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Abstract: Availability of sustainable transportation fuels in future hinges on the use of lignocellulosic
resources for production of biofuels. The process of biomass pyrolysis can be used to convert solid
biomass resources into liquid fuels. In this study, laboratory experiments and process simulations
were combined to gain insight into the technical performance of catalytic and thermal pyrolysis
processes. Waste pinewood was used as a feedstock for the processes. The pyrolysis took place at
500 °C and employs three different catalysts, in the case of the catalytic processes. A process model
was developed with Aspen Plus and a wide range of representative components of bio-oil were used
to model the properties of the bio-oil blend. The results of the process model calculations show that
catalytic pyrolysis process produces bio-oil of superior quality. Different technical process scenarios
were explored based on the properties of the bio-oil after separation of water-soluble components,
with the intention of producing a blendable or stand-alone product. It was found that—depending
on the bio-oil requirements—sulfficient hydrogen can be made available from the aqueous fraction to
further treat the organic fraction to the desired extent. The resulting organic fractions are suitable
candidates for blending with conventional fuels. The analysis results are used to provide guidance
for catalyst development.

Keywords: biofuels; catalysts; pyrolysis; lignocellulosic biomass; process and product simulation

1. Introduction

Motorized mobility of persons has become an essential lifestyle feature across the globe and
the transportation of goods over large distances is indispensable in today’s highly differentiated and
globalized economy. Relying on fossil fuels, transportation times and costs have been significantly
reduced in the past 100 years, which has led to more efficient use of human capital and financial
capital (e.g., by just-in-time solutions). While substantial progress is being made towards electrification,
especially of passenger cars, liquid fuels are likely to retain an important role (at least for trucks,
airplanes, etc.). However, the extensive use of fossil fuels, currently forming the lion’s share of our
transportation fuels [1], leads to resource depletion, global warming, and other important long-term
sustainability challenges. In consideration of these drawbacks, there has been a policy push towards
transportation fuels from renewable sources resulting in the increase of global biofuels from 367 PJ in
2000 to about 2100 PJ in 2009 [2].

Biofuels have been broadly classified into first generation (produced from food crops such as
sugarcane, corn, palm, rapeseed, etc.) and second-generation biofuels (from lignocellulosic feedstock,
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e.g., corn stover, wheat straw, and wood). First-generation ethanol and biodiesel represent the
majority of today’s biofuel production. By using readily available resources and existing knowledge
of conversion processes, these have been “low hanging fruit” in the quest towards increasing
production of biofuels. However, use of food resources for fuel production, especially in a world
with increasing food demand, has led to controversies about the sustainability of first-generation
biofuels. To address these issues, major research and development efforts are ongoing to enable
a shift towards second-generation biofuels, which include a broader mix of fuel products derived
from a range of widely available [3] renewable resources. In contrast to the sugar or starch-based
first-generation feedstocks, biomass feedstocks containing whole cellulose, hemicellulose, and lignin
fractions are classified as lignocellulosics. A recent IEA report shows that, worldwide, one quarter of
the transportation fuels could be produced from second-generation feedstocks by 2050 [4].

Three prominent technology routes, biochemical conversion, gasification and thermal pyrolysis,
are in principle available for conversion of these lignocellulosic resources to biofuels, next to numerous
other combinations and routes [5]. As shown in Table 1, each of these three technologies has its own
benefits and drawbacks considering a selection of aspects which are important for today and for the
future [5-8]. While second-generation biochemical and gasification-based routes require relatively
large scales, pyrolysis offers the potential advantages of medium scale and distributed liquid product
generation thereby making transportation logistics favorable. In recent years, most attention has been
paid to second-generation ethanol, with numerous demonstration plants in place and first commercial
plants coming online [9]. In contrast, the large upfront investment costs appear to be an important
barrier to gasification [10]. Research on pyrolysis has been ongoing for two decades, albeit with less
intensity than the biochemical route. Thermal pyrolysis could be an interesting process option [8,11,12]
wherein solid biomass is converted into liquids in the absence of oxygen, by rapid heating at moderate
temperature around 450-550 °C [13].

Table 1. Technology routes for second-generation biofuels.
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The liquids produced by pyrolysis can be further treated in dedicated processes [8] or they can be
fed to existing refineries. The liquid is normally termed “pyrolysis 0il” or “bio-oil”. Figure 1 shows a
total ion chromatogram and some representative components of bio-oil derived from thermal pyrolysis
of pinewood (referred to as thermal pyrolysis bio-o0il). This “virgin” bio-oil is a complex mixture of
water and oxygenated components including carboxylic acids, aldehydes, ketones, (substituted)-furans,
sugars, (substituted)-phenols, oligomer sugars and oligomer phenols with a wide range of molecular
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weights and boiling points. Explanations on the role of these components for the quality of bio-oil can
be found elsewhere [14-16].
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Figure 1. Ion-chromatogram of virgin bio-oil produced by thermal pyrolysis (without further treatment).

Large-scale pyrolysis facilities are almost non-existent due primarily to the complexities of the
process, and uncertainty about the characterization and properties of bio-oil. KIOR, USA, had plans for
production of renewable fuels based on wood chips [17]. A comparison of key properties of thermal
pyrolysis bio-oil and fossil fuel oil is shown in Table 2. The main difference in the properties of the

two oils is reflected in the elemental composition, where thermal pyrolysis bio-o0il contains a large
amounts of oxygen (35-40 wt.% of complete bio-oil) without accounting for the oxygen content of
water. This has consequences on the energy content, acidity, water content and homogeneity of thermal
bio-oil and causes problems for the direct use of thermal bio-oil in fuel applications, i.e., transportation
sector. One solution to this issue is to remove oxygen from bio-oil using a catalytic deoxygenation
method [12,14,15,18]. Many studies have been performed on the role of catalysts such as zeolites and
mesoporous materials on the product distribution in bio-o0il and its quality. So far, no catalyst has been
found to solve all the problems associated with bio-oil at once [14,16,19-23].

Table 2. Comparison of thermal pyrolysis bio-oil and fuel oil.

Characteristics. Thermal Pyrolysis Bio-Oil Fossil Fuel Oil
Water content (wt.%) 15-35 0.1
H (wt.%) 5.2-7.0 85.0
C (wt.%) 50-64 11.1
O (wt.%) 35-40 1.0
N (wt.%) 0.05-0.40 0.3
S (wt.%) 0.05-0.30 2.3
Heating value (MJ-kg™!) 16-19 40.0
Viscosity (cP at 50 °C) 40-150 180.0
pH 24 -
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The available techno-economic assessments of pyrolysis processes [8,24] have all focused on
studying the potential of thermal pyrolysis and found the process to be an attractive option [5].
However, the literature is scarce on equivalent studies of catalytic pyrolysis processes. Moreover,
the existing pyrolysis studies have mainly been performed based on a limited number of representative
components for bio-oil [8,24,25]. This is only adequate for a one-off assessment of technology potential
as opposed to iterative assessment meant to provide guidance for further development.

In this study, we explore the technical potential of catalytic pyrolysis and evaluate its potential
in comparison with thermal (non-catalytic) pyrolysis. To this end, dedicated experiments on the
catalytic and thermal pyrolysis of pinewood were executed at laboratory scale at Twente University in
the Netherlands and detailed process modeling by application of the software Aspen Plus v7.0 was
conducted at Utrecht University. The pyrolysis reactions were performed using three different catalysts
including a cesium modified amorphous silica alumina (Cs/ASA) and a sodium supported on gamma
alumina (Na/y-Al,O3), which were developed at Twente University, as well as a commercial grade
proton exchanged Faujasite zeolite (H-FAU). These catalysts were selected based on their previously
reported performances for the catalytic pyrolysis of lignocellulose [14-16]. It should be noted that these
materials are not necessarily the best catalysts for this process, but showed interesting results in favor
of commercial applications and hence were used as an example. To enable effective comparison based
on the experiments in this study, we have tried to limit the use of external literature data for process
operations such as hydrogen production and hydrotreating by relying more on theoretical models and
data in the process modeling. In this paper, we present the findings of this collaboration (in the context
of the project CatchBio, www.catchbio.nl), and we present a comparative technical process analysis in
order to obtain insight into the status of the technology and to provide specific recommendations for
further development of pyrolysis catalysts. This article will be followed by another article in which the
economic and life cycle environmental aspects are analyzed and used to provide further guidance for
catalyst development.

2. Laboratory Experiments

The Cs/ASA and Na/y-Al,Oj3 catalysts were prepared using a wet impregnation method of CsNO3
(Acros, 99.3%) and NayCO3 (ACS reagent grade >99.5%) on ASA (Sasol) and y-Al,O3 (Akzo Nobel)
supports, respectively, to yield 10 wt.% of the corresponding metals on each catalyst (based on the
total weight of the catalyst). The two catalysts were calcined at 600 °C in a flow of air. The commercial
H-FAU catalyst was also calcined at 600 °C prior to the reaction. Pyrolysis reactions for both thermal
and catalytic pyrolysis were performed on a bench-scale set-up consisting of a digital mass flow
controller, a heating coil for heating carrier gas prior to the reactor, an infra-red (IR) oven for fast
heating (1700 °C-min~!) of wood, an electrical oven for separate heating of the catalyst bed where
deoxygenation reactions take place (in the case of thermal pyrolysis the reactor was filled with inert
quartz sands), two sequential condensers (operating at —45 °C) for condensation of pyrolysis vapors
and a gas bag for collection of gases products. A quartz tube (500 mm X 9 mm) was used as the reactor
with a fixed bed of biomass followed by the catalyst. The temperatures of both the biomass bed and
the catalyst bed were set and controlled (using thermocouples placed inside beds) at 500 °C. By raising
the temperature in the IR oven, reactions were started and resulting biomass vapors were continuously
carried through the catalytic bed by carrier gas (Ar, 70 mL-min~'); the condensable vapors leaving
catalytic bed were collected in the condensers and the non-condensable gases (including permanent
gases, CO,, CHy, C; and C3 gases) were collected in the gas bag.

Compositional analyses of the liquid and gas products were performed using gas chromatography
(GC) technique coupled with mass selective detector (MSD) and thermal conductivity detector (TCD),
respectively (for more details on the analytics see [14]). In the case of the liquid fraction, all the
GC separable components were detected using MSD and were later identified by matching with a
library from National Institute of Standards and Technology, NIST 2010 library (supplied by Agilent).
For this study, around 100 components which could be matched with 80% probability and above
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were selected. Quantitative analysis of the GC/MS detectable components is difficult when studying
pyrolysis of the whole wood matrix since calibration of such a large number of components has
inaccuracies. Large errors and data inconsistency were reported even when selected numbers of
the GC/MS detectable components were quantified [26]. Therefore, a common semi-quantitative
method using peak area percentage of total ion chromatogram (TIC) was employed to estimate the
concentration of GC/MS detected components [21,27]. TIC peak area percentage of a certain component
is linearly correlated with the concentration of the corresponding component. Hence, to determine
semi-quantitative yields of each component/group of components, the corresponding TIC Peak area
percentage was divided by initial weight of the biomass feed. This semi-quantitative analysis is valid
only for the comparison of a certain component/group of components on different chromatograms [28].
Gas products were quantified using calibration curves of at least three different concentrations of
respective standard gases.

Karl-Fischer titration was used for analysis of water content of bio-oil. Elemental composition of
liquid products was determined using a Thermo Scientific (Flash 2000, Waltham, MA, USA) organic
elemental analyzer instrument and was calculated on dry basis. The higher heating value (HHV)
of bio-oil was calculated using Dulong equation (Equation (1)) based on the C, H, and O weight
percentage obtained from elemental analysis.

HHV[MJkg™| = [(81.37-Clwt.%]) + (345-H[wt.%]) +43.125-(1 - O[wt.%])]-0.004186 (1)

The temperature required for complete combustion of coke, which formed on the catalyst,
was estimated using temperature-programmed oxidation of the coked catalyst (10 mg) from 30 °C to
800 °C (10 °C-min~! increment) in a flow of air (30 mL-min~!). Thermal gravimetric analysis (TGA)
was used to test the stability of the catalyst at the temperature of regeneration. In this regard, the pure
catalyst (10 mg) was heated from 30 °C to 800 °C in a flow of air (30 mL-min~!) and the weight loss of
the catalyst was recorded.

All the experimental values reported in this study represent the average value of at least two
experiments (experimental errors were estimated at 95% confidence interval). Detailed explanation of
the above-mentioned analytical methods, reaction procedure and catalyst preparation procedure can
be found elsewhere [14].

As mentioned above, around 100 components have been identified in bio-oil. Since not all of
the identified components are available in the Aspen property databases, for the purpose of process
simulations, 41 representative components were selected based on functional groups, bond types and
the number of carbon and oxygen atoms in the molecular structure (see Supplementary Materials
Table S1). In addition to the 41 components, the simulation relies on 10 gaseous and 3 solid components.
All the experimental data which were used for the process simulation in this study can be found in
Supplementary Materials, Table S1.

3. Process Model

In addition to the data from laboratory experiments, the process simulation for catalytic and
thermal processes is based on a combination of literature data and theoretical models based on the
literature. The process modeling was carried out in Aspen Plus v7.0 software using a non-random
two-liquid (NRTL) model as a property method for estimation of phase equilibrium. Figure 2 shows
the complete process model. Using this process model in combination with a limited number of
fuel specifications enabled us to explore different technical possibilities for fuel production from
pyrolysis processes. It is important to note that these are early stage process models and hence involved
assumptions in cases where relevant literature or experimental data is unavailable. The information
provided by these models enables us to evaluate technology potentials and pinpoint areas for further
improvement and experiments.
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Figure 2. Process flow diagram for catalytic pyrolysis.

3.1. Feedstock and Pretreatment

With the intention of exploring lignocellulosic feedstocks and in line with the laboratory
experiments, we model the process using pinewood as a feedstock. The facility was modeled
to process 480 metric tonnes of biomass per day (20,000 kg-h~!). It is assumed that the feedstock is
available as woodchips which have been dried to a moisture content of 3%. The properties of the raw
feedstock used for the process simulation model are presented in Table 3 [14,29]. These properties are
based on experiments for the specific biomass that was used for pyrolysis experiments and reported in
Masoud et al. [14].

Table 3. Biomass feedstock properties.

Waste Pinewood Properties

Moisture content (wt.% as received) 3.00
Volatile matter (wt.% dry) 79.38
Fixed carbon (wt.% dry) 11.34

Ash (wt.% dry) 9.28

C (wt.% dry ash free) 50.15

H (wt.% dry ash free) 541
O (wt.% dry ash free) 44.37

N (wt.% dry ash free) 0.06

S (wt.% dry ash free) 0.01

Cl (wt.% dry ash free) 0.00
Heating value (HHV) (MJ/kg as received) 17.50
Average diameter (mm) 10.00

Moisture content and particle size of feedstock parameters affect the performance of the pyrolysis
process. Since the moisture content of the delivered feedstock is 3%, no further drying is carried out
within the process. Smaller diameter of biomass particles has the advantage of more efficient and
improved heat transfer in the pyrolysis section but requires more electrical energy for comminution.
Based on recommendations for maximum particle sizes [11], we model size reduction of pinewood to
an average diameter of 2 mm. The grinding is carried out using a ball mill crusher and filter screen.
The ground wood is then fed to the pyrolyzer.
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3.2. Pyrolysis

The laboratory experiments were carried out with a fixed bed of catalyst. However, considering
short catalyst deactivation times, we envision a fluidized catalytic cracker type configuration for this
process [30]. The residence time in the fluidized bed reactor is adjusted to reach conditions similar to the
fixed bed process. We use a residence time of 0.5 s based on the configuration used by KiOR [30]. As an
alternative configuration, a moving bed of catalyst could be used; this, however, was not explored in
this study. The pyrolysis process is carried out at 500 °C and 1 atm. As shown in Figure 2, the pyrolysis
section includes a fluidized bed pyrolyzer, cyclone separators and a catalyst regeneration section.
The catalyst regenerator is a combustor where char and coke on the catalyst is burned off. The modeled
combustor operates at 870 °C [7]. Based on temperature programmed oxidation analysis of coke on the
catalyst, the coke is completely combusted at 650 °C (Figure S1). Thermo gravimetric analysis of the
fresh and coke free catalysts in air showed no weight loss of the catalyst up to 900 °C, implying that
the catalyst is stable at high temperatures (results are not shown). In the thermal process the char and
gases are combusted in a separate unit. The air inlet to the catalyst regeneration/combustion unit is
determined by the oxygen requirement to ensure complete combustion. The ash is removed from the
bottom of the catalyst regenerator and a mesh of appropriate size is envisioned to retain the catalyst
particles in the system. A portion of the flue gas from the catalyst regenerator is used as a fluidizing
medium, thus reducing the requirements for fresh nitrogen. Three kilogram of fluidizing medium is
used per kg of biomass. Based on literature data [11], energy requirements for pyrolysis are estimated
at 1 MJ-kg~! biomass for both the catalytic and thermal processes.

3.3. Combined Heat and Power (CHP) Section

The hot flue gases from the catalyst regenerator/combustor are used in a CHP system which
co-generates heat and electricity needed for the plant. Depending on the case, there is an excess of
steam and electricity. Based on literature data for chemical plants [31] the CHP is modeled with the
parameters in Table 4. The electricity factor is determined by the specific configuration of the CHP
system and governs the distribution between heat and electricity output.

Table 4. Characteristic of the CHP unit used in this process simulation.

CHP Parameters Value
Overall efficiency 72.0%
Electricity factor 0.613
Losses for maintenance (heat/steam prod.) 7.5%

3.4. Separation

After the pyrolysis section, the gas and bio-oil vapors are sent to the separation section, where all
the heavy components with boiling points above 280 °C are separated in a flash column (flash 1,
operating at 280 °C). For this study, it is assumed that those higher boiling components which
are not detected in the GC-MS are a waste stream due to unavailability of information about the
properties. However, it is important to note that these heavy components can potentially be processed
further (e.g., hydrotreating) and converted to fuels and other useful products. The quantity of these
components was estimated using gravimetric analysis by heating up the total bio-oil (organics and
water) up to 280 °C. To do this, bio-oil was loaded in a small crucible and was placed in a pre-heated
(at 280 °C) cylindrical oven for 10 s. The very viscous materials remaining in the crucible are the heavy
components of bio-oil and account for 11% and 20% of organics output fraction for catalytic and thermal
reactions, respectively. Apart from the assumed flash separation method used here, methods such as
distillation have been reported for the fractionation of bio-oil [32]. However, during distillation,
different components are separated based on their boiling points by gradual temperature increment,
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followed by oligomerization and condensation reactions between some reactive components present
in bio-o0il [32]. Removal of this stream ensures that a stream with realistic properties and composition
enters the subsequent process sections.

To separate the gaseous components from the mixture, the stream leaving flash 1 is sent to the
second flash separator (operating at 25 °C). The low temperature has been selected to balance the cooling
requirements in this step with the amount of components carried along with the gaseous stream from
this flash. This decision also affects heat duty required in the subsequent distillation unit and the product
yield and composition (the compounds that are not separated via the gaseous phase remain in the liquid
phase and undergo further processing). As the flow of gaseous components from the second flash is
relatively small in comparison to char and coke production, it does not justify a separate combustion
unit. Hence the gaseous components are combusted within the catalyst regenerator/combustor, thereby
making use of the excess heat in the form of steam. After the separation of gases, the cooled oil with a
significant content of water is sent to phase separation. It was observed from experiments that for
effective phase separation a minimum 40 wt.% of water in bio-oil is needed [33]. Hence, we ensure
45 wt.% water content in this step of the process model; if the incoming bio-oil contains less water,
fresh process water is added. Different literature studies [33,34] have demonstrated phase separation
of bio-oil and have documented the distribution of components in aqueous and organic phases. As the
bio-oil composition is specific to each case and experiment, the bio-oil in our case studies differs from
these studies. For the purpose of modeling, we base the phase separation model on the literature
mentioned above and the octanol-water partition co-efficients of the different components [35,36] and
assumptions regarding process conditions. The fact that components with low partition coefficient
are more soluble in water [35,36] and that process inefficiencies prevent complete phase separation of
components, forms the basis of the assumptions in the phase separation model. Thus, components with
a partition coefficient below 1.32 have been modeled such that 95 wt.% end up in the aqueous stream
and the remaining 5 wt.% remain in the organic stream. This split is reversed for the components with
coefficients above 1.32, such that 95 wt.% ends up in the organic stream. The results from this separation
model are in-line with the results presented in literature [33]. The underlying coefficients and the
composition of aqueous and organic fractions after separation can be found in the Supplementary
Materials Table S2. Past modeling studies reported in literature [7,8] directly divert the required fraction
of complete bio-o0il (combined aqueous and organic) for hydrogen production and use the remaining
for hydro-treating or co-refining with conventional naphtha processing. By modeling phase separation,
we take a different approach from these studies. This is for two reasons. The first reason is that recent
literature [33,37] has shown that the smaller molecules actually end up as coke in the subsequent
hydro-processing to refined fuels while with separation, these can form an excellent source for high
value chemical production. The second reason is that in case of catalytic pyrolysis, phase separation
followed by purification, can already yield an oil stream which can be used as a fuel without further
hydro-processing. Following this approach, the organic fraction of bio-o0il from phase separation is sent
to the distillation column in order to further reduce the water content to trace quantities. It is important
to note that—as indicated in literature [32]—some oil losses can be expected in the distillation step
for thermal pyrolysis oils. Oil losses at this stage lead to proportionate reduction in final oil yield.
However, this factor is heavily dependent on the specific composition of bio-oil which varies based on
the pyrolysis conditions and the presence or absence of catalysts as well as the distillation conditions.
These losses can only be reliably determined with pilot scale tests for specific cases in the absence of
empirical relationship models that link such losses to components in oil. Given the uncertainty in
determining losses (from both quantitative and component fate perspective) and the proportional
effect on oil yield, these losses have not been built into the model. The aqueous distillate is mixed
with the aqueous fraction from phase separation and sent to hydrogen production (see next section).
Depending on the quality of bio-oil and considerations related to refinery co-processing, the bottom
bio-oil can either be directly marketed as a product or further processed by hydrotreating.
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3.5. Hydrogen Production

In this section, the aqueous stream containing organics is used to produce hydrogen via steam
reforming. For this technical assessment, it is assumed that all of the organics result in production of
hydrogen, which gives an estimate of the maximum possible hydrogen production. The CHO content
of the organic fraction of aqueous stream is used for this calculation which follows the reforming
reaction, Equation (2). As opposed to the use of experimental data from the literature [33,38] for
modeling, this theoretical approach enables an analysis tailored with the input stream for a particular
model. This ensures a fair comparison across the different options evaluated in this study while still
helping to understand the technology potential. The hydrogen produced is available for export and
internal use in hydrotreating as required.

C;H;Ox + (2i = k)-Hy0 — i-CO, + (21' + % - k)-Hz @)

3.6. Hydrotreating Section

In this section, the bio-oil processed by distillation is envisioned to be hydrotreated using
conventional hydrotreating catalysts, in order to produce an oil product with desired oxygen content.
For the purpose of this technical assessment only the requirement for hydrogen and subsequent
reductions in oil yields were considered. To enable a fair comparison of the different options evaluated,
in the absence of relevant and tailored experimental information, a theoretical modeling approach
was used. Hence, the C, H and O fractions of the bio-oil from separation are used as the input for
these calculations. It is assumed that four ‘H’ atoms are added to the oil for removal of each ‘O’ atom
(a minimum of two ‘H’ atoms are required). Thus, three "H," molecules are needed per oxygen atom
removed (one ‘Hy" for water and two ‘H,” added to the oil). The yield of oil from the process is
assumed to be 98% of the theoretical yield. Having this factor makes it possible to estimate a maximum
potential while still maintaining a yield factor in the model which can be varied for sensitivity analysis.
Depending on the source of bio-oil, a variety of literature studies have reported hydrotreating yields to
fuel products in the range 0.38-0.62 kg oil/kg bio-oil feed [8,24,38,39]. After hydrotreating the gases are
separated by flashing and phase separation. A potentially appealing aspect of catalytic pyrolysis is that
with the right catalysts, hydrotreating can be done in the pyrolysis reactor itself, to directly produce a
usable oil product after separation.

3.7. Fuel Specifications and Properties

A limited number of fuel specifications (Table 5) based on EU regulations [40] have been used to
study approximate conformity of the fuel products from this process.

Table 5. Specifications for gasoline based on European Union standards.

Upper Limit
Oxygen content 3.70 wt.%
Benzene 1.10 wt.%
Aromatics 35.00 v.%
Olefins 18.00 v.%

It should be noted that considering the possibility of blending with conventional fuels, the oxygen
content of any fuel product from the process does not necessarily have to remain within the limit
on oxygen content according to Table 5. If the components contributing to the oxygen content are
acceptable in a fuel, then higher oxygen content mainly affects the fraction of biofuel that can be
blended. To account for these aspects, we considered some additional key fuel properties [41] (Table 6),
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which enables us to assess the quality of different potential fuels through the pyrolysis process and
compare them with conventional gasoline and diesel fuels. The higher heating value is estimated
using the Dulong correlation shown in Equation (1). For energy calculations, the higher heating value
of hydrogen is taken as 141 MJ/kg.

Table 6. Properties of conventional fossil fuels.

Gasoline Diesel Fuel Oil
Carbon content (wt.%) 87 86 85.3
Hydrogen content (wt.%) 13 14 11.5
Oxygen content (wt.%) 0 0 1
H/C molar ratio 1.79 1.95 1.62
Higher heating value (MJ/kg) 47.30 44.80 40
. 422 (based on C30
Average molecular weight (g) 114.23 (Octane) 169.83 (Hexadecane) alkane) (C7 to >C50)
Average boiling point (°C) 38-204 >150 121-600
Acid-sugar-carbonyl 0 0 0

content (wt.%)

3.8. Product Scenarios

Based on different potential process configurations leading to different products, four different
scenarios were envisioned, which are applicable for both the catalytic and thermal pyrolysis processes.

3.8.1. Direct Oil (DO_Oil)

In this scenario, the bio-oil produced as a result of separation is directly considered as a product
and is referred to as DO_oil. This direct production obviates the whole hydrotreating section. However,
depending in the performance of the pyrolysis unit, this oil may not meet all the requirements of a fuel
or blend component. In this case, further processing will be necessary which could be carried out at a
centrally located facility or at an existing refinery. Hence, this is considered in three separate product
scenarios (see below) and detailed product composition is analyzed for this scenario.

3.8.2. Hydrotreated Oil (HT_Oil)

For this scenario, the DO_oil is further hydrotreated, using the hydrogen produced internally,
to an oxygen content of 3.7% in conformity with fuel requirements. Depending on the quality of
the DO_oil, this can significantly reduce or even eliminate the export of hydrogen as a co-product
from the process. Nevertheless, this scenario has the potential to produce a product which is in
conformity with fuel specifications and can be flexibly used in an engine either directly or as a blend.
Considering such a final product, and in absence of information about component specific conversions,
the calculations based on the C, H, and O fractions of DO_oil provide adequate information for this
technical assessment. Hence, detailed product composition is not analyzed for this scenario.

3.8.3. Selectively Hydrotreated Oil (SH_Oil)

In the HT oil scenario, we aim to remove oxygen from DO_oil, regardless of the type of
oxygen-containing molecule. As mentioned earlier, higher oxygen content, by itself, is not a cause of
concern for a fuel product considering the possibility of blending with conventional fuels. In the case of
pyrolysis oil products, one of the main concerns is the presence of acids, sugars, aldehydes, and ketones
in the product. The presence of these components causes stability issues for the fuel products and
can lead to severe limitations regarding the use of such products. Hence, one alternative approach
is to develop hydrotreating catalysts which can selectively remove oxygen from the problematic
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components while preserving components such as furans and phenols. This can lead to lower
hydrogen requirements for hydrotreating of the oil product. Contrary to the previous scenarios,
it would not be possible to immediately implement this option because the required catalyst would
still need to be developed.

3.8.4. Selectively Catalyzed Oil (SC_Oil)

This scenario is only applicable in the case of catalytic pyrolysis. The same principle as in case of
SH_oil is followed, but specific hydrotreating catalysts are incorporated within the catalytic pyrolysis
processes and hydrogen is fed to the pyrolysis section. Thus, the pyrolysis catalysts are engineered in a
way that they selectively hydrotreat the problem components. Theoretically, the hydrogen requirements
would be the same as SH_oil; however, this scenario would save hydrotreating costs and directly
lead to a product that meets specific fuel requirements. This would require further specific catalyst
development that builds on the proposed catalysts in literature [42,43].

4. Results and Discussion

Waste pinewood contains 44.4 wt.% oxygen, which is normally removed by thermal pyrolysis in
the form of CO,, CO, and H,O; catalytic deoxygenation can further enhance oxygen removal. However,
this catalytic deoxygenation takes place at the expense of bio-oil mass yield. The goal of any biomass to
liquid fuel conversion process is to maximize the energy yield from original biomass in the liquid fuel.
Removal as H,O leads to a higher mass yield, while removal as CO; leads to a higher energy yield in
the liquid fuel. Thus, in the case of catalytic pyrolysis the holy grail is to use internally available carbon
in biomass to remove all the oxygen as CO,. For a catalytic pyrolysis process with the waste pinewood
feedstock, a maximum theoretical bio-oil yield of 34.7% is achieved with 100% accompanying energy
yield, if all the oxygen is removed as CO, (Figure 3). Practical yields are, however, subject to losses
as char, coke and gases, removal of oxygen as water as well as the need to provide energy for the
conversion process.
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Figure 3. Variation in theoretical mass yield of liquid fuel from biomass with variation in the final
oxygen content of the fuel after biomass conversion (for theoretical mass yield, zero losses to char,
coke and gases are assumed and all oxygen is assumed to be removed as CO,).

Table 7 summarizes the results for mass balances and properties of bio-oils obtained from laboratory
experiments during thermal and catalytic pyrolysis reactions of waste pinewood. Further information
on the mass flows in each of the scenarios is provided in supplementary information section Tables S3-57.
All three catalysts eliminate more oxygen from bio-oil compared to thermal reaction. Catalytic reactions
show higher amount of gas and coke formation, as compared to thermal reactions. Because of these
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two fundamental differences, the yield of organic fractions is lower for all the three catalytic reactions
(e.g., 10.30% of H-FAU vs. 44.09% of thermal) as was expected. Among the three catalysts, Na/y-Al,O3
was the most active for deoxygenation of bio-oil, reducing the oxygen content of bio-oil to 25.08 wt.%,
compared to 42.28 wt.% of the thermal oil, followed by the Cs/ASA catalyst (29.20 wt.%). These two
catalysts have previously been reported to be beneficial for the pyrolysis of biomass to bio-oil [14,16].
It can also be seen from Table 7 that energy content of bio-oil was enhanced for all the catalytic reactions,
compared to the thermal reaction and Na/y-Al,O3 catalyst resulted in bio-oil with highest energy
content. The lowest oxygen content of catalytic oil of 25.08% (Table 7) corresponds to a mass yield
of about 12.5% (Table 7) and a theoretical maximum yield of 57.8% in the absence of losses to char,
coke and gases (Figure 3). This difference indicates a very substantial improvement potential.

Table 7. Overall mass balance of the process and elemental composition of the bio-oil obtained from
laboratory experiments (before separation of heavy and water-soluble components); elemental analyses
are reported on dry basis.

Pyrolysis Yields (without Further Treatment) Cs/ASA Na/yAl,O3 HY-Zeolite Thermal

Organics (wt.%) 15.79 12.48 10.30 44.09
Water (HyO) (wt.%) 32.06 29.12 33.04 21.51
Char + Coke (wt.%) 18.55 25.13 28.44 11.43

Gases (wt.%) 24.61 24.27 19.22 13.98

Ash (wt.%) 9.00 9.00 9.00 9.00
Organic fraction properties

Carbon content (wt.%) 65.45 69.65 57.75 52.03

Hydrogen content (wt.%) 5.35 5.27 5.06 5.69

Oxygen content (wt.%) 29.20 25.08 37.19 42.28

Heating value (MJ/kg) 24.92 26.98 20.44 18.49

Table S1 shows the composition of bio-o0il. The bio-oil obtained from the two most active catalysts,
Na/y-Al,O3 and Cs/ASA, contains substantial amounts of hydrocarbons (both bio-oils contain about
17 wt.% hydrocarbons). A larger fraction of hydrocarbons formed over Na/Al,O3 catalyst was
aromatic (11.4 wt.% aromatic, 1.3 wt.% aliphatic and 5 wt.% polyaromatic), while in case of Cs/ASA
catalysts, the majority of hydrocarbons formed were aliphatic (2.5 wt.% aromatic, 10.5 wt.% aliphatic
and 4 wt.% polyaromatic). Another difference between the composition of bio-o0il of Na/y-Al,O3
and Cs/ASA catalysts was in acid and carbonyl (aldehyde and ketones) concentrations. No acid
was observed in Na/y-Al,O3 bio-oil indicating that this catalyst was active for elimination of acids.
However, the Cs/ASA catalyst contained 3.5 wt.% acids. Regarding carbonyls, Cs/ASA catalyst was
more active to reduce carbonyls compared to Na/y-Al,O3 (9.5% vs. 13.5% of Na/y-Al;O3). The influence
of H-FAU zeolite catalyst and non-catalytic reaction on the composition of bio-oil are also compared
in Table S1. The thermal and H-FAU bio-oil contain large amounts of acids (5 wt.% and 9.2 wt.%,
respectively), and low amounts of fuel compatible components, i.e., hydrocarbons, alkylated phenols,
and furans (e.g., hydrocarbons yield in traces amounts for thermal and about 2.5 wt.% for H-FAU
bio-oil) (Table S1). In case of H-FAU bio-oil, the concentration of carbonyls (aldehyde and ketones),
which are likewise detrimental to the quality of bio-oil [32], were also high (20 wt.%). Acids contribute
to (i) low pH bio-oil and (ii) lower heating value of bio-oil since they have two oxygen atoms in
their molecular structure; carbonyls are thought to be responsible for instability of bio-oil during
aging time [32]. Acids and carbonyls can be converted to hydrocarbons via decarboxylation and
decarbonylation reactions, respectively. Therefore, design and development of a catalyst which
can selectively convert acids, aldehyde, and ketones to hydrocarbon would be beneficial for the
bio-oil quality improvement. The Na/y-Al,O3 catalyst removes more acids but yields more carbonyls,
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i.e., 14% [14,15]. The Cs/ASA catalyst in this study, on the other hand, shows activity for the reduction
of carbonyls. Hence, a proposition can be made here that a catalyst containing both Na* and Cs* can
reduce the negative effects of the acids and carbonyls on the quality of bio-oil.

So far, we have shown that none of the catalysts could solve all the problems associated with
bio-oil at once and the bio-o0il obtained over the best catalyst, Na/y-Al,Oj3, still contains 25% oxygen
and problem components for fuel use. Therefore, in the process model, we propose several possible
processing steps through which the quality of bio-oil can be further improved. These process steps
have been explained in experimental section and the results are discussed in the following sections.

In DO_oil scenario (refer to experimental section), the vapors leaving the reactor are passed through
a series of separators, as depicted in Figure 2, with the following sequential order: heavy fraction
separator (flash 1), gas separator (flash 2), water soluble separator (phase sep1) and finally a distillation
column (column separator). This makes it possible to almost completely remove acids, carbonyls,
and sugars, that are detrimental to the quality of bio-oil, resulting in a significantly lower oxygen
content (Table 8). As can be seen in Table §, the total amounts of detrimental components in bio-oil are
lower and the total hydrocarbons are higher for catalytic reactions as compared to the thermal reaction.
These result in lower oxygen content of catalytic bio-oils and consequently lead to an increase in higher
heating value. The oxygen content of bio-oil obtained over Cs/ASA catalyst was the lowest (7.9 wt.%),
and as a consequence, the energy content was the highest (41.05 MJ-kg™!), compared to other catalytic
and thermal reactions (Table 8). Under the current laboratory conditions, the yield of bio-oil is very
low in the case of catalytic processes due to the significantly higher formation of gases (CO, CO,),
carbonaceous deposit, and water. Additionally, as indicated earlier in the description of separation
model, a scale up from this process model might show further reduction in yields due potential bio-oil
losses in distillation column. It is noteworthy to mention that the amount of carbonaceous deposit on
the Cs/ASA catalyst is much lower compared to the Na/y-Al,O3 or the H-FAU used in this study and
also compared to other acid zeolite catalysts reported in literature [44]. From Table 8, it can be seen that
higher amounts of char, carbonaceous deposits, and gas formed during catalytic reactions also increases
energy available from combustion of these in the process scheme. Thus, the expected electricity
and steam export are almost twice as high in the case of catalytic pyrolysis. As a larger fraction of
biomass energy ends up in the CHP, the overall final energy efficiency including oil, Hy, electricity,
and steam (about 53%) is also lower for the catalytic processes (Table 8). However, a comparison of
conventional fuel specifications and properties (Tables 4 and 5) with DO_oil properties (Table 8) shows,
in general, that the bio-oils produced via catalytic pyrolysis are of a higher quality. The aromatics
content for catalytic pyrolysis oil is also higher, but still within the limits specified by fuel specifications
(within 35%).

Figures 4-6 show the technically analyzed parameter results for different scenarios of the catalytic
and thermal processes. For these parameters that are estimated in this study, the results for SH_oil and
SC_oil are same because the technical properties of the products will remain same. The overall energy
yield reported in Table 8 is a ratio of all forms of final energy outputs (0il, hydrogen, electricity, steam)
to that of the biomass energy input. In the case of all scenarios, the lowest oxygen content and highest
heating value of bio-oil is obtained using the Cs/ASA catalyst. However, the bio-oil yield obtained
using this catalyst is very low (3% vs. 10% of thermal bio-oil) and hence also the energy yield in bio-oil
(8% vs. 21% of thermal bio-oil). The results for the HT_oil scenario in Figures 4 and 5 show that a
relatively higher fraction of produced hydrogen is required in the case of thermal process to reach 3.7%
oxygen content in the product. We also observe a subsequent reduction in the differences in bio-oil
yields. However, it is important to note that these are maximum possible yields from hydrotreating
and the actual yields, although case specific, are expected to be lower. The amount of H; added to
the bio-oil for removal of oxygen plays an important role in the hydrotreating calculations and also
governs the H/C ratio. The calculations are based on theoretical maximum hydrogen production;
since the actual Hy production in the reforming process is expected to be 10-20% lower, the real H,
exports will be accordingly lower than depicted in Figure 6 [37].
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Table 8. Oil properties and process results for the DO_oil scenario.

14 of 19

DO_QOil Table

Flow Rates Cs/ASA Na-Alumina HY-Zeolite Thermal
Oil production (kg/hr) 685 731 474 2141
H2 export (kg/hr) 2 308 192 209 910
Combustion energy (Char-+coke+gases) (M]/h) 187,660 212,923 223,145 133,078
Electricity export (kW) b 11,855 13,787 14,568 7682
Steam export (MJ/hr) P 68,582 80,820 85,962 28,888
Overall energy yield (MJ/M] biomass)% © 52.5 53.1 53.0 74.3
Oil Properties
Carbon content (wt.%) 82.2 81.3 759 74.5
Hydrogen content (wt.%) 9.9 7.8 8.1 8.2
Oxygen content (wt.%) 7.9 10.8 159 17.3
Higher heating value (MJ/kg) 41.05 37.19 34.86 34.28
H/C molar ratio 145 1.15 1.28 1.32
O/C molar ratio 0.07 0.10 0.16 0.17
O/H molar ratio 0.05 0.09 0.12 0.13
Average molecular weight (g) 139.81 122.04 140.79 146.66
Average boiling point (deg C) 202.42 200.04 215.04 220.49
Acids (wt.%) 0.00 0.00 0.03 0.97
Sugars (wt.%) 0.00 0.00 0.00 2.16
Carbonyls (wt.%) 1.41 1.70 2.02 2.80
Total problem components (wt.%) 1.42 1.70 2.04 592
Benzene (wt.%) 0.00 0.00 0.00 0.00
Aromatics (vol%) 19.90 29.25 1.22 0.74
Olefins (vol%) 4 11.56 4,01 1.38 2.24

2 All of the H, produced is exported, no internal consumption; ® After pinch analysis; © Includes final energy output
in oil, Hy, electricity and steam. d Qlefins are not hydrocarbons and are mainly oxygenated components with

double bonds.
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Figure 4. Comparison of product properties and yields for different scenarios of catalytic and thermal
pyrolysis processes. Data values for this graph are provided in the Supplementary Materials, Table S8.
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Figure 6. Correlation between H/C ratio and H, export; H/C ratio is estimated based on the assumption
for number of moles of H; added to oil per molecule of ‘O" removed. The values in the graph are
calculated for 0% target oxygen content in final hydrotreated oil.

As pointed out earlier, considering the possibility of blending, one option is to selectively
hydrotreat and to reduce the oxygen associated with the problem components. This is explored
with the SH_Oil scenario. As can be observed from Figure 4, this leads to higher internal hydrogen
consumption for thermal process in comparison with the DO_QOIl scenario which is reflected in the
reduced hydrogen export. Despite this fact a relatively higher oxygen content of about 15% is left in
the thermal oil as compared to, for example, 8% in the case of Cs/ASA catalyst. Selective reduction
of acids, aldehydes, and ketones (as problematic components) over hydrogenation catalysts such as
transition metals normally results in alcohols or a mixture of alcohols and alkanes [45,46]. To remove
oxygen to the acceptable level of fuel requirements and yet minimizing the hydrogen consumption,
a careful choice of a catalysts with higher selectivity towards alkanes production is necessary.

The results indicate that to obtain a product with comparable and acceptable fuel specifications,
separate hydrotreating is necessary for thermal pyrolysis. The potential benefit of a catalytic process
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is that the hydrotreating can be done in situ, in the pyrolysis reactor, which obviates the whole
hydrotreating section. A catalyst with selectivity for hydro-deoxygenation of the troublesome
components would be an option in the in situ hydrotreating section. In this case, pre-reduction of the
metal catalyst after regeneration by oxidation may have to be considered.

5. Conclusions

Technical assessments of the pyrolysis of waste pine wood for thermal and catalytic processes
were carried out using the incorporation of experimental data into a process simulation model prepared
using AspenPlus software. Thermal and catalytic processes were compared in different scenarios for
the final products. Relying on a range of representative components the process simulation has offered
a better understanding of pyrolysis product properties. The employed process configuration, as well as
the use of catalytic or thermal processing, has a significant effect on the properties and yields of the
products from this process.

Effective separation of heavy components and of water-soluble components can result in oil
products with significantly better properties. With future research, these components can also be
valorized into fuels and chemicals. As expected, the catalytic process produces an oil with better
properties than the thermal process. This advantage of the catalytic process is stacked against
a significantly higher oil production in the case of the thermal pyrolysis process. In the chosen
process configuration of the carbonaceous deposit formed on the catalyst is continuously burned
off for regeneration. Hence, in such a situation a catalyst that demonstrates slightly higher coke
production along with increased oil production at the expense of char and gases can still be attractive.
Further in-depth research on long-term catalyst stability at process conditions, specific pyrolysis energy
use in different scenarios and variation with catalyst to biomass ratios is required. The high boiling
fraction represents a significant proportion of the bio-oil. Further analysis of this stream will help
pinpoint specific applications or strategies for conversion to low molecular weight components.

The results of the hydrotreating scenarios serve to highlight the potential differences in oil
properties and help understand the important issue of hydrogen requirement for hydrotreating of
bio-oil. Assuming different scenarios for the employed process scheme, it was found that—depending
on the bio-oil requirements—sufficient hydrogen is available internally for further processing of
the pyrolysis products, thereby improving the fuel properties. This can help to meet given fuel
requirements and leads to products comparable with conventional fuels. However, it is important to
note that the scenarios are rather optimistic, and the availability of hydrogen depends heavily on the
yield of hydrogen from the reforming process and the performance of hydrotreating process.

When specifying the desired properties of oil products from a bio-based process, it is important
to consider the possibility of blending with conventional fuels since products with reasonably good
properties and devoid of potentially problematic components can be blended in appropriate quantities
to satisfy engine requirements. To this end, highly selective catalysts would need to be developed
which are able to perform component specific deoxygenation.

Thus, improved catalysts hold the potential to simplify the pyrolysis process and bring it on par
with thermal pyrolysis in terms of energy yields while leading to oil products with better properties.
Depending on conformity with fuel specifications these products can either be further treated in existing
refineries or directly used as biofuels in blends with conventional fuels. To model the product properties,
the approach based on detailed representative components, in combination with a process model,
can be used to analyze the outputs and shape future research efforts. The success of these research
efforts holds the key to developing a technically feasible process that converts second-generation
biomass into liquid fuels via pyrolysis.

Further research is needed to understand economic and environmental implications of these
catalytic and process developments. The feedback provided for further technical development can
play an important role in making sustainable biofuels a significant fraction of our future transportation
fuel mix.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/12/1600/s1,
Figure S1: Temperature-programmed oxidation of coke formed on the Cs/ASA catalyst, Table S1: Output data
from pyrolysis reactions used for process simulations, Table S2: Data and assumptions for separation model,
Table S3: Key stream names and descriptions for the streams reported in Tables S4-S7, Table S4: Stream flow data
for pyrolysis using Cs/ASA catalyst, Table S5: Stream flow data for pyrolysis using Na-Alumina catalyst, Table Sé6:
Stream flow data for pyrolysis using HY-Zeolite catalyst, Table S7: Stream flow data for thermal pyrolysis, Table S8:
Data values for Figure 4 in the article.
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