgin · ϕvirgin(h) = −k1 · cvirgin · εs(h)
ractive · ϕactive(h) = k1 · cvirgin · εs(h) − k2 · cactive · εs(h) − k3 · cactive · εs(h)

rchar · ϕchar(h) =
νchar

νactive
· k3 · cactive · εs(h) .

Gas phase balances
In the suspension gas phase of the dilute upper zone the convective and reaction terms
are:

ṅconv
i = u(h) · AR · (1 − εs(h)) · ci(h)

ṅreac
i = ri · ϕi(h) · AR · dh .

The final balance for every gaseous component is

0 = − d(u(h) · (1 − εs(h)) · ci(h))
dh

+ ri · ϕi(h) . (5.52)

Oil and gas are produced in the heterogeneous reactions from active and oil cracked in a
secondary reaction to form gas II. The inert fluidizing gas does not partake in the reaction.

roil · ϕoil(h) =
νoil

νactive
· k2 · cactive · εs(h) − k4 · coil · (1 − εs(h))

rgas · ϕgas(h) =
νgas, I

νactive
· k3 · cactive · εs(h) +

νgas, II

νoil
· k4 · coil · (1 − εs(h))

rinert · ϕinert(h) = 0

Yields and conversion
The product yields of gas, oil, and char are defined as the proportionate sum of the yields
for each of the three biomass components j = cellulose, hemicellulose, and lignin. Which
themselves are calculated by the quotient of produced mass and the feed of virgin biomass
component j.
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Yoil =
∑

j

wj · Yoil,j =
∑

j

wj · ṅoil,j

ṅvirgin,j
· Moil

Mj

(5.53)

Ygas =
∑

j

wj · Ygas,j =
∑

j

wj · ṅgas,j

ṅvirgin,j
· Mgas

Mj

(5.54)

Ychar =
∑

j

wj · Ychar,j =
∑

j

wj · ṅchar,j

ṅvirgin,j
· Mgas

Mj

(5.55)

The conversion is defined as the proportionate sum of ratios of converted biomass compo-
nent j and the total feed of virgin biomass component j as follows

X =
∑

j

wj ·
[

ṅvirgin,j − (ṅvirgin, out,j + ṅactive, out,j)
ṅvirgin,j

]
(5.56)

with ṅvirgin, out,j and ṅactive, out,j the unconverted mass flows of virgin and active leaving
the reactor.

5.3 Literature data used for model validation
5.3.1 CFB air-blown pyrolysis of pine wood, CERTH, Greece
At the Chemical Process and Energy Resources Institute (CPERI), Centre for Research &
Technology Hellas (CERTH) a circulating fluidized bed air-blown pyrolyzer was developed
in 2007. First, the plant was studied at cold conditions, i.e. ambient temperature, to
investigate the fluid dynamical behavior, such as the recirculation rates [88]. With
the obtained design, the pyrolysis of pine wood chips was studied in the system that
integrates a char combustor to provide autothermal operation of the pyrolysis reactor
[89]. The char combustion takes place in a stationary fluidized bed, which is fluidized
with air. The cross-sectional area of the reactor above the combustion zone reduces to a
final riser diameter of 50 mm. Thus, the particles heated by char combustion are directly
transferred into the riser (with 2 m height) and enable the endothermic pyrolysis reaction.
The mass flow of 10 kg pine wood is fed by a screw feeder into the riser. The particles
in the riser that are entrained together with the product gases are separated from the
latter in two cyclones and fed back into the combustion part of the integrated system.
Sand is used as a heat carrier with a particle size that is not specified in the publications
[88, 89, 298]. The known plant dimensions and operational parameters are summarized
in Figure 5.6 and Table 5.7.

In total five experiments are listed in the publication [89]. The yields of pyrolysis oil,
gas, and char are not explicitly listed, but the mass flows of liquid and gaseous product
and gas composition are given. Due to the integrated combustion-pyrolysis process, the
gas contains both combustion and pyrolysis gases. The oil yield is calculated as the mass
fraction of the sum of liquid product mass flows over the dry biomass mass flow. The char
yield is approximated by the consumed oxygen mass flow and a CO/CO2 ratio of 0.1 and
the biomass mass flow. In permanent gas oxidation the rest of the oxygen is consumed.
Table 5.8 lists the pyrolysis temperature, gas residence time and calculated yields.
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Figure 5.6: Air-blown pyrolysis reactor at CERTH, simplified from [88]

The parameters listed in Table 5.7 are used for simulation. The initial superficial gas
velocity entering the riser reactor of the autothermal system is calculated from the sum of
flue gas mass fluxes and the riser temperature. The heat carrier sand is assumed to have
a mean particle size of 200 μm, which is the same as used for the simulation of this works
lignin pyrolysis. Furthermore, the holdup of bed material in the riser is assumed to be
0.17 kg, as due to the specific plant design the formation of a dense bottom zone in the
riser is not to be expected.

Table 5.7: Plant dimensions and operational parameters for CFB pyrolysis of pine wood
chips [88, 89]

parameter value

riser height 2 m
riser diameter 0.05 m
biomass pine wood chips
composition† [143] 50 wt.-% C | 27 wt.-% H | 23 wt.-% L
feed mass flow 8.44 to 10.45 kg/h
bed material sand
vapor residence time 0.37 to 0.46 s
superficial gas velocity 3.85 to 5.31 m/s
pyrolysis temperature 496 to 650 ◦C

†C: cellulose, H: hemicellulose, and L: lignin

Table 5.8: Experimental conditions and results for CFB pyrolysis of pine wood chips

exp. ϑ τg yield, wt.-% ṁb dp
◦C s gas oil char kg/s mm

R7 581 0.374 44.2 48.3 7.5 8.44 1.5 - 2
R8 605 0.388 29.1 64.7 6.3 10.45 1 - 1.5
R9 579 0.396 27.9 66.4 5.7 10.2 1 - 1.5
R10 496 0.458 19.0 74.9 6.1 8.96 1 - 1.5
R11 550 0.373 29.2 64.7 6.1 10.22 1.5 - 2
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5.3.2 Bubbling fluidized bed pyrolysis of biomass, University of Waterloo,
Canada

A pilot plant for bubbling fluidized bed pyrolysis was developed at the Department of
Chemical Engineering, University of Waterloo, Waterloo, Ontario. Both plant description
and experimental results for various biomass have been reported [51, 83, 84]. Reactor
dimensions and operational parameters are given in Figure 5.7 and Table 5.9. Bed
fluidization is achieved by introduction of recycled product gas. The biomass particles
with a diameter of about 600 μm are dosed by a screw feeder into a pneumatical feeding
system. Injection of the particles is carried out from the top, slightly below bed surface.
The particle size of the inert bed material is selected in such a way that the produced
char is entrained with the product gas stream, while the inert sand remains in the bed;
but the bed material particle size is not explicitly specified in the publication. A cyclone
separates the char from the product vapors, which are separated into condensed liquid
and permanent gas by a condenser. The vapor phase residence time is defined as the
ratio of reactor volume and inlet gas volume flow [84]. A selection of the published yields
is given in Table 5.10.
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Figure 5.7: BFB pyrolysis reactor, University of Waterloo, Canada, simplified from [84]

As mentioned above, the bed material particle size is selected in such a way that char
particles are entrained, while the sand is retained. Therefore, in the model, a particle
size of 300 μm is selected to mimic this behavior. Furthermore, the solids volume fraction
at minimal fluidization is assumed to be 0.5. The solids holdup in the bed is set to be
1.0 kg. In the model, the resulting bed height is about 0.2 m (about half reactor height).
With the selected input parameters the solids entrainment is too high. Therefore, the
decay constant is adjusted to satisfy the correlation a · u0 = 25. Calculation with these
assumptions gives a solids residence time in the magnitude of 20 s, which is reasonable for
the experimental setup, and results in nearly complete conversion. In the appendix, Table
A.2 the input parameters are listed.
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Table 5.9: Plant dimensions and operational parameters for bubbling fluidized bed pyrol-
ysis of biomass [51, 84]

parameter value

riser height 0.415 m
riser diameter 0.101 m
biomass maple wood, aspen wood, wheat straw
composition†, wt.-% maple wood‡: 40.0 C, 38.0 H, 22.0 L

aspen wood�: 50.2 C, 31.6 H, 18.2 L
wheat straw∗: 38.2 C, 38.4 H, 23.4 L

feed mass flow 1.5 to 3 kg/h
bed material sand
vapor residence time 0.5 to 0.75 s
superficial gas velocity 0.54 to 0.81 m/s
pyrolysis temperature 425 to 625 ◦C

†C: cellulose, H: hemicellulose and L: lignin, ‡[221], �[299], ∗[27]

Table 5.10: Experimental conditions and results for bubbling fluidized bed pyrolysis of
various biomass [84]

biomass ϑ τg yield, wt.-% ṁb
◦C s gas oil char kg/s

maple wood 480 0.5 10.51 73.44 12.41 2.169
maple wood 500 0.5 12.31 73.06 9.24 2.573
maple wood 530 0.5 16.51 69.41 10.32 2.594
aspen wood 425 0.616 5.95 59.68 30.51 2.391
aspen wood 465 0.584 8.53 72.67 18.88 1.709
aspen wood 500 0.55 12.45 75.06 12.15 2.238
aspen wood 500 0.55 12.07 77.75 11.2 1.97
aspen wood 540 0.539 21.22 71.05 8.99 1.281
aspen wood 625 0.52 36.65 44.37 7.81 1.001
wheat straw 500 0.75 18.92 18.92 23.66 1.919
wheat straw 500 0.6 13.61 13.61 20.6 1.717
wheat straw 520 0.54 15.67 15.67 16.85 1.114
wheat straw 525 0.57 8.63 8.63 24.17 2.762
wheat straw 550 0.71 23.88 23.88 19.13 2
wheat straw 575 0.52 23.24 23.24 17.3 1.587
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5.4 Flowsheet modeling of an integrated pyrolysis-combustion
process

5.4.1 Flowsheet model components
For assessment of energetic process performance of an integrated pyrolysis–combustion
process and to demonstrate the practicability of the derived pyrolysis model for biorefinery
flowsheet simulations further unit models are implemented in ACM® (cf. Figure 5.8).
Firstly, the fluidized bed pyrolysis model is extended with an overall energy balance.
The heat of pyrolysis reaction is taken from a fit to the experimentally determined
energy requirement [92] (cf. Fig. A.2a). Secondly, a fluidized bed combustion model for
pyrolysis char and a gas burner are implemented. The fluidized bed combustor model is
described below. For both by-product combustion reactors the mass and energy balances
are calculated. For simplification, the empirical fit correlations for combustion heat are
calculated from the experimental higher heating values of gas and char (cf. Figure A.1).
Thirdly, ideal models for heat exchange, gas-liquid separation (liquid condensation),
gas-solid separation, and solid mixing are included. Ideal separation is assumed, reactions
and heat losses for the ideal models are neglected, while mass and energy conservation
are considered for each component. In a stream the total enthalpy flow is defined as the
sum of enthalpy flows of the single stream components i:

∑
i Ḣi =

∑
ṁi · cp,i · Δϑ (stream

to ambient).
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Figure 5.8: Flowsheet of integrated pyrolysis-combustion process
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Fluidized bed char combustor
The fluidized bed model, used for the pyrolysis reactor, was originally developed for
fluidized bed combustion processes. With minor adaptions, it was applied to conventional
fluidized bed combustion [289, 300] as well as modeling of the fuel reactor of a chemical
looping system with solid fuel feed [279]. Thus, the fluidized bed combustion model,
applied in this work, is mainly based on these previous works. Also, the fluidized bed
combustion reactor consists of a dense bottom zone and a dilute upper zone. The fluid
dynamics are the same as in the pyrolysis reactor. In contrast the mass balances are
implemented for the main char combustion reactions: first the heterogeneous char oxida-
tion to CO and CO2 and second the homogeneous oxidation of CO to CO2 (cf. Section
A.3). For simplification, other char constituents like e.g. sulfur, oxygen or hydrogen are
neglected. Neglection sulfur, oxygen, and hydrogen is especially valid for char of large
carbonization degree produced at high pyrolysis temperature. For flowsheet simulation,
the overall mass balance of the reactor includes a drain off from dense bed (mass balance
according to Puettmann et al. [278]). The single particle shrinkage, due to combustion
of the char layer, is represented by the Shrinking Particle Inert Core (SPIC) model
(considering the inert sand core) [92].

5.4.2 Flowsheet model of SPE plant with integrated char combustion

The setup of the flowsheet simulated in ACM® is depicted in Fig. 5.8. It is a represen-
tation of the experimental SPE pyrolysis setup extended with a model for by-product
combustion. Thereby, the energy demand of endothermic pyrolysis can – depending
on operating conditions – be supplied by combustion of pyrolysis gas and char. The
pyrolyzer is coupled with a bubbling fluidized bed char combustion reactor. The heat
is transferred to the pyrolyzer by the difference of enthalpy flow of the circulating bed
material. The char laden bed material exiting the pyrolyzer flows via an ideal gas-solid
separator into the fluidized bed combustor, where the char is combusted and the sand
heated. To complete the bed material mass balance between the two fluid bed reactors a
bed material stream is drained off from the combustor’s dense bed and returned to the
pyrolyzer. The fines from the combustor’s ideal gas-solid separator are returned to the
combustor. The difference in pyrolysis heat demand and exothermic energy supply of the
char combustion reaction is balanced by transferring excess heat to a cooling medium
in the fluidized bed combustor (Q̇fbc). Depending on the operation parameters the heat
flow Q̇fbc might also be reversed. This reversal in heat flow can e.g. be envisaged as an
additional heat transfer from the pyrolysis gas burner into the recirculation system. In
the ideal gas-oil separator the pyrolysis reaction is quenched and the pyrolysis vapors
condensed. The pyrolysis gas is combusted in the ideal gas burner. The gas supply for
all reactors is preheated. Simulated is Kraft lignin pyrolysis with the input parameters
listed in Table 5.11.

5.4.3 Energetic process performance ratios

For performance evaluation of pyrolysis process, the energy recovery rate of the liquid
product ηOR is employed. It is defined as the ratio of fuel energy of pyrolysis oil and of
lignin feed. The oil mass flow can be determined by ṁoil,dry = Yoil,dry · ṁL. The higher
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Table 5.11: Input parameters for simulation of the integrated pyrolysis–combustion process

parameter unit pyrolyzer (riser) combustor (BFB)

pressure bar 1.2 1.2
temperature ◦C 400 to 700 850
superficial gas velocity m/s 2.5 to 5 0.2 to 1
biomass feed kg/h 5, 10, 15, 20 –
biomass composition† wt.-% 100 (lignin) –
excess air ratio – - 1.3
solids inventory of bed kg 0.75 5
sauter diameter sand μm 200
reactor height mm 2000 900
reactor diameter mm 80 200, 400‡
†correlates to Kraft lignin composition, ‡at ṁL = 15 and 20 kg/h

respectively.

ηOR =
ṁoil,dry · H0,oil

ṁL · H0,L
= Yoil,dry · H0,oil

H0,L
(5.57)

Based on a surplus-deficit-ratio defined by Boukis et al. [88] an energetic performance
ratio for the coupled pyrolyzer-combustor-process is derived. At values above 1 it can be
expected that the energy supply by combustion of both char and pyrolysis gas minus the
heat required for preheating of the gases is greater than the demand for the endothermic
pyrolysis reaction and heat losses.

ηSD =
Q̇R,comb + Q̇R,gas comb − Q̇gas

Q̇R,PR + Q̇loss
(5.58)

Q̇R,comb, Q̇R,gas comb and Q̇R,PR are the heat released by combustion of char and permanent
gases as well as the heat required for endothermic pyrolysis, respectively. Each combustion
heat release can be calculated by the product of the higher heating value of gas and char
(cf. Figure A.1) times the corresponding mass flow. The pyrolysis energy requirement
for Kraft lignin is given by the product of ΔHR,pyr (Figure A.2a) and the feeding rate of
lignin. Furthermore, the overall heat flows for preheating of the gases Q̇gas is

Q̇gas = Q̇GH,PR + Q̇AH,comb + Q̇AH,gas comb + Q̇GH,gas comb (5.59)

and the heat loss, which is approximated by 0.1 times the circulating enthalpy flow between
the reactors (analogously to the definition of Boukis et al. [88]), is defined as:

Q̇loss = 0.1 · (ḢPR→comb + Ḣcomb→PR) . (5.60)
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heating values H0,oil and H0,L are taken from Figure A.1 and Table 4.4 (Kraft lignin),
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6 Pyrolysis results

The outcome of the CFB pyrolysis experiments for Kraft and hydrolysis lignin are dis-
cussed in this chapter. Starting with the pyrolysis mechanism in the CFB system, the
differences between the mechanisms for both lignins are illustrated. The discussion is
continued with the product distribution of CFB lignin pyrolysis. Therefore, recovery rate
and possible errors are evaluated, before the yield and composition of gas, oil, and char
are examined. It is focused on the influence of temperature and mineral matter in char.

6.1 Pyrolysis mechanism and particle size distribution
The morphology and particle size distribution of the solid residue of solid fuel pyrolysis
gives important information about the devolatilization behavior [301] and thus the py-
rolysis mechanism. The cumulative particle size distributions of both bed and secondary
cyclone material are shown together with the distribution of quartz sand in Figure 6.1a
and 6.1b for Kraft and hydrolysis lignin pyrolysis, respectively. The secondary cyclone
material distributions are both bimodal and the bed materials are of larger size than the
quartz sand. The only obvious deviation between the two different lignin types is the
much larger coarse fraction in the bed material from hydrolysis lignin pyrolysis. Also, a
larger maximum size of this bed material of up to 1500 μm can be observed.
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Figure 6.1: Cumulative mass distributions of bed material (BM) and secondary cyclone
material (C2) compared to quartz sand (QS)

measured with: �Camsizer XT, †Beckman Coulter

The SEM images in Figure 6.2 show the materials of the Kraft lignin pyrolysis process.
The bed material consists of mainly coarse particles with similar shape to quartz sand
(cf. Figure 4.20) but also some small plate-like particles of much smaller size (Fig. 6.2a).
In contrary, the secondary cyclone material (Figure 6.2b) mainly consists of the plate-like
particles and few coarse bed material particles. These two particle types induce the
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Figure 6.2: SEM images of bed and secondary cyclone material from Kraft lignin pyrolysis

bimodal mass distribution in Figure 6.1a (also the few fines in the bed material). At
higher resolution, it can be observed that the bed material particles are coated with char
during pyrolysis. A fracture of the coating is shown in Figure 6.2c. The char surface
shows no macro pores. The specific surface area measurement for the char fragments
(Figure 6.3) reveals that meso and micro pore area have their maximum of about 130
and 500 m2/g at a pyrolysis temperature of 650 ◦C, respectively. The meso pore area
is smaller than 2 m2/g at 550 ◦C. The micro pore area (average pore width: 0.8 nm)
is larger than 135 m2/g for all temperatures. It should be mentioned at this point,
that the particle shape has an influence on the surface area as well. The Kraft lignin
char fragment particles have a more plate-like shape. At given volume and the present
particle dimensions, the surface ratio of plates and a sphere is roughly 5 to 15. Using this
approximation, the specific surface area for spherical particles would be in the range of 2
to 26 m2/g and 9 to 100 m2/g for meso and micro pores, respectively. This approximation
is in good agreement with the BET area of < 5 m2/g from Kraft lignin pyrolysis at 250
to 550 ◦C [123].

The char coating fragments are mainly in contrast to the coated quartz sand particles to
a large extend not caught in the primary cyclone and therefore found in the secondary
cyclone material (Figure 6.2d). Additionally, small spherical particles are found in the
secondary cyclone material (arrow in Figure 6.2d). SEM-EDX measurements reveal that
these spherical particles consist of mainly carbon and oxygen. Thus, it can be concluded
that they are char particles. Dimensioning of these spherical char particles in SEM
images shows that the particle diameter is mainly in the range of 1.6 to 30.3 μm with a
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characterization according to [251, 302]: micro pores dpore < 2 nm, meso pores 2 nm < dpore <
50 nm, macro pores > 50 nm

mean value of 13.8 μm. Thus, these spherical particles are either in the size of or slightly
larger than primary lignin particles in Figure 4.15a.

For hydrolysis lignin pyrolysis a different pyrolysis result arises. There are two types of
particles in the bed material. First particles originating from the initial bed material
(quartz sand) and second particles with high porosity (Fig. 6.4a). Figure 6.4b shows
SEM images of the secondary cyclone material at two resolutions. At lower magnification
(Fig. 6.4b, left) one quartz sand and small pyrolysis product particles can be seen.
This morphology is the reason for the bimodal distribution in Figure 6.1b. At higher
magnification (Fig. 6.4b, right) it can be seen that the fines in the C2 material are much
more irregular but overall closer to spherical shape than the plate-like char fragments
resulting from Kraft lignin pyrolysis. Also, twig-like particles can be seen, which result
from pyrolysis of the twig-like particles in the hydrolysis lignin (cf. Figure 4.17b).
Furthermore, some particles appear to have broken in the process (not depicted). The
surface of the particles originating from the initial bed material quartz sand (cf. Fig. 6.4a)
is shown in Figure 6.4c, right. Compared to the initial quartz sand surface (Fig. 6.4c,
left) it is recognizable that the particle is not coated with a thick and homogeneous char
layer, but fine char particles adhere to the quartz sands surface. The surface of the char
particle with high porosity shows macro pores in the size range of about 0.1 to 50 μm;
the pores are larger at higher pyrolysis temperature (depicted in Figures 6.4d, left for
500 ◦C and right for 700 ◦C). The meso and micro pore specific surface areas (cf. Fig. 6.3)
of the large porous bed material particles (dp > 710 μm) are 23 to 35 m2/g and 130 to
305 m2/g, with average pore sizes of 6 to 12 nm and 1.4 to 2.2 nm, respectively. The
micro pore volume increases from 0.048 to 0.114 cm3/g. Thus, the specific surface area,
pore width, and pore volume of the micro pores increase with temperature. This trend
holds also for the C2 material particles. The C2 material particles of dp < 71 μm have
a meso and micro pore specific surface area in the range of 9 to 50 m2/g and 53 to
67 m2/g, respectively. The corresponding average pore widths are 8 to 21 nm and 1.2 to
1.4 nm. The micro pore volume increases from 0.02 to 0.025 cm3/g. An explanation for
the above-mentioned increase of specific surface area with increasing pore width could
be that with the increase of and more rapid devolatilization, at higher temperatures, the
overall porosity and pore volume increases. The specific meso pore surface area is in the
magnitude of switch grass and corn stover char, obtained by fast pyrolysis in a bubbling
fluidized bed at 500 ◦C, with 7 to 22 m2/g [207] and hardwood chars with 2 to 100 m2/g
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Figure 6.4: SEM images of bed and secondary cyclone material from hydrolysis lignin
pyrolysis

[303]; but lower than for steam activated softwood char with 450 to 610 m2/g (activation
at 600 to 985 ◦C) [304]. The micro pore surface area is also in the magnitude of literature
data: for example, wood char from fluidzed bed pyrolysis of eucalyptus was determined
to have a surface area of 540 m2/g (pyrolysis at 800 and 900 ◦C) [305] and hardwood
chars 180 to 510 m2/g [303]. Commercially activated carbon used for liquid and gas phase
adsorption processes has meso and micropore surface areas of 800 to 1400 m2/g and 800
to 1200 m2/g [302]. The here obtained values are slightly smaller but bigger than or in
the magnitude of molecular sieves [302]. To enlarge the specific surface area of the char,
of which especially the hydrolysis lignin char with dp > 710 μm might be interesting for
adsorption applications, steam or CO2 activation might be an option [306].

As shown in Section “Thermal characterization” 4.4.1, at high heating rates lignins with
high purity melt (Kraft and organosolv lignin), whereas lignins with considerable cellulose
and hemicellulose content (hydrolysis and soda lignin) keep their particulate structure.
Thus, it can be concluded that the major difference during pyrolysis of the two different
lignins used for CFB pyrolysis is the melting of Kraft lignin, whereas melting does not
occur for hydrolysis lignin with higher impurity. Furthermore, it was observed that more
fine char particles have been entrained from the CFB system, i.e. haven’t been retained
by the primary cyclone, for pyrolysis of hydrolysis lignin. This observation is in good
agreement with the other findings as the fine particles do not melt and stick to the bed
material surface and have thus a higher probability not to be separated by a cyclone.
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With the gained information, pyrolysis schemes for Kraft and hydrolysis lignin, depicted
in Figures 6.5 and 6.7, respectively, are derived.

The Kraft lignin particles enter the riser reactor at low temperature through the cooled
lance. In the bed the particles are quickly heated by convection, radiation and if a
contact incident occurs conduction. Thus, the lignin is melting in a temperature range
of 215 to 285 ◦C (cf. Section “Thermal characterization” 4.4.1). The molten lignin either
spreads on a quartz sand particle or reacts completely in a shape of a liquid droplet. The
latter is happening when no contact incident occurs before the lignin surface is reacted
far enough to build a non-sticky char surface. Therefore, resulting in the generation of
spherical particles (as shown in Fig. 6.2d), which is also justifying this pyrolysis scheme
derivation. However, the number of spherical particles is very low compared to the
char layer fragment and coated bed material particle numbers. The main fraction of
the lignin particles impact on bed material particles and melt on their surface, reacting
either successively or in parallel building a char layer. This process is faster than the sole
reaction of a lignin particle. Due to the spreading of molten lignin on a hot quartz sand
particle a large contact area forms, resulting in fast heat transfer by conduction. From
the Flash-DSC measurements and from the surface morphology of the Kraft lignin char,
which are virtually macro pore free (cf. Fig. 6.2c and Fig. 6.6 – material and apparent
densities are almost equal for Kraft lignin char), it can be concluded that the main
devolatilization takes place while the intermediate layer is molten. Hence, if a volatiles
bubble (cf. droplet picture in Figures 4.18(a) and 4.19(d) for Kraft and organosolv lignin,
respectively) is released from the liquid layer, the surface tension evens out the surface.
After solidification, the char layer is not stable when subjected to mechanic stress due to
particle impact on the reactor wall, cyclone wall or collision with other particles. Thus,
giving birth to char layer fragments and attrition fines. [93]
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Figure 6.5: Pyrolysis mechanism of Kraft lignin

The picture is different for pyrolysis of hydrolysis lignin. The lignin particles react without
melting. Therefore, as gases evolve through rapid reaction, pores are formed while the
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which is defined as:

εp = 1 − ρa, char

ρm, char
. (6.1)
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Figure 6.6: Densities of bed material (BM) and secondary cyclone material (C2) fractions
(sieved), material density ρm (solid), apparent density ρa (dashed)

calculated by equation 4.2

Through the mass loss by devolatilization (and in some extent breakage and attrition), the
particles shrink. For the coarse char particles with dp>710 μm (virtually quartz sand-free),
the shrinkage (neglecting breakage and attrition) can be approximated by the measured
apparent densities of lignin ρa, lignin and char ρa, char together with the char yield Ychar. It
holds:

S = 1 − Vchar

Vlignin
= 1 − ρa, lignin

ρa, char
· Ychar . (6.2)

The char densities in Equations 6.1 and 6.2 have been obtained for the sieved samples
consisting mainly of char and are depicted in Fig 6.6. The results for hydrolysis lignin
are listed in Table 6.1. Both shrinkage and porosity increase with rising temperature due
to a higher mass loss. The higher porosity at rising temperature indicates a higher pore
volume, which can also be seen in Figure 6.4d. The more intense pore formation at higher
temperature can be explained by a faster and intenser pyrolysis reactions with formation
of more volatiles and rapid release of these volatiles from the solid matrix. When
compared to the char surface area of Kraft lignin (converted by the factor 5 to 15 from
char layer fragments to spherical shape) the specific surface area of the hydrolysis lignin
char (with dp > 710 μm) is larger. As the hydrolysis lignin does not melt, the quartz sand
is not coated homogeneously by char. But the quartz sand surface is covered, presumably
due to adhesive forces, by small particles in the scale of 10 to 1000 nm (cf. SEM pictures).
This particle size is in the relevant order of magnitude for van-der-Waals forces. Also,
solid bridges might have formed due to partial stickiness. Due to mechanic stress in the
reactor or cyclone some particles break and attrition generates fines. This comminution
is presumably promoted by the char porosity.
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Figure 6.7: Pyrolysis mechanism of hydrolysis lignin

The overall conclusion that pure lignin melts, leading to a granulation of bed material,
whereas higher impurity with cellulose and hemicellulose prohibits melting and hence
hemicellulose lignin reacts to form porous char particles is also supported by evidence
found in literature. SEM imaging of the silica sand bed material after fluidized bed
pyrolysis at 550 ◦C of corncob (12 to 18 wt.-% lignin content [307, 308]) in N2-atmosphere
revealed that only some small char particles stick on the bed material surface [156].
Also, during pyrolysis of beech wood (about 23 wt.-% lignin [309]) in a fluidized bed, it
was found that the biomass particles do not melt but shrink due to release of volatiles
[310]. For Kraft lignin on the other hand Sharma et al. [123] showed by SEM images
that it softened, molten and fused into a matrix of particles (solid bridge agglomeration)
below 250 ◦C. The pyrolysis of HDPE (melting point between 120 and 180 ◦C) in a
fluidized bed showed also that the sand used as bed material is coated with char. Thus,
as shown in this work, the fast fluidized bed system can be applied to lignin pyrolysis.
Although agglomeration was observed at ≤ 500 ◦C, at higher temperatures granulation
prevails. The reported problems in bubbling fluidized beds (cf. 2.2.2) can be prevented
and mechanical stirring of the fluidized bed [85] is not necessary. It can be concluded
that at higher pyrolysis temperature the reaction is fast enough to form a low sticky
lignin-char-intermediate layer concentration, which together with the more vigorous
particle movement and lower particle concentration prevent agglomeration.

Table 6.1: Hydrolysis lignin: particle shrinkage S due to devolatilization and final char
porosity εp for bed material particles with dp>710 μm

ϑpyr S† ε�
p

◦C vol.-% –

500 76.3 0.18
600 76.9 0.25
700 78.9 0.35

calculated by †Eq. 6.2 and �Eq. 6.1
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6.1.1 Granulation
Fluidized bed granulation has been investigated mainly in the stationary fluidized beds
[296]. Only a few studies exist on the granulation behavior in circulating fluidized bed
systems [311–318]. It was found that in the CFB system the agglomeration affinity is
reduced compared to bubbling fluidized beds [313] and can be explained by the more
vigorous particle movement and the lower impact probability in the fast fluidized system.
Furthermore, it was found that granulation can be carried out at lower temperature [315]
in fast fluidization compared to bubbling fluidized bed systems. Additionally, Stiller
et al. [316] investigated the granulation behavior of sucrose in a circulating fluidized bed.
They found that the increase of injected droplet size (for lignin the feed particle size)
and injection mass flow increase the particle growth rate, whereas the growth rate is
decreased by increasing fluidization velocity (breakage). Furthermore, they found that
with the decrease of bed material holdup the liquid-to-solid ratio in the bed is increased,
which leads to agglomeration.

The granulation rate of the quartz sand particles with char depends on the amount
of lignin fed into the reactor during an experiment and the corresponding char yield.
For experiment V81 the char layer thickness was approximated by dimensioning of the
breakage cross-section of more than 70 char layer fractures and char layer fragments
in SEM images giving a range of approximately 0.46 to 18.1 μm with a mean value of
6.7 μm. This result is in good agreement with the bed material particle size distributions
shown in Figure 6.8. For the char layer thickness, a rough estimate is the half difference
between the bed material and the quartz sand Sauter diameter giving 7 and 18 μm for
BMV57 and BMV81, respectively.
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Figure 6.8: Cumulative mass distributions of bed material (BM) depending on lignin mass
fed into the reactor

measured with: �Camsizer XT, †Beckman Coulter

A better estimation is achieved, when calculating the char layer thickness s from the
Sauter diameter of the char layered bed material dsauter, BM and the volume fraction of the
char ϕchar in the bed material sample. It holds:

s = 0.5 · dsauter, BM ·
(
1 − 3

√
1 − ϕchar

)
. (6.3)
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The volume fraction of char ϕchar can be calculated from the measured apparent densities
of char ρa, char and quartz sand ρa, QS and the char mass fraction wchar.

ϕchar =
Vchar

Vp
=

wchar/ρa, char

wchar/ρa, char + (1 − wchar) /ρa, QS
(6.4)

The char layer thickness increases with feeding time and thus the mass of char produced
and deposited on the bed material surface (Figure 6.9b). The particle growth rate [296]
may be defined by the following equation. For the Kraft lignin pyrolysis particularly, the
right-hand side holds:

dd

dt
=

2 · ṁchar

ρ · Atotal
=

2 · ṁL · Ychar(t)
ρa, char · π · d2

sauter · Np
. (6.5)

Inserting the linear dependency from Figure 6.9a for Ychar(t) provides the solid lines in
Figure 6.9b, respectively. Model parameters are average parameters for the evaluated
experiments: ṁL = 2.2 kg/h, ρa, char from Figure 6.6, d(t0) = dsauter, QS = 160 μm and the
number of particles in the bed Np = mQS, bed/(π/6 · d3

sauter, QS · ρa, QS) = 3.6 · 108. It can
be concluded that the char growth rate does increase due to the rise in char yield with
rising amount of char in the reactor.
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Figure 6.9: Dependency of char yield and char layer build-up on feeding time tfeed

For further investigation, the bed materials from V57, V81, and V89 were sieved in five
fractions each. The size classes are listed in Table 6.2. The particle size distribution
of each fraction were then measured. Exemplary, the resulting cumulative particle size
distributions for BMV89 are shown in Figure 6.10. In this particular case, some char layer
fragments (bimodal distribution of cl. 1) and partial agglomeration (cl. 5) can be observed.
In BMV57 no char layer fragments and agglomerates are found, while only a few char
layer fragments are found in BMV81. From the particle size distributions the Sauter
diameters were calculated and additionally the char content measured. With Eq. 6.3 the
char layer thickness of each class and the overall bed material sample are determined.
Figure 6.11 shows the result. It can be seen that with rising sauter diameter (cl. 1 to
cl. 5) and rising amount of lignin fed into the reactor the char layer thickness increases.
This increase holds for both sieved sample fractions and the whole sample (mean value,
empty circle in Figure 6.11). Furthermore, this increase is linearly depending on particle
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size. Only the smallest and largest size fractions of BMV89 do deviate from this lin-
ear trend as explained above by partial content of char layer fragments and agglomeration.

Table 6.2: Particle size classes for determination of particle size depending char layer thick-
ness

BMV57 BMV81 BMV89
class no. particle size class, μm

cl. 1 <140 <160 <180
cl. 2 140-180 160-200 180-200
cl. 3 180-200 200-224 200-224
cl. 4 200-224 224-250 224-280
cl. 5 >224 >250 >280
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Figure 6.10: Cumulative particle size distributions of sieved fractions for BMV89

A reason for this growth behavior could be the higher heat capacity of the larger particles
leading to more granulation. Furthermore, the inertia of bigger particles causes a longer
residence time of the larger particles in the spraying zone and thus a growth rate, which
is increasing with rising particle diameter. This is in good agreement with findings of
Zank [319], who found that larger particles might have higher recirculation frequencies
into the spraying zone, which also increase the growth rate of particles with larger
size. Furthermore, it was found that segregation occurs in circulating fluidized beds.
Hirschberg and Werther [320] found that this segregation effect mainly depends on the
terminal particle velocity, which itself reflects the influence of particle size and density.
Therefore, larger particles (or particles with higher density) with a higher terminal
particle velocity have a higher probability to be in the lower part of the CFB riser and
thus also a higher probability to be coated with char. A further effect could be the
embedding of char attrition fines, which are retained in the CFB system by the cyclone,
back into the char layer (cf. also [318]). This embedding can happen when such a fine
particle impacts on the sticky lignin-char-intermediate layer surface.

Thus, it can be concluded that the char layer growth rate of the particle size fractions is
not governed by a surface proportionality as larger size fractions grow faster than smaller
size fractions. However, including the yield dependency, the average growth rate can
sufficiently be described by Eq. 6.5.
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6.2 Influence of pyrolysis parameters
6.2.1 Pyrolysis temperature
The pyrolysis temperature is one of the major parameters influencing the product distri-
bution [56]. In the temperature range of 550 to 700 ◦C and 500 to 700 ◦C, the resulting
yields of pseudo-components char, oil, and gas as well as the composition of pyrolysis oil
and gas are calculated for Kraft and hydrolysis lignin pyrolysis. Furthermore, the recovery
rate and the nature of occurring losses are discussed.

6.2.1.1 Pseudo-product distribution

The yields of the pseudo-components char, oil, and gas in dependence of reactor temper-
ature are shown in Figure 6.12. The depicted oil yield, which is determined according
to Eq. 4.18, does not include water. In the considered temperature range this oil yield
is higher for Kraft lignin than for hydrolysis lignin. The optimum is 49 wt.-% at 600
to 650 ◦C. For hydrolysis lignin the maximum is 36.5 wt.-% at 500 ◦C. But, as the
maximum hydrolysis oil yield was found at the minimal pyrolysis temperature, it should
be mentioned that the global oil yield maximum could be at a slightly lower temperature.
With rising temperature, the oil yield of hydrolysis lignin decreases to 10.6 wt.-% at
700 ◦C. The difference can be explained by the composition of the two lignins. Kraft
lignin has a purity of 95.4 wt.-%, which is much higher than the purity of hydrolysis
lignin with a carbohydrate content of 43.8 wt.-%. Carbohydrates decompose at lower
temperature range than lignin. Therefore, the temperature optimum of hydrolysis lignin
is shifted relative to Kraft lignin to lower temperature. Furthermore, the water content
of the hydrolysis lignin oil is with 25 wt.-% higher than that of Kraft lignin (10 wt.-%).
Thus, the difference between the total liquid yield (water and oil) is not as high as for
the total oil yield depicted. The reason for the higher water content of the liquid product
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of hydrolysis lignin pyrolysis is that the carbohydrate decomposition reactions result in a
higher water yield. Thus, the obtained oil yields are mostly higher than in other pyrolysis
equipment such as fixed bed or centrifuge reactor and at the top of the range reported
for fluidized bed and entrained flow lignin pyrolysis (cf. Table 6.3).

Table 6.3: Liquid yields of lignin pyrolysis in technical reactors

lignin type
reactor temp. oil yield (wt.-%, daf)

ref.type† with without
◦C reaction water

straw lignin CPR 550 39 31 [124, 163]
Alcell FiBR 570 23 - [117]
Kraft FiBR 610 17.5 - [115, 117]
ETEK FBR 500 57.7 45.3 [48]
ETEK FBR 450-510 72 - [48]
ETEK FBR 484-519 40.1 - [48]
ETEK FBR 500 47 - [48]
ETEK FBR 480 40 - [48]
ETEK EFR 700 11.7 - [48]
ALM FBR 530 31.2 19.8 [48]
ALM FBR 450-510 31 - [48]
ALM FBR 475-525 49.7 - [48]
ALM FBR 480 22 - [48]
ALM EFR 700 36.6 - [48]
Granit FBR 500 47.6 - [29]
Alcell FBR 500 38.9 - [29]
A, Organosolv FBR 500 54.7 - [29]
B, Organosolv FBR 500 51.9 - [29]
Indulin AT FBR 550 23 - [125]
Lignoboost FBR 550 22 - [125]
Acetocell FBR 550 16 - [125]
Kraft MFBR 550 45 - [85]
Kraft CFBR 600-650 60 49 this study
Hydrolysis CFBR 500 60 36.5‡ this study

†CPR: centrifugal pyrolysis reactor, FBR: fluidized bed reactor, MFBR: mechanically fluidized
bed reactor, FiBR: fixed bed reactor, CFBR: circulating fluidized bed reactor, EFR: entrained
flow reactor; ‡possibly higher at lower temperature

Between 500 and 700 ◦C the char yield of hydrolysis lignin decreases from 21.1 to
15.6 wt.-%, whereas the char yield of Kraft lignin decreases from 23.5 to 12.7 wt.-% in the
range of 550 to 700 ◦C. The char yield is influenced by both the carbohydrate composition
and the ash content of the pyrolyzed biomass. Although the final char yield of cellulose
and hemicellulose is considerably lower than that of Kraft lignin (cf. Fig 2.7), the char
yield for both lignins has the same magnitude. This same magnitude can be explained
by the substantially higher ash content of hydrolysis lignin compared to Kraft lignin,
i.e. 11.3 wt.-% compared to 1.1 wt.-%, respectively.

Both lignin gas yields increase with temperature due to more intense cracking at rising
temperature. In the considered temperature range the gas yield increases from 15.6 to
42.4 wt.-% and from 17.2 to 32.7 wt.-% for hydrolysis and Kraft lignin, respectively. The

84
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



Pyrolysis results

total gas yield of hydrolysis lignin pyrolysis is 4 to 10 wt.-% higher than that of Kraft
lignin. This difference can also be attributed to the higher carbohydrate content of the
hydrolysis lignin and is discussed in detail below.

6.2.1.2 Recovery rate and error discussion

Figure 6.12 additionally shows the recovery rate, which is defined as

XRR = Ychar + Yoil + Ygas . (6.6)

It can be seen that the recovery rate for the experiments with Kraft lignin is with 84.7 to
93.1 wt.-% up to about 20 wt.-% higher than that of the hydrolysis lignin experiments.
Possible losses not included in the mass balance (cf. Section 4.3) might be solid, liquid
or gaseous products. Solid char that is entrained from the secondary cyclone is not
considered by the material balance. The entrained solids enter the scrubber where they
are retained in the liquid phase, as downstream in the electrostatic precipitator and
heated filter of QIR2 (cf. Figure 4.6) no solids were found. For determination of solids
found in the scrubber, the scrubber sump was analyzed. After pyrolysis usually two
immiscible phases developed. The aqueous phase was filtered, whereas the tarry phase
was Soxhlet extracted with acetone. For the Soxhlet extracted phase both the residue of
the extraction and the oil-acetone solution filter residue was analyzed. During few Kraft
lignin pyrolysis experiments some char particles were found in the scrubber sump. But
during most experiments, the tarry phase totally dissolved in acetone and in the aqueous
phase no particles were found. From the scrubber sump of hydrolysis lignin pyrolysis,
solids with a yield of in total 1 to 3 wt.-% could be found. The Soxhlet extraction residue
of the tarry scrubber phase has the composition of char. This finding indicates that
some char was indeed entrained and retained in the tarry scrubber phase for hydrolysis
lignin. The filter residue of the aqueous phase had typical brown (Kraft) lignin color and
an intermediate composition between oil and char. SEM images revealed that the filter
residue consists mainly of spherical particles with particle size of 0.5 to 10 μm. Hence,
it can be concluded that some liquid product called pyrolytic lignin precipitates in the
scrubber sump to form these solidified droplets. Further information on pyrolytic lignin
can be found elsewhere [46, 188, 321].

For determination of gas yield and composition both online measurements and gas sample
bags were taken. In most instances, there is a good agreement between both methods.
But H2 is only measured for some experiments (detailed discussion below) leading to
a recovery rate reduction of less than 1 wt.-%. The overall balancing and gas analytic
procedure was validated by two experiments at pyrolysis conditions (650 ◦C) without
lignin feeding, but with analogous sampling. By adding a known amount of tracer gas
(CO2) to the fluidizing gas and determination of the CO2-recovery rate it was shown that
the gas balance can be determined within an error of 6 % [322].

Also, the overall oil balancing scheme (cf. Section 4.3.2) was validated by the two
experiments without lignin feeding. Next to the above-described CO2-addition, also a
known amount of water was injected into the circulating fluidized bed. The downstream
sampling with subsequent KFT analysis revealed that the oil yield can be determined
with an error of about 20 % [322]. The error is larger than for gas because of the relatively
small sampling rate of about 0.5 %. During liquid sample characterization of lignin
pyrolysis, both the distillate from rotary evaporation (path 1 & 2b) and distillation (path
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2a) in Figure 4.10 showed no detectable amount of pyrolysis products (determined by head
space GC). Oil sample preparation (cf. steps in Figure 4.10) and subsequent GC analysis
were tested and enhanced by adding exactly known amounts of both typical phenolic
decomposition products and the internal standard (fluoranthene) to an isopropanol
sample and successive three-point calibration. With the determined recovery rates for
the single decomposition products the preciseness of chromatographic quantification
could be improved [322]. But due to the chosen analysis procedure, not all low boiling
alcohols (most importantly CH3OH) – due to the lower boiling point of CH3OH compared
to isopropanol – might be accounted for; contributing to an incomplete mass balance
with an error in the magnitude of 1 to 2 %. For example, Nunn et al. [126] found the
methanol yield of MWL pyrolysis to be in the magnitude of 1.5 wt.-%. The water content
of the pyrolysis oils can only be determined for experiments where solely N2 is used
as the fluidizing medium. The water content was determined for the hydrolysis lignin
pyrolysis experiments V88 (600 ◦C) and V91 (500 ◦C) as well as for Kraft lignin pyrolysis
experiment V89 (650 ◦C). The resulting yields of water are 28.1 wt.-%, 25.2 wt.-%, and
10.7 wt.-%, respectively. These water yields correspond to a total recovery rate for these
three experiments of 98.3 wt.-%, 102.8 wt.-% and 95.4 wt.-%. The overall mass balance
can thus, especially for hydrolysis lignin pyrolysis, be closed mainly by reaction water.
This conclusion is also supported by literature data and the atomic H/O-ratio of the loss
which is close to 2 for hydrolysis lignin. In literature, for example, the pyrolysis of wheat
straw lignin, with a purity of about 80 wt.-%, in a centrifuge reactor yielded 10 wt.-%
reaction water [124]. This reaction water is predominantly believed to originate from
dehydration reactions, i.e. from hydroxyl groups [119, 323].

6.2.1.3 Product composition and component yields

Char composition
Char ultimate and proximate analyses of selected samples are listed in Table 6.4. For every
pyrolysis temperature and both lignins the chars obtained from the fluidized bed directly
(BM) and from the secondary cyclone (C2) have been analyzed. Especially for Kraft lignin
it can be observed that the char content in the bed material correlates with the amount
of lignin fed into the CFB reactor (cf. also Table 4.7). But due to the high amount of
quartz sand in the samples, it is difficult to obtain good analyses for the ultimate char
composition. Specifically, the oxygen content, which is calculated by difference, can only
be calculated with a relatively large error. Here the char’s particle morphology (cf. Section
6.1) is beneficial. Kraft lignin char contains char layer fragments which are smaller than
the quartz sand particle size and hydrolysis lignin char contains particles smaller and larger
than the lower and upper particle size distribution boundaries of the quartz sand. From
evaluation of the distributions for Kraft lignin char C2 < 71 μm and for hydrolysis lignin
char C2 < 71 μm and BM > 710 μm were used (cf. Fig. 6.1). Therefore, from sieving in
most cases relatively pure char samples could be obtained. For example, the secondary
cyclone material from experiment 78 has an inert content of 12.8 wt.-%, which is quite close
to the theoretical value of 5.3 wt.-% (assuming that the total amount of ash remains in
char: wash,L/Ychar · 100). For hydrolysis lignin char this theoretical value (about 50 wt.-%
ash content) lies in between the inert content values of BM > 710 μm and C2 < 71 μm.
Due to the better and visually perfect separation of large char particles from quartz sand
it can be expected that the smaller value (30 to 40 wt.-%) is close to or equal to the
hydrolysis lignin char’s ash content. The influence of temperature on char composition
(i.e. especially the content of hydrogen and oxygen) is further depicted in Fig. 6.13 and
discussed below.
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Table 6.4: Ultimate and proximated analyses for selected char samples

exp. lignin sample ϑ mass fraction wt.-%, dry basis
no. type ◦C C H O† N S I‡ M�

78 KL BM 550 10.23 0.10 0.52 0.03 0.13 89.0 0.0
78 KL C2 550 30.85 0.40 1.57 0.08 0.40 66.7 0.1
78 KL C2 < 71 μm 550 80.02 1.86 4.07 0.22 1.05 12.8 1.7
63 KL BM 600 6.53 0.15 0.29 0.11 0.07 92.8 0.5
63 KL C2 600 12.31 0.35 0.55 0.13 0.15 86.5 0.8
63 KL C2 < 71 μm 600 81.07 1.40 3.60 0.24 1.05 12.6 2.2
89 KL BM 650 19.67 0.10 1.03 0.10 0.25 78.8 0.3
89 KL C2 650 38.10 0.50 2.00 0.12 0.51 58.8 0.0
89 KL C2 < 71 μm 650 80.30 1.82 4.22 0.25 1.08 12.3 1.8
64 KL BM 700 1.59 0.02 0.03 0.09 0.03 98.2 0.1
64 KL C2 700 3.69 0.07 0.07 0.09 0.07 96.0 0.2
64 KL C2 < 71 μm 700 22.63 0.16 0.43 0.06 0.44 76.3 1.3
91 HL BM 500 7.26 0.25 1.03 0.15 0.01 91.3 0.0
91 HL C2 500 17.16 0.79 3.83 0.37 0.05 77.8 0.0
91 HL BM > 710 μm 500 58.10 2.00 8.23 1.20 0.10 30.4 0.0
91 HL C2 < 71 μm 500 36.70 1.70 8.20 0.80 0.10 52.5 0.0
88 HL BM 600 6.46 0.15 0.58 0.14 0.01 92.7 0.0
88 HL C2 600 18.68 0.50 3.33 0.43 0.12 76.9 0.0
88 HL BM > 710 μm 600 59.30 1.40 5.32 1.30 0.10 32.6 0.9
88 HL C2 < 71 μm 600 30.30 1.00 5.40 0.70 0.20 62.4 0.3
90 HL BM 700 4.64 0.05 0.28 0.08 0.02 94.9 0.0
90 HL C2 700 19.19 0.20 2.23 0.33 0.07 78.0 0.0
90 HL BM > 710 μm 700 54.00 0.60 3.22 0.90 0.20 41.1 0.2
90 HL C2 < 71 μm 700 29.50 0.50 3.43 0.50 0.10 66.0 0.0

†by difference; ‡inert (quartz sand and ash); �M: Moisture, as received

Figure 6.13 shows the composition of pyrolysis char in comparison to lignin feedstock and
pyrolysis oil in the van Krevelen [324] diagram. The values for char have been calculated
from average values of all experiments obtained at the same temperature. Due to the
improved accuracy the sieved char samples BM > 710 μm and C2 < 71 μm are used.
Kraft lignin has a lower O/C- and H/C-ratio than hydrolysis lignin; as carbohydrates
contain more oxygen and hydrogen than lignin (cf. Table 4.4). The result is that the Kraft
lignin char also has lower O/C- and H/C-ratios than hydrolysis lignin char. The trend for
pyrolysis char is similar to that of pyrolysis oil. With rising pyrolysis temperature and
with lower oxygen and hydrogen content in the lignin feedstock the carbonization degree
increases. However, both H/C- and O/C-ratio of pyrolysis char are much lower than of
pyrolysis oil. Furthermore, it can be seen that the carbonization degree of the hydrolysis
lignin bed material is higher than that of the secondary cyclone material due to the longer
residence time of the bed material at pyrolysis conditions. As the high content of inert
sand in the bed material made the determination of the char composition difficult, for
Kraft lignin only secondary cyclone material is depicted. However, it can also be expected
for Kraft lignin that the carbonization degree of char contained in the bed material is
higher than for the char contained in secondary cyclone material. These findings are in
good agreement with the composition of Kraft lignin char (cf. also Fig. 6.13) produced
in a tubular reactor at 150 to 550 ◦C [123]. The Kraft lignin char carbonization degree
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in the tubular reactor also increases with rising temperature. However, the carbonization
degree of this Kraft lignin char is lower than in the circulating fluidized bed, which can
be explained by a shorter residence time of 10 min and possibly a lower heating rate.
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Figure 6.13: van Krevelen diagram for Kraft lignin (empty symbols) and hydrolysis lignin
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bed material with color code: rising temperature
Literature data: †alkali lignin char depending on pyrolysis temperature (lignin upmost right symbol
to lignin char at 550 ◦C lowermost left symbol) [123]; ‡[325]; �[326]

Oil composition and component yields
The pyrolysis oil, sampled as described in Section 4.2.1, consists of both monomeric and
oligomeric constituents. Approximately more than 80 % of both lignin oils are oligomeric
substances. But it is quite challenging to analyze the oligomeric fraction in detail [46].
Thus, only few research is carried out on decoding of oligomeric structures (e.g. [46]).
Instead, usually SEC is used for characterization; same is done here. The monomeric
substances are analyzed by GC (cf. Section 4.2.2). Figure 6.14 (a) shows the two example
chromatograms for side stream sample V78B: the unmodified sample as well as the
silylated sample for quantification of catechols. On average 80 % of the chromatogram
area was identified and quantified. The identified monomeric components are listed in
Table 6.5 and tagged with a component identifier used for labeling in Figures 6.14 and
6.15 and annotation in the following text (bold numbers). Quantification is done from
the chromatogram area information by conversion into yields on lignin weight basis. The
corresponding procedure is explained in section 4.3.2. As described by various authors
[36, 47, 48, 101, 102, 113, 114, 123, 156, 162, 185, 186] the monomeric fraction of the
pyrolysis oil consists of a large number of different components.

The resulting yields of the main aromatic components are shown in the bubble plots
(Figures 6.14 and 6.15), which show the relationship between temperature and retention
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Figure 6.15: Yields of monomeric (a) non-aromatic and (b) aromatic oil compounds for
hydrolysis lignin, component identifier cf. Table 6.5
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time with the bubble area representing the components yield on mass basis. It should
be noted that a small shift in retention time is possible due to analytical reasons. Figure
6.14 (b) displays the aromatics yields for Kraft lignin depending on temperature. It can
be seen that catechols have the highest yields followed by phenols. At 600 ◦C the highest
catechols yields are obtained with 1.9 wt.-% 8 catechol, 1.4 wt.-% 10 4-methyl-catechol,
and 1.0 wt.-% 4 dimethyl- or ethyl-benzenediol. In total that amounts to 4.7 wt.-%
catechols. For phenols, which predominantly have alkyl side groups, also an optimum
can be observed at 600 ◦C. The corresponding highest component yields are 0.3 wt.-%
and 0.2 wt.-% for 30 phenol and 38 2,4-dimethyl-phenol, respectively. Guaiacols are
only found at temperatures ≤ 600 ◦C with a yield decreasing with increasing temper-
ature. The yields of 66 guaiacol (0.16 wt.-%) and 67 4-methyl-guaiacol (0.12 wt.-%)
are the biggest at 550 ◦C. The overall yield of guaiacols at 550 ◦C is 0.33 wt.-%. With
rising temperature the yields of benzenes rise (to 0.45 wt.-% at 700 ◦C), resulting
in a maximum of 0.1 wt.-% 188 indene and 0.05 wt.-% 175 styrene at 700 ◦C. No sy-
ringols and only a few other aromates have been found for Kraft lignin (cf. also Fig. 6.16b).

Table 6.5: List of identified monomers in pyrolysis oils: component identifier and chemical
classification

id. component cl.† id. component cl.†

1 methylhydroquinone,
bis(trimethylsilyl) ether C 147 furaldehyde, 2- F

2 silyl. hydroquinone C 148 furan-2-one, 5-methyl-, (5H)- F
3 silyl. catechol, propenyl- C 151 furaldehyde, 5-methyl-2- F
4 silyl. benzenediol, dimethyl- or ethyl- C 153 furan-2-one, 3-methyl-, (5H)- F
5 silyl. catechol, allyl- or propenyl- C 154 furan-2-one, 4-methyl-(5H)- F
7 silyl. catechol, vinyl- C 155 butyrolactone, ?- F
8 silyl. catechol C 156 furanone derivative F
9 silyl. catechol, 3-methyl- C 157 furaldehyde, 5-(hydroxymethyl)-, 2- F

10 silyl. catechol, 4-methyl- C 158 ethanone, 1-(2-furanyl)- F
11 silyl. catechol, ethyl- or dimethyl- C 160 2(3H)-furanone, dihydro-4-hydroxy- F
12 silyl. benzenetriol C 161 furan-2-one, 2,5-dihydro-3,5-dimethyl- F
13 silyl. catechol, C3- C 162 furan-2-one, 2,3-dihydro-5-methyl- F
20 benzaldehyde, 2-hydroxy AAl 163 furandione-2,5-, 3-methyl- F
22 benzaldehyde AAl 164 furandicarboxaldehyde, 2,5- F
26 acetophenone AK 165 lactone derivative F

27 acetophenone, 3-hydroxy- AK 166 isom. of furan-2-one, 2,5-dihydro-3,5-
dimethyl- F

28 acetic acid, phenyl ester AE 167 furancarboxylic acid, methyl ester, 3- F

30 phenol P 168 2H-pyran-3(4H)-one, dihydro-6-
methyl- F

31 cresol, o- P 169 furfuryl alcohol, 2- F
32 cresol, m- P 170 toluene, 3-ethyl- B
33 cresol, p- P 174 benzene, 1-propenyl- B
34 phenol, 4-propenyl-(cis) P 175 styrene B
36 phenol, 2,3-dimethyl- P 181 1H-indene, methyl- B
37 phenol, 2,4,6-trimethyl- P 184 1H-indene, dimethyl- B
38 phenol, 2,4-dimethyl- P 185 1H-indene, ethyl- B
39 phenol, 2,5-dimethyl- P 186 1H-indene, ethyl- or dimethyl- B
40 phenol, 2,6-dimethyl- P 188 indene B
41 phenol, 2-ethyl- P 191 1H-indene, 2,3-dihydro-dimethyl- B
44 phenol, 3,5-dimethyl- P 195 benzene, 1-ethenyl-4-methyl- or indane B
45 phenol, 3-ethyl- P 196 benzene, 1-ethenyl-2-methyl- B
46 phenol, 3-methoxy-5-methyl- P 197 benzene, 2-propenyl- B
47 phenol, 4-ethyl- P 199 naphthalene B
48 phenol, 4-vinyl- P 201 naphthalenol, 2- B
50 phenol, dimethyl-ethyl- P 203 naphthalene, 2-methyl- B
52 phenol, ethyl-methyl- P 204 naphthalene, 1-methyl- B
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Table 6.5: (continued)
id. component cl.† id. component cl.†

56 poss: phenol, allyl- or propenyl- P 206 benzene (allyl- or propenyl) B
62 phenol, 4-propenyl-(trans) P 208 naphthalenol, methyl- B
66 guaiacol G 210 benzofuran, methyl- B
67 guaiacol, 4-methyl- G 211 inden-1-one, 2,3-dihydro-1H- B
68 guaiacol, 4-ethyl- G 212 benzofuran, 7-methyl- B
69 poss: guaiacol, 3-ethyl- G 213 1H-indene, 2,3-dihydro-methyl- B
70 guaiacol, 4-vinyl- G 214 benzofuran, methyl- B
72 guaiacol, 4-propyl- G 215 benzene, (1-methylethenyl)- B
73 guaiacol, 4-propenyl-(cis) G 222 benzene, ethyl-methyl- B
74 guaiacol, 4-propenyl-(trans) G 223 benzene, ethyl-dimethyl- B
75 vanillin G 228 benzofuran, dihydro- B

76 phenylethanone, 4-hydroxy-3-
methoxy- G 229 benzofuran, ethyl- B

78 syringol Sy 231 poss: biphenyl B
79 syringol, 4-methyl- Sy 234 C10H10 (unsat. benzene compound) B
80 syringol, 4-ethyl- Sy 235 fluorene B
81 syringol, 4-vinyl- Sy 236 fluorene, 2,4a-dihydro- B
83 syringol, 4-propyl- Sy 237 phenanthrene B
84 syringol, 4-(1-propenyl)-(cis) Sy 240 benzofuran, 2-methyl- B
85 syringol, 4-(1-propenyl)-(trans) Sy 243 poss: benzene, (2-methyl-1-propenyl)- B
86 syringaldehyde Sy 250 xylene, m- B
87 syringyl acetone Sy 251 xylene, o- B
88 levoglucosan S 252 xylene, p- B
89 anhydro-β-D-xylofuranose, 1,5- S 256 naphthalene, tetramethyl- B
92 dianhydro-α-D-glucopyranose, 1,4:3,6- S 259 1H-indene, ethyl-methyl- B
93 anhydrosugar (unknown) S 260 benzofuran B
96 2,3-anhydro-d-mannosan S 261 benzofuran, 2,3-dihydro- B
97 pyridine N 265 isomere of styrene B

101 benzyl nitrile N 277 cyclopenten-1-one, 2-methyl-2- K
103 pyridinol, 3- N 278 cyclopenten-1-one, 3-methyl-2- K
113 pyran-2-one, 2H- Py 280 acetol (Hydroxypropanone) K
114 maltol Py 281 butanone, 1-hydroxy-2- K
118 decene, 1- K 283 acetoin (hydroxy-2-butanone, 3-) K
119 dodecene, 1- H 288 cyclopentanone K
120 undecene, 1- H 289 cyclopenten-1-one, 2- K
122 tetradecene, 1- H 291 cyclopenten-1-one, 2-hydroxy-2- K

123 pentadecene, 1- H 292 cyclopenten-3-one, 2-hydroxy-1-
methyl-1- K

124 hexadecene, 1- H 293 cylopenten-1-one, 3-ethyl-2- K
125 nonadecene, 1- H 295 cyclopentene-1,3-dione, 4- K

126 unknown aliphatic compound H 296 isom. of 2-cyclopenten-1-one, 3-
methyl- K

127 unknown alkene H 300 heptadecanone, 2- K
129 acetaldehyde, hydroxy- Al 301 acetonylacetone (hexandione, 2,5-) K

130 butyraldehyde, x-hydroxy-oxo- Al 323 propane, 2,2’,2”-[methylidyne-
tris(oxy)]tris- M

134 acetic acid Ac 324 dimethyl sulfoxide M
135 propionic acid Ac 325 propane, 2,2’-[methylenebis(oxy)]bis- M
136 2-propenoic acid Ac 327 tetrahydrophthalic anhydrid M
137 butyric acid Ac 335 ethyleneglycol Alc
142 vinylfuran F 342 propane, 2,2’-[ethylidenebis(oxy)]bis- M
146 furanone, 2(5H)- F
†AAl: aromatic aldehydes, Ac: acids, AE: aromatic esters, AK: aromatic ketones, Al: aldehydes (non-
aromatic), Alc: alcohols (non-aromatic), B: benzenes, C: catechols, F: furans, G: guaiacols, H: hydrocar-
bons, K: ketones (non-aromatic), M: miscellaneous, N: N-compounds, P: phenols, Py: pyrans, S: sugars,
Sy: syringols
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On the contrary, the pyrolysis of hydrolysis lignin yields also a considerable amount
of syringols and a larger number and yield of guaiacols (Fig. 6.15 (b)). This larger
product spectrum is caused by the lignin origin (cf. Section 2.1.2: Kraft lignin from
softwood is a G-lignin, whereas hydrolysis lignin from wheat straw is a GSH-lignin).
With rising temperature functional groups (mainly −OCH3 and −OH) are cleaved from
the aromatic rings, thus the amount of guaiacols in the pyrolysis oil of both lignins
and of syringols in hydrolysis lignin oil decrease with rising temperature. Therefore,
syringols can only be found at 500 ◦C and guaiacols are substantially decreased in yield
from 500 to 600 ◦C. It is, for example, believed that catechols form from primary
homolysis of guaiacols and syringols [327]. The main guaiacols and syringols at 500 ◦C
are 70 4-vinyl-guaiacol (0.26 wt.-%), 66 guaiacol (0.13 wt.-%), 78 syringol (0.14 wt.-%),
81 4-vinyl- and 85 4-(1-propenyl)-(cis)-syringol (both 0.13 wt.-%). Above 600 ◦C the
yields of catechols for both lignins and phenols for Kraft lignin decrease. Thus at these
elevated temperatures dehydration reactions are favored. The main catechols found in
hydrolysis lignin oil are 8 catechol and 10 4-methyl-catechol with a yield of 0.46 wt.-% and
0.23 wt.-%, respectively. Furthermore, the demethoxylation and scission of R−OH bonds
are also the reason for the increase of benzenes yield with rising pyrolysis temperature.
Next to 188 indene and 175 styrene (0.04 wt.-% and 0.01 wt.-%) also 199 naphthalene
(0.03 wt.-%) is a product of hydrolysis lignin pyrolysis at 700 ◦C. The yield of phenols is
highest at 600 ◦C. The main phenolic products at 600 ◦C are 48 4-vinyl-phenol and 30
phenol with yields of 0.31 wt.-% and 0.18 wt.-%, respectively. It can be observed that the
Kraft lignin oil contains less different catechols and guaiacols than the hydrolysis lignin oil.

Aromatic monomers found in pyrolysis oils originate from the cleavage of the intercon-
nections between the aromatic components contained in the lignin structure but not from
carbohydrates. Therefore, it is useful to compare also the yields of monomeric aromatics
on the basis of pure lignin (Yi/wL), shown in Fig. 6.16. As the hydrolysis lignin has a
purity of about 49 wt.-% the yield based on pure lignin is about twice as high compared
to feed lignin basis. Fig. 6.16a depicts the values for catechols, phenols, and benzenes.
Although the total yield on feed basis of phenols is higher for Kraft lignin (at ϑ ≥ 600 ◦C),
the yield is higher on pure lignin basis for hydrolysis lignin. Furthermore, it can be seen
in Fig. 6.16b that at 500 ◦C and 550 ◦C the yields of guaiacols, syringols, and phenols for
hydrolysis lignin and guaiacols and phenols for Kraft lignin have the same magnitude,
respectively. However, from Kraft lignin fewer phenols and guaiacols are formed. Either
the presence of carbohydrates or the different lignin structure, containing e.g. syringols is
thus beneficial for the formation of phenols, guaiacols, and syringols. De Wild at al. [29]
pyrolyzed wheat straw lignins of high purity (≥ 92.7 wt.-%) in a fluidized bed at 500 ◦C.
The yields of guaiacols, syringols, alkylphenols and catechols were found to be 2 wt.-%,
0.8 to 1 wt.-%, 0.4 to 0.5 wt.-% and 0.4 to 0.5 wt.-%. Compared to the yields on pure
lignin basis in Figure 6.16 – with exception of guaiacols – a higher yield was obtained
in CFB pyrolysis. The higher yield could be attributed to the presumably lower vapor
residence time in the CFB system, a different lignin structure, or the beneficial influence
of carbohydrates contained in the hydrolysis lignin.

The number of chemical compounds in the pyrolysis oil is much higher for hydrolysis lignin
compared to Kraft lignin due to the components originating from the larger carbohydrate
content of the hydrolysis lignin. While the oil components of carbohydrate origin in Kraft
lignin are of negligible number and yield – with one exception, discussed below – they
have to be considered for hydrolysis lignin. Figures 6.15 (a) and 6.17 show the yields the
compounds from carbohydrate origin in dependence on pyrolysis temperature. In Figure
6.15 (a) the quantified components are roughly grouped in furans, acids, hydrocarbons
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Figure 6.16: Yields (based on pure lignin, i.e. scaled by lignin content wL) of aromatic
groups for Kraft and hydrolysis lignin

(alkenes and alkanes), non-aromatic ketones, sugars, unknown components (which could
not be identified by the available in-house and NIST standards), and others (pyrans,
nitrogen-containing compounds, non-aromatic esters, alcohols and aldehydes). In Figure
6.17 the yields of sugars, heterocyclic (furans and pyrans) and non-aromatic compounds
(acids, hydrocarbons (alkenes and alkanes) and non-aromatic ketones, esters, alcohols,
and aldehydes) are depicted. As mentioned above, the number and yield of non-aromatic
components in Kraft lignin oil are very small except for 1-propanol, which is the component
increasing the non-aromatic compounds yield in Fig. 6.17 (a) from 0 to 1.87 wt.-%. The
alcohol 1-propanol might form from the alcoholic side chains of the phenylpropane (C9)
subunits coumaryl and coniferyl alcohol. For hydrolysis lignin, on the other hand, a steep
yield decrease of sugars, non-aromatic and heterocyclic compounds can be observed with
increasing temperature: 1.94 to 0.24 wt.-%, 2.73 to 1.02 wt.-% and 1.29 to 0.17 wt.-%,
respectively. The component in hydrolysis lignin pyrolysis oil with the highest yield is
88 levoglucosan with 1.62 wt.-% at 600 ◦C. Of the non-aromatic compounds in Fig. 6.17b
ketones, acids, and aldehydes have the highest yields. The main components are 280 acetol,
289 2-cyclopenten-1-one, 292 2-hydroxy-1-methyl-1-cyclopenten-3-one, 134 acetic acid,
135 propionic acid, and 129 hydroxy-acetaldehyde. The corresponding maximum yields
(at 500 ◦C) are 0.77 wt.-%, 0.13 wt.-%, 0.13 wt.-%, 0.36 wt.-%, 0.1 wt.-% and 0.38 wt.-%,
respectively. The yields of hydrocarbons and acids are highest at 600 ◦C. The main alcohol
in hydrolysis lignin oil is 335 ethyleneglycol with constantly 0.15 wt.-%. The heterocyclic
compounds consist up to about 85 % of furans, the remaining 15 % are pyrans. 146 2-
(5H)-furanone and 157 5-(hydroxymethyl)-,2-furaldehyde are most prevalent furans with
yields of 0.19 wt.-% and 0.17 wt.-%, respectively.

Applicability of pyrolysis oil
Figure 6.13 shows the composition of pyrolysis oil in comparison to lignin and char in
the van Krevelen diagram. The O/C-ratio of pyrolysis oil depends on the feedstock
composition and pyrolysis temperature (Figure 6.13). It can be seen that hydrolysis lignin
oil has a higher O/C-ratio than pyrolysis oil derived from Kraft lignin. During pyrolysis
of hydrolysis lignin more deoxygenation reactions proceed, resulting in a higher decrease
of O/C-ratio, but as more oxygen is contained in hydrolysis lignin than in Kraft lignin the
final O/C-ratio in hydrolysis lignin oil is higher. An increase in pyrolysis temperature de-
creases both O/C- and H/C-ratio due to intensified cracking conditions. This composition
is of importance for applicability as besides the high water content low aliphatic content,
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Figure 6.17: Yields of non-aromatic groups for Kraft and hydrolysis lignin

high viscosity, and high molar weight of pyrolysis oil, it’s high oxygen content is the major
impediment to technical application [328]. Especially the high oxygen content affects the
bio-oil stability negatively, due to the tendency of pyrolysis oil separation into two phases
as well as pyrolysis oil oxidization at high oxygen content (stability issue). In principle
biomass pyrolysis oil can be utilized as co-feedstock of conventional crude oil refineries
[329, 330]. Nevertheless, the oxygen content is significantly higher in the lignin bio-oil
than in crude oil (cf. Figure 6.13) and thus stabilization by deoxygenation of oxygenated
compounds such as acids, aldehydes, esters, phenolics, furanics and oxygenated oligomers
[331, 332] is desirable. Unfortunately, the high diversity of bio-oil composition is a major
problem in accomplishing this aim [333]. Therefore, the research activity in upgrading
techniques has increased recently [334–336]. Three main catalytic upgrading techniques
have been identified and are currently investigated for oxygen removal of pyrolysis oil
[337]. These techniques are hydrodeoxygenation (HDO) [338–341], hydrogenation, and
condensation reactions [342–344]. The condensation reactions proceed without addition
of hydrogen, whereas hydrodeoxygenation and hydrogenation need the supplement of
hydrogen. Hydrodeoxygenation and hydrogenation are expensive due to the high H2
demand. Furthermore, the ecological benefit of the bio-oil production route is reduced
as today about 96 % of hydrogen is produced from fossil fuels [345]. This situation may
change in the future, when more hydrogen is produced from renewable sources [346]. The
condensation reaction pathways, i.e. ketonization, aldol condensation, and acid-catalyzed
esterification are accompanied by the release of water and if so CO2. Hydrodeoxygenation
(HDO) releases oxygen as water by means of hydrogen addition, whereas hydrogenation
saturates double bonds in organic acids (ketones), aldehydes and alkenes. Therefore,
hydrodeoxygenation, hydrogenation and/or condensation might be promising catalytic
upgrading steps for pyrolysis oil.

Gas composition and component yields
Figure 6.18 shows the average gas component yields for the two lignins in dependence
of the temperature. For Kraft lignin, the hydrogen content was not measured for all
experiments. Therefore, the hydrogen yield is not depicted for Kraft lignin, but at 650 ◦C
a H2 yield in the range of 0.1 to 0.9 wt.-% was determined. At 700 ◦C no gas sample bag
was taken, thus only the integral hydrocarbon yield is given. The gas yield of hydrolysis
lignin is higher than that of Kraft lignin. It can be observed that the difference in total
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yield comes mainly from a CO yield that is about 35 % higher at 600 and 700 ◦C for
hydrolysis lignin. The higher CO yield can be attributed to the higher cellulose content of
hydrolysis lignin. Cellulose has a higher carbonyl content than the other two main biomass
components and CO is mainly formed from cracking of carbonyl COC and carboxyl C−−O
groups [102, 119]. While the CO yield does significantly increase from about 6 to 25 wt.-%
for hydrolysis lignin and from 8 to 15 wt.-% for Kraft lignin, the CO2 yield is not affected
to a large extent for either lignin in the considered temperature range, as no clear trend
can be observed. The CO2 fluctuates in a range of 5.5 to 10.4 wt.-% for Kraft and 6.9
to 8.4 wt.-% for hydrolysis lignin. CO2 is formed mainly from cracking and reforming of
carboxyl C−−O and COOH functional groups [102]. Other main permanent gas components
are the hydrocarbons methane, ethene, ethane, propene, propane, and a low amount of
acetylene, which are assumed to form from mainly aliphatic and alicyclic (lignin) moieties
[119]. But CH4 is the largest hydrocarbon fraction. It is the main degradation product
of methoxy–O−CH3 and methyl side groups which are more frequent in lignin (compared
to cellulose and hemicellulose) [347]. For both lignins, the hydrocarbons yield increases
with rising temperature from 2.3 to 7.2 wt.-% and from 2.0 to 7.3 wt.-% for Kraft and
hydrolysis lignin, respectively. This yield conformity, at first sight, indicates that the
evolution of hydrocarbons is not majorly affected by lignin composition in this work.
But in contrast to these findings, Qu et al. [102] stated that most CH4 is generated in
lignin pyrolysis when compared to xylan and cellulose. Qu et al. [102] found the CH4 gas
fraction in lignin pyrolysis gas to be up to four times higher compared to cellulose and
hemicellulose. Furthermore, it was found that the gas composition is affected by different
biomass composition and therefore a biomass (mixture of cellulose, hemicellulose, and
lignin), when pyrolyzed, might produce a different gas than the sum of its components
[225].
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Figure 6.18: Yields of pyrolysis gas components for Kraft lignin (solid) and hydrolysis
lignin (dashed)

Additionally, the lignin composition could be a reason for the similar hydrocarbons
evolution for both lignins. Although the hydrolysis lignin has a much lower purity, straw
lignin has – due to its structure, which contains more syringols – a higher content of
methoxy side groups. The content is in the magnitude of 1.2 MeO/C9 for lignin from
grasses and 0.9 MeO/C9 for softwood lignin [348]. Thus, it can be expected that partly
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more CH4 is formed from the lignin in hydrolysis lignin counterbalancing the lower lignin
purity. With rising pyrolysis temperature for hydrolysis lignin the H2 yield increases
from below detection limit to 0.7 wt.-% at 700 ◦C, which has the same magnitude as the
determined range of Kraft lignin H2 yield at 650 ◦C. It is believed that at lower tempera-
tures, analogously to coal pyrolysis, aliphatic and alicyclic hydrogen is released in form of
cracked light hydrocarbons, whereas at T>500 ◦C molecular H2 is released due to conden-
sation and rearrangement of aromatic rings [119]. This finding is in good agreement with
the decreasing H/C-ratio (increasing carbonization) of the produced char (cf. Figure 6.13).

The effect of pyrolysis temperature on product gas composition is also shown in Figure
6.19. The volume fraction of the main components CO, CO2, and CmHn is depicted as
determined by online measurement. The hydrogen volume fraction can be up to 20 vol.-%
at 650 ◦C for Kraft and 700 ◦C for hydrolysis lignin, respectively. But, it is not included
in Figure 6.19 as no data is available for Kraft lignin at 550, 600, and 700 ◦C. For Kraft
lignin the CmHn yield rises with increasing pyrolysis temperature as more oil molecules
are cracked. Therefore, the volume fraction of CmHn rises by about 30 %. The increase of
CmHn yield has the same magnitude as the gas yield so that the volume fraction does not
change significantly. The same is true for CO during pyrolysis of Kraft lignin, whereas the
volume fraction of CO does increase for hydrolysis lignin due to its higher carbohydrate
content. The CO2 volume fraction does decrease for both lignins. The decrease in the
considered temperature range for Kraft lignin is 25.8 to 18.8 vol.-% and for hydrolysis
lignin 33.6 to 12.9 vol.-%.
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6.2.2 Influence of char holdup
In this section, the influence of the duration of the pyrolysis experiment is discussed.
The SPE pyrolysis plant works semi-continuously, i.e. lignin is fed into and the gaseous
pyrolysis products are removed from the riser reactor continuously, while the char
partly remains in the CFB system (cf. Section 6.1). Therefore, char accumulates
with rising amount of lignin fed into the system in the bed material. This accumu-
lation has an influence on the pyrolysis product distribution. As the char holdup
in the CFB reactor cannot be measured in-situ, but only be determined at the end
of each experiment, the accumulated lignin feed is used for illustration of the phenomenon.

Figure 6.20a shows the char, gas, and total liquid (oil and water) yield dependency
on accumulated lignin feed for three selected experiments at 650 ◦C. The char yield is
determined after each experiment giving the points in Figure 6.20a. The fitted char yield
from Figure 6.9a (converted to accumulated lignin feed) gives the dashed line, which fits
the data points of the three experiments well. The line represents the trend for the char
yield, which increases with the rise of accumulated lignin feed. The increase is 95.7 %
from 12.3 wt.-% within the range of 1 to 5 kg. The gas yield shows an average increase
from 27.9 to 36.7 wt.-% within the same range. Subtracting the measured gas yield and
the obtained fit for the char yield (cf. Fig. 6.20a) from 100 wt.-% gives the oil yield shown
in the figure. As both gas and char yield increase with accumulated lignin feed, the oil
yield decreases by in average 58 % from 59.8 wt.-% within this range.
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Figure 6.20: Yields (instantaneous) of oil (filled symbols), gas (empty symbols), and char
(gray symbols, Kraft lignin only) depending on accumulated lignin feed

Figure 6.20b shows a similar picture for hydrolysis lignin. Depicted are the yields of oil
and gas for three experiments at 500, 600 and 700 ◦C. Again the gas yield increases,
whereas the oil yield decreases with rising amount of lignin fed into the reactor. But the
absolute change is considerably lower for hydrolysis lignin. In the range of 1 to 5 kg, the
gas yield increases by 0.5 to 5 wt.-% and 6.5 to 12.6 wt.-% and the oil yield decreases
by 3.1 to 9.6 wt.-% and 18.2 to 24.3 wt.-% for hydrolysis and Kraft lignin, respectively.
Although the oil and gas yields in Fig. 6.20b underlie the same trend as for Kraft lignin
– i.e. a higher decrease of oil yield than increase of gas yield with rising amount of lignin
fed into the reactor – no final conclusion can be made on char yield here. Due to the
lower recovery rate XRR of ∼ 70 wt.-% of hydrolysis lignin pyrolysis it is not possible to
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calculate the feeding time dependent char yield by difference. Thus, more experiments
with different amounts of lignin feeding could be carried out to shed light on this issue.
Furthermore, no trend can be seen for the temperature dependency, i.e. different slope of
yield with changing amount of hydrolysis lignin fed and temperature. Only the increase
of gas yield and decrease of oil yield with rising temperature can be observed.

During pyrolysis the accumulation of char in the bed material influences the heat transfer
in the fluidized bed as well as the mineral matter concentration in the bed. The solids
volume fraction and thus the gas residence time are not changed significantly with the
mass of bed material in the riser increasing over time on experiment. Furthermore, it is
unlikely that the heat transfer does change to an extent, which influences the yields of gas
and oil significantly. Partly because of the already very good heat transfer. Nevertheless,
a heat transfer impact can not be entirely excluded. To evaluate the influence of mineral
matter, to answer the question why the impact is bigger for Kraft than for hydrolysis
lignin, and to gain further insight, it is useful to review the inorganic species in the bed
material at higher level of detail.

Table 6.6 lists accumulation factors χi,j = wi,j/wi,L for the measured inorganic species i
in char and oil samples j in relation to the reference value 100/Yj . For interpretation: if
100/Yj = χi,j the inorganic species i is split proportionally to the yield of sample j, if
χi,j is smaller or larger, the species is depleted or enriched in the sample, respectively.
It should be mentioned at this point that the very large values for aluminum and iron
most likely originate from the quartz sand composition (cf. Table 4.6). Comparing
χi,char for hydrolysis lignin pyrolysis (V91, V87, V88, V90) at pyrolysis temperature ϑ
ranging from 500 to 700 ◦C and overall lignin feed mL ranging from 4 to almost 10 kg,
shows that both parameters are insignificant in regard to χi,j . Monomers extracted
from the scrubber sump by methylene chloride (DCM) show negligible inorganics
content, whereas the hydrolysis lignin pyrolysis tar contains mineral matter species
to an amount close to or even larger than the reference value. Although the yield
depending accumulation factor χi,j does not change significantly with the overall lignin
feed mass mL, the absolute mass in the riser and concentration based on riser volume does.

In Section 6.1 it was shown that Kraft lignin does spread and mainly react on the char
coated bed material surface (which increases with increasing mL), while hydrolysis lignin
char particles make up a large quantity of the bed material or stick to the quartz sand
surface. Therefore, with ongoing experiment, i.e. increase of char accumulation, more
catalytically active inorganics become accessible to lignin particles fed into the reactor.
Furthermore, it is notable that the content of Na is larger in Kraft and Ca is larger in
hydrolysis lignin (cf. Table 4.4). Additionally, potassium is present in both lignins in
considerably high content. These three alkaline and alkaline earth metals are known
to be catalytically very important ash substances [164, 170, 171, 178–183]. Hence, the
observed yield developments can mostly be explained by the rising amount of mineral
matter in the bed. The here found influence on the yields of oil and char have also been
shown by various researchers [164–168]. Likewise, an increase of gas yield was identified
previously for some inorganic species. An example is Na+ [178]. In detail, the sulphoxide
or sulphone in Kraft lignin is known to promote lignin depolymerization [42]. Moreover,
potassium has the potential to even almost double the char yield [171]. Likewise, sodium
cations present in lignin increase char yield [178, 179]. Therefore, the more distinct
trends for Kraft lignin can be explained by the different mineral matter content in the
two investigated lignins.
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Table 6.6: Inorganics accumulation in comparison to reference value 100/Yj

sample char (BM + C2) DCM†‡ tar†

value unit \ exp. V91 V87 V88 V90 V81 V87 V87

lignin – HL HL HL HL KL HL HL
ϑ ◦C 500 600 600 700 650 600 600
mL kg 6.343 4.309 9.128 7.344 4.363 4.309 4.309
100/Yj – 4.7 4.7 5.4 5.4 4.8 40.5 13.7
Accum. factor for inorg. species i in sample j: χi,j = wi,j/wi,L
Fe kg/kg 3.0 2.9 3.1 3.7 7.8 < 0.1 9.0
Mn kg/kg 2.3 2.0 2.4 2.0 0.0 0 7.6
Zn kg/kg 2.2 1.4 1.6 1.2 0.0 0.1 40.0
Al kg/kg 9.7 8.2 5.8 18.6 18.5 < 0.2 8.5
Na kg/kg 0 0 2.1 0 2.8 < 0.9 3.2
K kg/kg 0 0 0 0 1.0 – 0
Ca kg/kg 2.5 1.3 2.6 2.8 2.4 < 0.1 8.0
Mg kg/kg 1.4 1.7 2.4 0.0 1.8 < 0.2 7.3
Cu kg/kg 2.3 1.6 1.8 1.9 0 0 58.6
Ni kg/kg 4.6 4.7 4.4 4.6 0 0 23.7
S kg/kg – – – – 1.5 < 0.5 0

† obtained from scrubber, ‡monomers extracted from scrubber sump with methylene chloride
(DCM)

Oil composition and component yields
As the oil yield is affected negatively by the mineral matter contained in the fed lignin it
is self-evident that also the oil composition is influenced by the accumulating pyrolysis
char. Figure 6.21a depicts – in the sequence of accumulated lignin feed, labeled from A to
D – the molar mass distribution of the four oil samples of experiment V81 (Kraft lignin
at 650 ◦C). The oil samples molar mass distribution is shifted to smaller molecular sizes
as the char in the reactor catalyzes diverse cleavage reactions. The oligomeric substances
are cracked to form more monomers and consequently gaseous products. For further
investigation on the impact of catalytically active inorganic char components on the
pyrolysis process, it is further interesting to look into the development of the monomeric
degradation product yields.

Although the overall oil yield decreases, the yield of many monomeric substances
increases. An example are aromatics in Figure 6.21b, which rise for both lignins and have
roughly the same magnitude, despite the much lower content of lignin in the hydrolysis
lignin (cf. Table 4.3). The same magnitude can be explained by the positive effect of
hydrocarbons on aromatics yield.

Figures 6.21c and 6.21d show the yields of catechols, phenols, and benzenes for the
two lignins. The mineral matter in Kraft lignin leads to an increase of phenols and
benzenes yield, whereas the catechols yield is decreased. For hydrolysis lignin also phenols
and catechols are (slightly) increased, whereas the benzenes yield stays constant. The
magnitude is considerably lower for hydrolysis lignin pyrolysis. The reverse catechols
trends (cf. also the yields of the three main catecholic products (catechol, -methyl and
-ethyl or dimethyl) depicted in Figures 6.22a and 6.22b) might be explained by the content
of sodium and potassium, which is higher in Kraft lignin favoring dehydration reactions
and C−O scission [179, 180, 182]. Furthermore, as the yield of phenols increases for
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both lignins, it can be concluded that the inorganics promote demethoxylation (cleavage
of R−OCH3), decarboxylation and scission of C−C bonds, which is supported by the
increasing yield of phenols in the presence of potassium and sodium [171, 179, 180].
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Figure 6.21: Influence of char on molecular weight distribution (a) and instantaneous yields
of different pyrolysis oil monomer groups (b)-(d)

The increase of cresols in Figures 6.22c and 6.22d for both lignins, on the other hand,
shows that demethylation (cleavage of R−CH3) is rather suppressed or at least not
favored to the degree of e.g. demethoxylation or dehydration. After all, sodium is known
to do just that in lignocellulosic biomass pyrolysis [179, 180]. Also, the yields of the
most prevalent guaiacols and syringols in hydrolysis lignin pyrolysis, depicted in Figures
6.22e and 6.22f might be explained by the catalysis induced by the inorganics contained
in the lignin/char, as potassium is known to increase guaiacol and syringol yield [171].
Although some reaction pathways are promoted or favored, whereas others are to some
extent suppressed, all the aforementioned reaction pathways proceed, as the yield increase
of benzenes (Fig. 6.21c) or the overall decrease of oil yield suggest.
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Figure 6.22: Influence of char on aromatic and non-aromatic alcohol monomer yields (in-
stantaneous)
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Also the yields of monomeric non-aromatic oil components are affected by the influence
of mineral matter in char. An example is the yield development of the main alcoholic
components found in the lignin oils. For Kraft lignin the yield of 1-propanol (cf. Fig. 6.22g)
increases with rising temperature but also an increase with increasing amount of fed lignin
can be observed. This increase might be attributed to sodium in −COONa and −CONa
side groups, which have been found to catalytically increase the yields of alcohols [181].
Ethylene glycol (cf. Fig. 6.22h) – the main alcohol found in hydrolysis lignin – in contrary
has the highest yield at the lowest temperature of 500 ◦C. No distinct influence of char can
be observed in this case, which indicates – as both lignins contain considerable amounts
of sodium – that not only the catalytic effect of sodium is important.

Gas composition and component yields
Figure 6.23 shows the gas yield and volume fraction evolution with rising accumulation of
lignin feed for both lignins. For Kraft lignin, three experiments at 650 ◦C are compared.
The yields of CO and CmHn rise constantly, whereas the yield of CO2 rises faster at
lower accumulated Kraft lignin feed (cf. Figure 6.23a). This yield development results in
a CO volume fraction which decreases and a CO2 volume fraction which increases before
becoming almost constant. The volume fraction of CmHn is not significantly affected
(cf. Figure 6.23c).

Figures 6.23b and 6.23d show the yields and volume fractions of the main gas components
for hydrolysis lignin at 500, 600, and 700 ◦C. It can be seen that the yield of CO
is affected by temperature the most. The yield increases from around 5.5 to over
25 wt.-% at rising temperature. The same trend can be observed for CmHn which
rises from around 2 to over 7 wt.-% with the increase of 200 ◦C pyrolysis temperature.
The CO2 yield, on the other hand, is constant in the considered temperature range.
Therefore, the volume fraction of CO and CmHn increase whereas the volume fraction
of CO2 decreases with rising temperature. With increasing accumulated lignin feed
the CO yield increases at 500 ◦C and stays constant at 600 and 700 ◦C. The yield of
CmHn increases slightly, whereas again the CO2 yield rises at lower accumulated lignin
feed before becoming constant. The volume fraction of CO decreases and of CmHn in-
creases. The CO2 volume fraction decreases at 500 ◦C and increases at higher temperature.

Generally, it can be concluded that the yield and volume fraction trends for both lignins
go into the same direction, but the extent is smaller for hydrolysis lignin pyrolysis.
Especially potassium catalyzes pyrolytic reactions, promoting the formation of CO2
and CO [170], which is in good agreement with the yield developments found in this
work. Also, sodium cations contained in lignin are known to influence the gas yield and
composition [178]. As the sodium content in Kraft lignin is considerably higher than
in hydrolysis lignin, this might also explain the more distinct trend for Kraft lignin gas
evolution. Considered as one impact on the product distribution is that Na suppresses CO
formation [179, 180]. That Na suppresses the CO formation seems to be in contradiction
with the above findings for gas component yield, but regarding the development of CO
volume fraction, the above findings are in good agreement with the literature [179, 180].
The main reasons for gas evolution in terms of accumulated lignin feed can thus be
explained by the composition and accumulation of mineral matter in the bed material.
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Figure 6.23: Influence of char on gas yields (instantaneous) and composition for Kraft
lignin at 650 ◦C (experiments V57, V78, and V81) and hydrolysis lignin
at 500, 600 and 700 ◦C
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7 Simulation results

The discussion of the simulation results will commence with detailed sensitivity analyses
about the discretization of the reactor volume into elements, the vapor residence time
and biomass composition. These analyses are done with the dimensions and parameters
of the CFB reactor setup used in this work. Then, the granulation behavior of the model
is compared with the experimental findings. The different combinations of feedstock
and pyrolysis reactor systems reported in the literature are compared to the model
results. For these simulations, the reaction scheme and all parameter values of Miller
and Bellan [221] are applied and coupled with the reactor model. With the obtained
results the model accuracy is discussed, especially for lignin but also for general biomass
pyrolysis. Subsequently, a kinetic improvement for lignin, retrieved from fitting the
model curves to the experimental data provided in this work, is proposed. The resulting
parameters are used for revalidation and comparison of model outcome with the different
experimental combinations of feedstock and pyrolysis reactors. The chapter is completed
by flowsheet modeling of an integrated pyrolysis-combustion system, which utilizes the
by-products’ energy. As basis, this work’s CFB reactor setup with Kraft lignin feed is
applied to derive an energetically feasible operation regime, while obtaining a high oil yield.

7.1 Sensitivity analyses
To investigate the influence of important model parameters sensitivity analyses are carried
out. Firstly, the number of axial discretization elements is selected for a reasonable com-
promise between acceptable accuracy and short calculation time. Secondly, the influence
of vapor residence time is shown indirectly by the modulation of the adjustable superfi-
cial gas velocity. Furthermore, the influence of biomass composition in terms of cellulose,
hemicellulose, and lignin on product distribution is discussed.

7.1.1 Discretization
As criterion for evaluation of model accuracy the relative error of the model obtained total
product yield compared to one is assessed in dependence on the number of discretization
elements:

Erel =
[Ychar + Yoil + Ygas]model − 1

1
· 100 % . (7.1)

Table 7.1 shows, how the relative error Erel converges to zero with rising number of dis-
cretization elements. At ntotal = 2000 a good accuracy with an error below 0.1 % is
reached. Unfortunately, the calculation time on a custom personal computer can be in
the order of hours for the high number of volume elements. In flowsheet simulation this
simulation time is inexpedient. For the simulation with 400 elements, the relative error
was 0.4 % and the calculation time varied in the range of 0.5 to 10 min, depending on the
goodness of starting values. Therefore, a total number of elements ntotal = 400 is selected
for all other simulations.
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Table 7.1: Discretization accuracy of pyrolysis model

ntotal
Ychar Yoil Ygas Erel

wt.-% %

100 19.50 51.54 30.57 1.6
200 19.47 51.11 30.22 0.8
300 19.46 50.97 30.11 0.5
400 19.45 50.90 30.05 0.4
2000 19.44 50.67 29.97 0.1

7.1.2 Superficial gas velocity (residence time)
The (initial) superficial gas velocity has an influence on the pyrolysis results. Primarily,
the fluid dynamics, i.e. the dense bottom zone expansion and appearance, the suspension
characteristics in the upper dilute zone and the entrainment rate at the reactor outlet
depend upon the superficial gas velocity. Secondarily, the concentration profile, mass
balances and residence times of gaseous and solid components and the product yields
are affected. Therefore, the superficial gas velocity in the reactor itself is influenced, for
instance when more gases evolve. Finally, the mass balance influences the fluid dynamics
by the change of solid density and particle size and gas evolution. The effect of a lower
mean solids density and larger particle size at lower superficial gas velocity (longer solids
residence time) is included.

Figure 7.1 shows that for a fixed bed mass the dense bottom zone does expand
higher at bigger u0. The solids volume fraction in the dense bottom zone decreases and
the slope of the exponential decrease in the dilute upper zone is smaller.
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Figure 7.1: Solids volume fraction εs at different superficial gas velocities u0

For the given reactor dimensions, the bubble diameter calculated by the used two-phase
model [280–282] at a superficial gas velocity u0 > 4.3 m/s would be larger than and is
thus limited to the reactor diameter. Therefore, in the dense bottom zone, a constant
solids volume fraction is calculated for high u0. With an increase in u0, the higher drag
force upon the particles induces not only the shallower exponential decay of the solids
volume fraction in the dilute upper zone but also a higher solids entrainment rate. It is
increased from about 10 kg/(m3 · s) at 2 m/s to about 60 kg/(m3 · s) at 5 m/s.

The biggest influence of the superficial gas velocity is that the residence times of gas
and solids in the reactor decrease substantially with the increase of u0. The increase of
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superficial gas velocity from 2.5 to 4.5 m/s leads to a decrease in residence time of 63 %
solids and 41 % gas (at 650 ◦C). This decrease results in a change in biomass (in this
case lignin) conversion and product yield, depicted in Figure 7.2. A lower solid residence
time (at higher u0) makes a higher pyrolysis temperature necessary to obtain complete
conversion. At higher superficial gas velocity the maximum oil yield is higher in value
and shifted to higher temperatures, whereas the gas yield decreases. These trends can be
explained by the lower vapor residence time leading to less secondary cracking of oil to
gas. At a pyrolysis temperature below 525 ◦C, the char yield is higher at higher residence
time as the conversion is more complete. Above a pyrolysis temperature of 525 ◦C, no
influence of residence time can be observed as the lignin conversion is complete.
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Figure 7.2: Lignin conversion Xlignin and product yields Y depending on superficial gas
velocity u0

† at 650 ◦C

7.1.3 Composition
The pyrolysis temperature influences the fluid dynamics and predominantly the reaction
kinetics. With rising temperature the volume flow increases due to the heterogeneous
solid-to-gas reactions and the secondary oil-to-gas reaction, as Moil/Mgas = 11.4. The
increase in superficial gas velocity due to the reaction is more distinct at higher tempera-
ture leading to a slightly higher bottom zone expansion. Also, the implemented change
in bed material properties influences the fluid dynamics. The influence of temperature on
biomass conversion and product yield is shown for the three pure components cellulose,
hemicellulose, and lignin in Figure 7.3. As the chemical structure of the biomass
components is fundamentally different also the pyrolysis reaction mechanism differs
considerably. Therefore, also the product distribution of gas, oil, and char is essentially
different at a certain temperature. The kinetic parameters (cf. Table 5.5) emulate this
behavior.

As shown experimentally in a TGA (cf. Fig. 2.7) hemicellulose and lignin start to
decompose at the lowest temperature of ∼110 ◦C, whereas cellulose has a reaction onset
of about 225 ◦C. Primary decomposition is complete at about 300 ◦C, 350 ◦C, and 450 ◦C
for hemicellulose, cellulose, and lignin, respectively. Thus, lignin reacts over the broadest
and cellulose over the narrowest temperature range. This behavior can also be observed
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Figure 7.3: Biomass conversion X and product yields Y depending on pyrolysis tempera-
ture for main biomass components

for the modeled components in circulating fluidized bed pyrolysis, but at the higher
heating rate and shorter residence time the temperature range is shifted to higher values
of 360 to 390 ◦C, <350 to 440 ◦C and 360 to 560 ◦C for cellulose, hemicellulose, and lignin,
respectively. It can also be observed that the decrease in oil yield from about 550 ◦C
is steeper for cellulose than for hemicellulose and lignin. This model result is in good
agreement with the experimental results of Qu et al. [102]. It can be explained by the
nature of the pyrolysis oil of the three components: cellulose bio-oil mainly consists of
levoglucosan, glycolaldehyde, ketones, and acids [102]. Levoglucosan yield can be up
to 20 wt.-% at atmospheric pyrolysis conditions, 40 wt.-% for cellulose-particle vacuum
pyrolysis and 58 wt.-% at vacuum pyrolysis conditions of cotton hydrocellulose [34].
Hemicellulose (xylan) pyrolysis oil contains mostly acids and furfural [102], whereas
lignin pyrolysis oil contains mainly monomeric and oligomeric (polycyclic) aromatics,
e.g. phenolic compounds. As levoglucosan has a lower temperature stability than furfural
and phenols [349], the oil components are cleaved in the sequence cellulose, hemicellulose,
and lignin. Additionally, the study of Liao et al. [350] supports this conclusion as a
moderate pyrolysis temperature facilitates a high levoglucosan yield, whereas higher
temperatures promote the formation of hydroxyacetaldehyde, formaldehyde, furfural, and
acetol. The gas yield does in a general trend increase for all components as a higher
temperature promotes the formation of gas via primary gas evolution and conversion
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of oil to gas via secondary reaction. The maximum gas yield is 83 wt.-% and 82 wt.-%
for cellulose and hemicellulose at 700 ◦C. Lignin has the lowest gas yield, which e.g. is
70 wt.-% at the same temperature. Below 550 ◦C the gas yield of hemicellulose is higher
than that of the other two biomass components, but above it is outperformed by the
cellulose gas yield. This simulation result is in good agreement with the experimental
findings of Qu et al. [102], who found the interception of cellulose and hemicellu-
lose gas yield to occur at 560 ◦C. Char formation shows for all three components a
maximum at low pyrolysis temperatures from where the yield gradually decreases as
the carbonization is favored at higher temperature. For cellulose and hemicellulose,
a very low amount of char in a single-digit magnitude is formed. For cellulose, this
result is in good agreement with the literature: the final char yield of cellulose rapid
pyrolysis at high temperature is 6 wt.-% [351]. Lignin has a much higher char yield than
the other two components of 17 wt.-% at 700 ◦C (cf. also TGA measurement in Figure 2.7).

7.2 Granulation
For Kraft lignin, it was shown (cf. Section 6.1.1) that the bed material is coated with
char during pyrolysis. As char and sand have a different density and the particles grow
through the increase in char layer, the fluid dynamics are influenced. The model depends
on the mean particle diameter and the density of the char-sand-mixture. The char layer
thickness mainly depends on the solids residence time at fixed biomass feeding mass flow.
According to Eq. 5.45 the solids residence time depends on the solids entrainment rate.
The entrainment rate correlation [293] returns a value of 17.35 kg/(m2 · s) for the SPE
pilot plant at the given parameters (Table A.1). For the riser solids holdup of 0.7 kg, the
model returns a solid residence time of τs = 5.4 s and a char layer thickness of 0.07 μm at
650 ◦C. To validate this modeling result, it is necessary to convert the calculated char layer
thickness to experimental conditions. In the experiments the char amount accumulates
over the experiment duration on the initial bed material, which is circulating many times
through the lignin spray zone. For instance in experiment V81, the initial bed material of
5 kg quartz sand with a sauter diameter of 175 μm remained for 130 min in the pyrolysis
process. In contrast, quartz sand is fed continuously into the reactor in the stationary
model. The bed material is thus only passing the riser in one cycle (with according
residence time distribution) before exiting the reactor. A proportional relation is true for
char mass and the residence time:

mchar,model

mchar,exp
=

τs,model

τs,exp
. (7.2)

The char mass of both experiment and model can further be defined by the product of
total particle number np = mQS/(π/6 · d3

sauter, QS · ρa, QS) = 3.6 · 108 with the mass of a
char particle layer:

mchar = np · π

6
· ρchar ·

(
d̄3

sauter − d3
sauter,QS

)
. (7.3)

In the experiment, the holdup of the total CFB system has to be considered, whereas in
the model only the riser holdup is accounted for. Therefore, the Eq. 7.4 can be substituted
for mchar,model/mchar,exp.

mchar,model

mchar,exp
=

mQS,model

mQS,exp
· d3

sauter,QS,exp

d3
sauter,QS,model

·
(
d̄3

sauter,model − d3
sauter,QS,model

)
(
d̄3

sauter,exp − d3
sauter,QS,exp

) (7.4)
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By equating the right-hand sides of equations 7.2 and 7.4 an equation for comparison of
experimental and model char layer thickness is obtained. It holds

(
d̄3

sauter,model − d3
sauter,QS,model

)
(
d̄3

sauter,exp − d3
sauter,QS,exp

) =
τs,model

τs,exp
· mQS,exp

mQS,model
· d3

sauter,QS,model

d3
sauter,QS,exp

. (7.5)

Using Eq. 7.5 the char layer of 0.7 μm in the model can be converted to 10.6 μm at
experimental conditions. This value is in good agreement with the measured values for
experiment V81. The bed material of experiment V81 having a mean char layer thickness
of 6.5 μm lying in between 4 to 13 μm (cf. Figure 6.11).

7.3 Yields & conversion
7.3.1 Validation of applicability
For model validation, experiments with different biomass types and lignin are simulated
for three different biomass pyrolysis plants: CFB pyrolysis of pine wood at CERTH, BFB
pyrolysis of wood and straw at the University of Waterloo and CFB Kraft and hydrolysis
lignin pyrolysis obtained in this work. The model as described in Chapter 5 uses, in
particular, the kinetics of Miller and Bellan [221]. The comparison between model and
experiment is assessed by relative error defined as

Erel =

[
Y model − Y exp

]
Y exp · 100 % . (7.6)

CFB pyrolysis of lignin
The modeled yield curves for pyrolysis of Kraft and hydrolysis lignin are depicted in Figures
7.4a and 7.4b, respectively. For both materials, the experimental oil yield is scaled so that
the sum of gas, char and oil yield is 100 wt.-%. This approach can be explained by the
fact that the incomplete recovery in the experiments is mainly water (cf. Section 6.2.1.2
”Recovery rate and error discussion”), which is the main constituent of the watery oil
fraction and thus part of the model oil yield. Furthermore, for hydrolysis lignin, the
measured char yield is corrected with the ash content in the hydrolysis lignin char. It
is with about 50 wt.-% higher than in Kraft lignin char (6 wt.-%) and results from the
considerably higher ash content in the hydrolysis lignin (11.3 wt.-%, obtained from straw
with ash content of 6.4±2.2 wt.-% [14, 28, 29, 100, 133, 189, 352–355]) compared to Kraft
lignin (1.1 wt.-%) from woody biomass (ash content of 0.19 to 0.85 wt.-% [14, 51, 58, 169,
189, 231, 352, 356, 357]). It can be seen that for both lignins the simulated char yield
development is in agreement with the experimental values. However, the model results
for lignin pyrolysis do not agree well with the experimental yields of pyrolysis oil and gas.
The pyrolysis oil yield is predicted too low for both lignins. The deviation increases with
rising pyrolysis temperature. Inversely, the gas yield is increasingly overestimated by the
model with the rise in temperature.
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Figure 7.4: Biomass conversion X and product yields Y : Comparison of model with experi-
mental results; model: lines with literature kinetics (klignin

4,0,lit = 4.28 · 106/s) [221]
and experimental: conversion, oil yield, oil yield scaled to 100 wt.-%
conversion, gas yield, and char yield

CFB pyrolysis of pine wood
The yields and conversion of pine wood pyrolysis in the autothermal pyrolysis system
at CERTH are compared to the model. The model input parameters are adjusted to
match the experimental setup of the autothermal pyrolysis system at CERTH, which is
described in Section 5.3.1 and the simulation parameters, which are listed in Table A.2.
For comparison of the simulation results with the reported experiments, especially the
experiments R10, R9, and R8 are relevant because of the biomass feed particle size of 1
to 1.5 mm. The other two experiments (R11 and R7) were carried out with particles in
the size range 1.5 to 2 mm, for which intra-particle diffusion and temperature gradient
play a greater role. The comparison for the pine wood chip particles with a size of 1 to
1.5 mm is shown in Figure 7.5. In general, the model describes the yield development
with temperature as determined in the experiment. The accuracy is better for lower
temperature. The char yield shows the correct trend and magnitude but is predicted too
low by the model for all experiments.
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BFB pyrolysis of wood and straw
For further model validation experimental results of Scott and Piskorz [84] are used. The
experiments were carried out in a bubbling fluidized bed with a superficial gas velocity
ranging from 0.54 to 0.81 m/s. Wheat straw and two wood types, i.e. maple and standard
poplar-aspen were pyrolyzed. Thus, it is possible to investigate the model performance
for a broad biomass composition and a different fluidized bed regime. The experimental
setup, including plant dimensions and operating parameter, at the University of Waterloo
is described in detail in Section 5.3.2. Exemplary the results for maple wood are shown
in Figure 7.6, the other two biomass types (standard poplar-aspen and wheat straw) are
discussed in detail in Section 7.3.2. Maple wood has a quite different biomass composition
compared to pine wood (cf. Tables 5.7 and 5.9) and also the fluidized bed is operated at a
superficial gas velocity with a considerably smaller magnitude compared to the autother-
mal CFB riser at CERTH (u0 = 3.85 to 5.31 m/s). Still, the yields of all pseudo-products
are predicted in the range of 474 to 530 ◦C with a visibly small error.
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Conclusion
In summary, it can be seen that for woody biomass with a lignin content of 23 wt.-%
(pine wood) and 22 wt.-% (maple wood) the model does agree much better with the
experimental results than for lignin with a purity of 95.43 wt.-% and 48.85 wt.-% (Kraft
and hydrolysis lignin, respectively). For high lignin content, especially the gas yield is over-
and oil yield accordingly underestimated by the model. The literature model kinetics [221]
assume the same kinetics for the secondary reaction, i.e. conversion of oil to gas, for all
biomass components. This assumption is questionable, as the pyrolysis oil composition
is fundamentally different for lignin-derived oil compared to oil from carbohydrates [102].
Furthermore, it was shown that the pyrolysis oils of cellulose and hemicellulose have a
lower temperature stability than lignin-derived pyrolysis oil [349]. It can thus be deduced
that the kinetics of the secondary reaction are not suitable for simulation of pyrolysis of
biomass with high lignin content.

7.3.2 Kinetic improvement for lignin

The model improvement approach for the above-explained deficiency of the lignin-derived
oil and gas yields is to fit the kinetic constant klignin

4,0 of the secondary reaction, converting
oil to gas, to the experimental data of Kraft lignin pyrolysis. The Kraft lignin pyrolysis
experiments are chosen because of the high purity of about 95.5 wt.-%. The objective
error function E for finding klignin

4,0 is defined as the minimum of the sum of quadratic
errors between experimental and simulated gas and oil yields.

E(klignin
4,0 ) = min

⎛
⎝[ n∑

i

(Y exp − Y model)2
]

gas

+
[

n∑
i

(Y exp − Y model)2
]

oil

⎞
⎠ (7.7)

Only the kinetic constant for the secondary reaction of lignin is adjusted, while the kinetics
for cellulose and hemicellulose remain unchanged. With the new obtained kinetic constant
the simulations are repeated for all compared experimental data.

CFB pyrolysis of lignin
Fitting the data of Kraft lignin to the scaled oil yield (oil and water) gives a kinetic
constant of klignin

4,0,fit = 1.15 · 106/s. The found solution is compared to the literature kinetics
(klignin

4,0,lit = 4.28 · 106/s) and the experimental data in Figure 7.7a. Additionally, the relative
errors for both kinetic data sets are listed in Table 7.2. The char yield does not change as
only the secondary reaction kinetics are adjusted. Through deceleration of the secondary
reaction the sum of relative errors for the gas yield is reduced from 60 below 25 %.
Furthermore, the relative error of the oil yield is decreased from 38 to less than 7.5 %.
The new fit shifts the oil yield maximum from 560 ◦C to a higher temperature of about
600 ◦C.

For hydrolysis lignin (cf. Figure 7.7b) a good agreement is achieved for pyrolysis oil yield
with the obtained kinetics. The relative error is reduced by up to 400 %. The gas yield
is underestimated at low pyrolysis temperatures and overestimated at high temperature.
Compared to the literature kinetics a much better agreement between model and experi-
mental data is achieved with the new kinetic constant k4,0,fit. The oil yield maximum is
also shifted to a higher temperature, i.e. by about 25 ◦C to 560 ◦C. The temperature of the
maximum oil yield is lower than for Kraft lignin due to the higher content of cellulose and
hemicellulose, which degrade at a lower temperature. On the other hand, the maximum
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is about 3 wt.-% higher for hydrolysis lignin than for Kraft lignin due to higher oil yields
obtained from pyrolysis of carbohydrates compared to lignin.
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(a) CFB pyrolysis of Kraft lignin (own work)
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(b) CFB pyrolysis of hydrolysis lignin (own work);
char yield corrected by ash content

Figure 7.7: Biomass conversion X and product yields Y : Comparison of model with ex-
perimental results; model: black lines literature kinetics (klignin

4,0,lit = 4.28 · 106/s)
[221], gray lines fitted kinetic value of klignin

4,0,fit = 1.15 · 106/s and experimen-
tal: conversion, oil yield, oil yield scaled to 100 wt.-% conversion, gas
yield, and char yield

Table 7.2: Lignin pyrolysis: relative errors between simulation and experiment with
literature kinetics (klignin

4,0,lit = 4.28 · 106/s) [221] and fitted kinetic value of
klignin

4,0,fit = 1.15 · 106/s

lignin ϑ Erel, %
type gas oil char

◦C lit fit lit fit lit = fit

Kraft lignin 550 4.1 -34.5 -9.9 3.5 38.8
Kraft lignin 600 49.9 -27.6 -19.9 10.2 30.9
Kraft lignin 650 68.8 -22.8 -47.9 0.8 19.3
Kraft lignin 700 117.0 13.9 -74.7 -15.7 2.2

hydrolysis lignin 500 -34.3 -42.5 -6.2 -3.5 -8.1
hydrolysis lignin 600 56.5 -1.2 -18.7 7.8 -12.2
hydrolysis lignin 700 97.4 38.5 -82.8 -20.8 -29.8
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CFB pyrolysis of pine wood
The simulation for pyrolysis of pine wood in the CFB system of CERTH was repeated with
the fitted kinetics. The resulting yield errors are compared to literature kinetics in Table
7.3. Furthermore, the results are compared to the three experiments with 1 to 1.5 mm
pine wood chip particle size in Figure 7.8. Both gas and oil yields are represented in better
way by the new obtained kinetic parameter set. Simulating pine wood chip particles with
larger diameter results in a bigger error for the oil yield, which is overestimated by the
model. The larger deviation can be explained by the inter-particle effects, taking place at
a larger feed particle size, which are not considered in the model. Especially, the particle
(core) temperature is lower for larger particles (larger Bi number). Thus, a less rapid
devolatilization and enhanced cracking of oil to gas occur [131, 134].

Table 7.3: CFB pyrolysis [89] of pine wood: relative errors between simulation and ex-
periment with literature kinetics (klignin

4,0,lit = 4.28 · 106/s) [221] and fitted kinetic
value of klignin

4,0,fit = 1.15 · 106/s

dp ϑ
Erel, %

Exp. gas oil char
mm ◦C lit fit lit fit lit = fit

R10 1-1.5 496 -11.8 -13.2 6.0 6.5 -23.3
R9 1-1.5 579 22.4 11.0 -3.8 -0.2 -43.0
R8 1-1.5 605 65.9 47.5 -10.3 -3.9 -42.0
R11 1.5-2 550 -5.1 -11.4 23.8 26.4 -27.2
R7 1.5-2 581 -28.3 -35.0 34.2 39.4 -42.1
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Figure 7.8: Biomass conversion X and product yields Y for CFB pyrolysis of pine wood
[89]: Comparison of model with experimental results; model: black lines lit-
erature kinetics (klignin

4,0,lit = 4.28 · 106/s) [221], gray lines fitted kinetic value of
klignin

4,0,fit = 1.15 · 106/s and experimental: conversion, oil yield, oil yield
scaled to 100 wt.-% conversion, gas yield, and char yield

BFB pyrolysis of wood and straw
For maple wood (Fig. 7.9a) with a composition of 40 wt.-% cellulose, 38 wt.-% hemicellu-
lose and 22 wt.-% lignin the yield of gas and oil and therefore also the relative deviation
between experiment and model do not change decisively in the considered temperature
region (cf. Table 7.4). With the kinetic constant of the secondary reaction for the
conversion of lignin oil to gas, the same good agreement is achieved.
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(c) BFB pyrolysis of wheat straw [84]; char yield
corrected by ash content

Figure 7.9: Biomass conversion X and product yields Y : Comparison of model with ex-
perimental results; model: black lines literature kinetics (klignin

4,0,lit = 4.28 · 106/s)
[221], gray lines fitted kinetic value of klignin

4,0,fit = 1.15 · 106/s and experimen-
tal: conversion, oil yield, oil yield scaled to 100 wt.-% conversion, gas
yield, and char yield

Figure 7.9b shows the comparison of model and experiments for standard poplar-aspen
with a composition of 50.2 wt.-% cellulose, 31.6 wt.-% hemicellulose and 18.2 wt.-%
lignin. The experimental char yield is represented very well for ϑ ≥ 500 ◦C. At lower
pyrolysis temperature the experimental char yield is higher than the predicted values.
This deviation can be explained by incomplete conversion of aspen-wood particles at
these temperatures, resulting in a solid residue that still contains considerable amounts
of biomass that is not completely converted. However, the solid residue of pyrolysis
experiments below ϑ ≥ 500 ◦C is in good agreement with the curve of Ychar+virgin+active
depicted also in Figure 7.9b. The gas yield is overestimated by the model at temper-
ature below 470 ◦C. At 625 ◦C the experimental gas yield is lower than both model
predictions. Comparing also the oil yield and the overall conversion X at 625 ◦C, it
can be observed that for oil there is good agreement between model and experiment
and the recovery rate is about 10 wt.-% lower than complete conversion as should be
expected at this temperature. Thus, if the gas yield was wrongly determined in the

116
Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 

Es gilt nur für den persönlichen Gebrauch.



Simulation results

experiment to be 10 wt.-% too low also good agreement for the gas yield would be
achieved at 625 ◦C (cf. in Figure 7.9b). In the medium temperature range of 450 to
550 ◦C the measured oil yield is in good accordance with the experimental data. Overall
it can be concluded that at ϑ ≥ 450 ◦C there is good agreement for both kinetics data sets.

Table 7.4: BFB pyrolysis [84]: relative errors between simulation and experiment with
literature kinetics (klignin

4,0,lit = 4.28 · 106/s) [221] and fitted kinetic value of klignin
4,0,fit =

1.15 · 106/s

biomass ϑ Erel, %
type gas oil char

◦C lit fit lit fit lit = fit

maple wood 480 4.7 0.5 -2.9 -2.4 14.2
maple wood 500 1.0 -4.1 -3.6 -2.8 39.9
maple wood 530 0.7 -6.6 0.8 2.5 7.5
wheat straw 500 -23.1 -31.2 22.4 25.7 -29.6
wheat straw 500 -2.1 -4.4 8.5 9.7 -19.2
wheat straw 520 0.3 -0.5 4.2 5.4 -7.9
wheat straw 525 86.9 90.6 4.5 5.0 -42.8
wheat straw 550 7.2 -8.9 9.0 17.1 -31.2
wheat straw 575 25.2 25.2 0.3 2.2 -34.2
aspen wood 425 76.0 71.8 10.8 10.1 -48.5
aspen wood 465 24.4 19.7 5.3 5.5 -27.4
aspen wood 500 2.5 -0.5 2.6 3.2 -6.7
aspen wood 500 20.2 2.6 14.6 1.4 15.0
aspen wood 540 -4.0 -11.0 3.3 5.4 1.5
aspen wood 625 46.6 31.4 -25.3 -15.3 -24.9

The results for wheat straw (composition: 38.2 wt.-% cellulose, 48.4 wt.-% hemicellulose,
and 23.4 wt.-% lignin) are compared in Figure 7.9c. It can be seen that the measurement
uncertainty is higher for wheat straw than for woody biomass. Also, the deviation
between experimental data and model prediction is thus higher and therefore a greater
uncertainty persists for applicability of the model. For comparison – analogously to lignin
pyrolysis – the measured oil yield is scaled to achieve full conversion. Again, this approach
can be justified by the higher probability of inaccuracy of oil yield measurement. With
this assumption the oil yield has the same magnitude as predicted by the models (with
both kinetics). The relative error given in Table 7.4 is slightly higher than for woody
biomass. The char yield is predicted too low because of the high ash content of the wheat
straw (6.4±2.2 wt.-% [14, 28, 29, 100, 133, 189, 352–355]) compared to e.g. pine wood 0.19
to 0.85 wt.-% [58, 169, 356, 357], aspen wood 0.39 wt.-% [51] or maple wood 0.59 wt.-%
[231]. This results in an ash content in the char of 19.07 to 22.65 wt.-%. If corrected to a
char content of woody biomass the agreement between model and experiment is increased.
Nevertheless, it was shown that the minerals content, which is not considered by the
applied biomass kinetics (additivity law for biomass components), should be considered
[225]. As the minerals content for the examined biomass is highest in straw, the predicted
yield error are bigger than for the other biomasses.
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Conclusion
The conversion by the secondary reaction from lignin-oil to gas was overestimated in the
literature. Therefore, the pre-exponential factor of the kinetic constant was adjusted to
accurately describe Kraft lignin pyrolysis. Hence, this adjustment resulted in significant
reduction of relative error for both gas and oil yield. Furthermore, an improved agreement
between model and experimental data is achieved for hydrolysis lignin, while the confor-
mity is sustained for pyrolysis of lignocellulosic biomass (wheat straw, aspen, maple, and
pine wood). The accuracy is lower for straw and straw derived hydrolysis lignin than for
the other investigated biomasses. The lower accuracy might be explained by the differ-
ent chemical structure of biomass components in straw compared to biomass. Exemplary
straw lignin consists of GSH functional groups, whereas soft and hardwood consist of G
and GS groups, respectively [29–31]. Furthermore, as char and mineral matter influence
the pyrolysis behavior and the resulting product yields [161, 165–167] further research
is necessary to integrate this effect especially for biomasses with high ash content, like
straws.

7.4 Energetic evaluation of an integrated pyrolysis-combustion
process

Flowsheet simulation of the overall pyrolysis process, including by-product combustion
(cf. Fig. 5.8), leads to valuable information on the energetic feasibility of the process.
For evaluation the energetic performance ratio ηSD, it is compared to the performance
of the pyrolysis process itself. This pyrolysis process performance can be expressed by
the oil energy recovery rate ηOR, i.e. the feed specific energy content in the main product
(oil). Energy sufficiency is achieved if the combustion of gas and char yields enough
energy for the auxiliary heat consumption of the pyrolysis plant. Favorably would be
a process which achieves a high energy content in the oil and is self-sufficient in terms
of process energy. However, these goals are contradictory, but an optimum can be
aspired. In the following, the influence of the process parameters: superficial gas velocity
in the pyrolysis riser u0, lignin feeding rate ṁL and pyrolysis temperature ϑPR is discussed.

Figure 7.10a (a) depicts the dependency of the two performance ratios on the superficial
gas velocity u0, which was varied in the range of 2.5 to 5 m/s. The dotted line at ηSD = 1
represents the limit below which supplemental energy has to be introduced into the
process, e.g. by gas burners. Above ηSD = 1 the pyrolysis process is self-sufficient. With
increasing superficial gas velocity the energy recovery rate ηOR increases significantly,
whereas the overall energetic process performance ratio ηSD decreases notably. These
trends can be mainly explained by the decreasing pyrolysis gas and vapor residence time
in the riser. Thus, secondary oil cracking reactions are suppressed, leading to a higher oil
yield, which is proportional to ηOR. The increase in oil yield is equivalent to a decrease
in gas and char. Hence ηSD decreases to fall below the limit of ηSD = 1 at u0 = 3.67 m/s.

Figure 7.10 (b) provides the dependency of the two performance ratios on pyrolysis
temperature ϑ and lignin feed ṁL. The mean superficial gas velocity over the riser
height is kept constant at u0 = 4 m/s, i.e. the fluidizing gas supply is decreased with
increasing evolution of gaseous products caused by an increasing lignin mass flow ṁL.
Therefore, the influence on ηOR – especially at pyrolysis temperature below 600 ◦C –
is negligible. The surplus-deficit-ratio ηSD has a minimum for all lignin feeding rates.
At temperatures below 500 ◦C the ratio increases with decreasing pyrolysis temperature
due to an incomplete conversion.Thus, instead of conversion to pyrolysis products, an
increasing amount of virgin and active biomass is combusted. At temperatures higher
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than 650 ◦C ηSD increases due to an increasing permanent gas yield. The minimum
of ηSD concurs with the maximum of ηOR, which is about 0.5 at 600 ◦C. Thus, for
achieving both a large energy amount in the liquid product and process operation
in the autothermal regime the lignin feeding rate has to be increased. In this case,
autothermal operation is achieved at feeding rates of 15 kg/h or higher. Though this
mass flow is larger than the ones investigated experimentally in this work, studies
exist with higher biomass throughput in the circulating fluidized bed riser. Freel and
Graham [108] successfully pyrolyzed biomass at throughput of 0.46 to 2.2 kg/(m2 · s).
The corresponding value of 0.83 kg/(m2 · s) for a feeding rate of 15 kg/h falls within this
range. Therefore, a successful autothermal operation at lignin feeding rates greater than
15 kg/h is likely. But due to increased agglomeration tendency at higher throughput,
particular care on the selection of the heat-carrier-to-biomass feeding ratio should be taken.
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Figure 7.10: Energetic performance ratios for Kraft lignin pyrolysis with integrated by-
product combustion
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8 Summary and conclusions

In search of an alternative for energy and chemicals from fossil fuels, for the first
time, an in-depth study on lignin pyrolysis in a circulating fluidized bed reactor was
carried out. This process promises high liquid yields due to short vapor residence
time in the hot reaction zone. A pyrolysis plant consisting of pneumatic feeding
system, circulating fluidized bed reactor, secondary cyclone, scrubber, and after burning
chamber was designed, erected and operated. For examination of deviations in pyrolysis
behavior, a softwood Kraft lignin and a wheat straw hydrolysis lignin have been pyrolyzed.

Morphological analysis of the bed material from CFB lignin pyrolysis, together with
thermal characterization of the lignins and biomass reference materials in a Flash-DSC
analyzer, were conducted. This novel investigation gave insight into the fundamental
differences in pyrolysis behavior. It could be deduced, that a higher impurity with
cellulose and hemicellulose inhibits lignin melting. Therefore, hydrolysis lignin does keep
its overall particle shape during pyrolysis, i.e. it reacts in form of a solid matrix and
devolatilization occurs from this matrix. The char, which might be used as molecular
sieve, is rich in micro, meso, and macro pores. For application as activated carbon,
further enlargement of the chars’ specific surface area by steam or CO2 is necessary.
On the contrary, Kraft lignin melts and spreads on the bed material particles to react
on the surface. Devolatilization occurs while the intermediate layer is molten. Thus,
if a bubble of volatiles is released from the liquid layer the surface tension evens out
the surface, resulting in a virtually macro pore-free char layer with comparatively low
porosity. It could be found that the growth rate of a char layered bed material particle
depends mainly on the lignin feed rate and the instantaneous char yield, which itself is
depending linearly on the amount of char in the reactor. Furthermore, also the particle
size of the bed material does have a linear influence on the granulation, which accelerates
with increase in particle size. It should be remarked that understanding this different
behavior is crucial for further modeling and especially for catalytic pyrolysis processes, as
the Kraft lignin char will deactivate a solid catalyst in shorter time.

The pyrolysis performance was determined by measurement of the overall yields of gas,
oil, and char as well as their composition. The optimal oil yield for Kraft lignin was
determined in the temperature range of 600 to 650 ◦C with about 50 wt.-% excluding
and 60 wt.-% including reaction water. The pyrolysis oil yield of hydrolysis lignin has –
in the analyzed temperature range at 500 ◦C – a maximum of 36.5 wt.-% without and
60 wt.-% with reaction water. It could be demonstrated that the obtained oil yields are
higher than in other pyrolysis equipment such as fixed bed or centrifuge reactors and
most reported fluidized beds. The organic (non-water) oil consists of approximately 20%
monomeric substances of which more than 340 have been identified and quantified. Kraft
lignin oil contains mainly aromatic structures, whereas hydrolysis lignin oil includes also
various non-aromatic substances, which to large degree originate from the carbohydrate
impurities. Both lignin oils have a high O/C-ratio compared to crude oil. This high
oxygen content is the major hurdle for technical application. Therefore, further research
on catalytic upgrading techniques such as stabilization by (hydro)deoxygenation, hydro-
genation, and condensation reactions of oxygenated compounds is necessary. Due to the
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higher carbohydrate content, the gas yield of hydrolysis lignin is 3 to 10 wt.-% larger than
for Kraft lignin. The maximum is 42.4 wt.-% and 32.7 wt.-% at 700 ◦C for hydrolysis and
Kraft lignin, respectively. The char yield has a magnitude of about 20 wt.-% for both
lignins, decreasing with increasing temperature.

The mineral matter contained in the lignin accumulates in the char holdup of the CFB.
The inorganics are catalytically active and influence product yields and composition. As a
result char and gas yields increase, whereas the oil yield decreases. The molecular weight
distribution of the oil oligomers is due to this influence lightly shifted to smaller values.
From the development of monomer yields, it can be deduced that the inorganics favor
dehydration reactions and C−O scission, promote demethoxylation, decarboxylation,
and scission of C−C bonds. The degree of demethylation is diminished. These reactions
promote also an overall increase of CO and CO2 evolution. The experimental work
can finally be concluded by the fact that – despite the agglomeration, defluidization,
and clogging issues reported in literature – pyrolysis of sticky lignin can be executed
in a circulating fluidized bed resulting in high liquid yield. A catalyst-screening for a
catalyst with high a high monomer-selectivity is desirable. Furthermore, the perfor-
mance of a reactor-regenerator-looping process with such a catalyst should be determined.

The experimental work was accompanied by simulation of the biomass pyrolysis process.
Therefore, a new semi-empirical pyrolysis model for the fluidized bed reactor was devel-
oped and implemented as a flowsheet unit model in the Aspen Custom Modeler ACM®.
The model describes the fluid dynamics of the fluidized bed in a dense bottom and a
dilute upper zone as well as the micro-particle pyrolysis reactions and mass balances.
Model validation has been carried out with diverse biomasses in different fluidized
bed systems (bubbling and circulating fluidized bed). The literature model kinetics
questionable assume the same value for the secondary reaction converting oil to gas for
all biomass components. But with the implemented literature kinetics the lignin gas
yield is over- and oil yield accordingly underestimated. Therefore, the secondary reaction
kinetics for lignin was refitted with the experimentally obtained Kraft lignin data. The
adjustment resulted in significant accuracy improvement for both gas and oil yield and
for every modeled biomass composition (especially the lignins). Thus, a model which is
predicting pyrolysis process yields for a broad pyrolysis feedstock composition (by means
of cellulose, hemicellulose and lignin content) and is applicable to both circulating and
bubbling fluidized beds was deduced.

For energetic evaluation of the pyrolysis process, the derived model was implemented
in a flowsheet plant model with integrated char and permanent gas combustion. The
plant model returns the mass and heat flow between all connected flowsheet unit
operations. Based on the results the energetic performance of the system (described
by the surplus-deficit-ratio) and the pyrolysis performance (described by the liquid
product energy recovery rate) were compared. The simulation shows that the minimal
surplus-deficit-ratio concurs with the maximal liquid product energy recovery rate, which
is about 0.5 at 600 ◦C. To achieve operation in the autothermal regime, while maintaining
that maximum liquid product energy recovery rate, at pilot scale a lignin feeding rate
greater than 15 kg/h is necessary.

To summarize, this comprehensive work on lignin pyrolysis covers thorough investigations
on pyrolysis mechanism, product yields in a CFB system as well as process modeling.
It broadens knowledge on CFB lignin pyrolysis and provides fundamentals for further
development of lignin utilization technologies.
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Abbreviations
ABC after burning chamber H (p–)hydroxyphenyl
ACM Aspen Custom Modeler® HDO hydrodeoxygenation
BET Brunauer-Emmett-Teller method HDPE high-density polyethylene
BFB bubbling fluidized bed HHV higher heating value
BFD1 backwards finite difference method

of first order
HL hydrolysis lignin

BM bed material HPAEC high performance anion-exchange
chromatography

C1 primary cyclone ICP inductive coupled plasma
C2 secondary cyclone (material) ID inner diameter
CFB circulating fluidized bed KFT Karl Fischer titration
CFBC circulating fluidized bed combustor KL Kraft lignin
CFD computational fluid dynamics MS mass spectrometry
CSTR continuous flow stirred tank reactor MWL milled wood lignin
DAE differential algebraic equations NDIR non-dispersive infrared
DCM methylene chloride OES optical emission spectrometry
DMSO dimethyl sulfoxide PSD particle size distribution
DR Dubinin-Radushkevich method S syringyl
DSC differential scanning calorimetry SEC size exclusion chromatography
EDX energy-dispersive X-ray spectro-

scopy
SEM scanning electron microscopy

FID flame ionization detector TCD thermal conductivity detector
FTIR Fourier transform infrared spec-

troscopy
TDH transport disengaging height

G guaiacyl TG or
TGA

thermogravimetry(/ic analysis)

GC gas chromatography UV ultraviolet

Constants
g gravitational acceleration (earth) 9.81 J/(mol · K)
R ideal gas constant 8.314 J/(mol · K)
π mathematical constant 3.1416
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Notation

Dimensionless numbers
Ar Archimedes number
Bi Biot number
D�

p dimensionless particle diameter
Re Reynolds number
U�

t dimensionless terminal velocity

Greek
ε porosity/ volume fraction m3/m3

εs,∞ solids volume content above TDH m3/m3

ζ parameter for V̇b –
η dynamic viscosity kg/(m · s)
ηOR oil recovery ratio kg/(m · s)
ηSD surplus-to-deficit ratio of integrated process kg/(m · s)
θ mechanism factor (char combustion) –
ϑ temperature ◦C
ϑg glass transition temperature ◦C
ι fit parameter acc. to fit cor.
λ mean duration of bubble life s
λT thermal conductivity W/(m · K)
ν stoichiometric coefficient –
ξ parameter for ub –
ρ density kg/m3

Σv diffusion volume –
τ residence time s
ϕ, φ volume fraction m3/m3

χ inorganics accumulation factor kg/kg
ψWa sphericity by Wadell –

Latin
a decay constant (cf. Eq. 5.22) 1/m
A area m2

ab volume specific bubble interface area 1/m
c concentration mol/m3

cp heat capacity kJ/(kg · K)
Cd drag coefficient –
cvd solids volume concentration in dense phase –
d diameter m, μm
Di,g binary diffusion coefficient cm2/s
E error %
EA activation energy kJ/mol
f solids loading kg/kg
Fd drag force per projection area of particle Pa
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Notation

Fg net buoyancy force per projection area of particle Pa
Gs entrainment rate at reactor outlet kg/(m2 · s)
Gs,∞ entrainment rate above TDH kg/(m2 · s)
h height m
Ḣ enthalpy flow W
H0 higher heating value MJ/kg
hT heat transfer coefficient W/(m2 · K)
ΔHR,pyr pyrolysis reaction enthalpy MJ/kg
k0 pre-exponential factor 1/s
k reaction rate constant 1/s
Kg bubble-suspension mass transfer coefficient m/s
Kq mass exchange rate due to reaction 1/s
m mass kg
M molar mass g/mol
ṁ mass flow kg/s
n amount of substance mol
N number –
ṅ molar flow mol/s
p pressure Pa
P polymerization degree –
p∗ ratio of CO to CO2 –
PD polydispersity index –
Q̇ heat flow W
r reaction rate mol/(m3 · s)
s char layer thickness μm
S particle shrinkage vol.-%
SR split rate –
t time s
T temperature K
u velocity m/s
u0 superficial gas velocity m/s
usolid mean solid velocity in dilute zone m/s
ut single particle terminal velocity m/s
V volume m3

V̇ volume flow m3/s
V̇b visible volumetric bubble flow based on cross-sectional

area of the bed
m/s

V̇n volume flow through single orifice m2/s
w mass fraction g/g
X conversion kg/kg
X̂ char formation mass ratio m3/m3

XRR recovery rate kg/kg
y molar fraction mol/mol
Y yield kg/kg
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Notation

Subscripts

# no. to corr. pos. in flowsheet L lignin
a apparent lit literature
A ash m material/ mean
AH air heater mf minimal fluidization
amb ambient n number average
b biomass/ bubble p particle
BM bed material P polymerization degree
C2 secondary cyclone material PR pyrolysis reactor
comb combustion/ combustion reactor PS pyrolysis stream
db dense bed QS quartz sand
exp experiment R reactor/ reaction
f fluid rel relative
fb freeboard s solid
fbc fluid bed cooler Sc1 scrubber
g gas SS side stream
GA gas analyzer susp suspension
GB gas bag t time
GH gas heater w weight average
I inert

Superscripts

conv convection S saturation
reac reaction
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A APPENDIX

A.1 Figures
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Figure A.1: HHV of pyrolysis products for Kraft lignin (filled symbols) and hyrolysis lignin
(empty symbols), char (daf) , char (dry) , oil (daf) , gas

char and oil H0 calculated by Eq. 4.1 and gas H0 determined by tabulated values and volumetric
gas composition
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†calculated by H0,i · Yi and H0,i from Eq. 4.1
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A.2 Tables

Table A.1: Input parameter for modeling of SPE circulating fluidized bed pyrolysis plant

parameter value unit / reference

gas distributor technical -
number of orifices per cross-sectional area 596 1/m2

density active (solid density wood) 1530 kg/m3

density char 1600 kg/m3

density quartz sand 2300 kg/m3

number of discretization elements 400 -
pressure 1.2 bar
biomass feed 2 kg/h
gas feed 86.1 m3/h
solids inventory of bed 0.7 kg
solids folume fraction at minimal fluidization 0.4 m3/m3

Geldart class B -
reactor height 2 m
reactor diameter 80 mm
correlation for minimal fluidization velocity Richardson [287]
correlation for TDH Chan & Knowlton [358]
max. bubble diameter 80 mm
Sauter diameter quartz sand 200 μm

Table A.2: Input parameter for modeling of circulating fluidized bed and bubbling fluidized
bed pyrolysis plants of CERTH and University of Waterloo, respectively

parameter unit CFB (CERTH) BFB (WATERLOO)

pressure bar 1.2 1.25
biomass feed† kg/h 9.65 2.445‡, 1.768∗, 1.765�

solids inventory of bed kg 0.17 1
solids volume fraction of bed - 0.4 0.5
reactor height mm 2000 407
reactor diameter mm 50 101
superficial gas velocity† m/s 3.53 0.814‡, 0.674∗, 0.729�

biomass composition cf. Table 5.7 5.9
max. bubble diameter mm 50 101
sauter diameter sand μm 200 300

†average values for all experiments with the same biomass, for biomass: ‡maple wood, ∗wheat
straw and �aspen wood
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APPENDIX

A.3 Char combustion reactions
A.3.1 Heterogeneous char combustion
The biomass char combustion reaction is described by a simplified model which has proven
high accuracy in coal char combustion [279, 359, 360]. For a detailed description it is
referred to [279]. Devolatilization, as e.g. described by Kramp [279], is neglected due to
the assumption of sufficient devolatilization during pyrolysis. The oxidation of char to CO
and CO2 can be combined in one equation as

C +
1
θ

O2 −→
(

2 − 2
θ

)
CO +

(2
θ

− 1
)

CO2 , (A.1)

wherein θ is mechanism factor, which determines the ratio between the main combustion
products CO and CO2.

θ =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

2p∗+2
p∗+2 dp<50 μm

2p∗+2−p∗
(

dp−50 μm
950 μm

)
p∗+2 50 μm≤dp<1000 μm

1 dp≤1000 μm

(A.2)

p∗ is the ratio of produced CO to produced CO2 and can be determined by an empirical
correlation [289, 361]:

p∗ = 2500 · exp
[
−6240K

Tp

]
. (A.3)

Due to the released combustion heat, the single char particle temperature Tp is higher
than the bed temperature Tbed [362]:

Tp = Tbed + 6.6
[
m3 · K/mol

]
· cO2,m

[
mol/m3

]
(A.4)

A.3.2 Homogeneous gas phase reaction
The reaction rate constant for the homogeneous reaction of

CO +
1
2

O2 −→ CO2 (A.5)

was determined by Howard et al. [363]

kCO = 1.3 · 1011 exp
[−15088 K

Tbed

]
(A.6)

and the homogeneous reaction rate [363] is:

rCO = kCO · cCO
√

cO2
· cH2O . (A.7)

Further details can also be read in [300].
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APPENDIX

A.4 Student projects

Table A.4: Student projects under the authors’ supervision that contributed to this work

student thesis title year thesis type

P. Clauß Modellierung der Ligninpyrolyse in einer
Wirbelschicht

2011 master

H. Evers Lignin-Pyrolyse: Experimentelle Bestimmung
der Produktausbeute

2011 bachelor

T. Voß Ligninpyrolyse – Einfluss von Betriebsbedingun-
gen aus die Produktcharakteristik

2011 project

T. Becke Experimentelle Ligninpyrolyse: Untersuchung
der Produktzusammensetzung bei verschiede-
nen Prozessbedingungen

2012 bachelor

L. Groos Experimentelle Ausbeuteuntersuchung der
Ligninpyrolyse

2012 bachelor

A.-L. Bologna Pyrolyse von Lignin in einem Laborreaktor 2013 bachelor
D. Kant Modellierung einer zirkulierenden Wirbelschicht

im Aspen Custom Modeler
2013 project

A. Krenz Konzeption und Inbetriebnahme eines Labor-
reaktors für die Pyrolyse von Lignin zur Analyse
der Produktzusammensetzung

2013 bachelor

S. Sauerschell Experimentelle Untersuchung der Lignin-
Pyrolyse: Abhängigkeit der Produktausbeute
von den Betriebsbedingungen

2013 master

S. Chernikov Experimentelle Bestimmung von Massen- und
Elementbilanzen bei der Pyrolyse von Lignin

2014 bachelor

M. Holz Modellierung der Biomassepyrolyse in einer
zirkulierenden Wirbelschicht

2014 master

M. Hug Modellierung der Verbrennung von Feststoff in
einer stationären Wirbelschicht

2014 bachelor

J.-M. Bettien Pyrolyse von Kraft-Lignin in der zirkulierenden
Wirbelschicht – Vergleich zweier Anlagenkonfig-
urationen

2015 bachelor

N. Ellenfeld Modellierung einer Wirbelschichtverbrennung –
Betrachtung von Hydrodynamik, Stoff- und En-
ergiebilanz

2015 project

J. Faass Thermische Analyse von Biomassekomponenten
im Hinblick auf die Pyrolyse in der zirkulieren-
den Wirbelschicht

2015 bachelor

J.-P. Kreien-
borg

Modellierung der Biomassepyrolyse in einem
Gaszyklon

2015 bachelor

T. Wytrwat Inbetriebnahme einer Anlage zur experi-
mentellen Untersuchung der Ligninpyrolyse

2015 master

K. Gescher Modellierung der Pyrolyse von Biomasse mit
integriertem Koksabbrand in gekoppelten
Wirbelschichten

2016 master
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