
Master of Science Thesis 

KTH School of Industrial Engineering and Management 

Department of Energy Technology 

Degree Project in Heat and Power Technology, Second Cycle, 30 Credits 

Division of Heat and Power Technology 

SE-100 44 STOCKHOLM 
 

 

 

 

 

 

 

Catalytic Upgrading of Fast Pyrolysis 

Bio-oil Using Zeolites 

 

Elena Wikberg 
 

 

 

 

 

 

 



i 

 

 

 

 Master of Science Thesis EGI 2019: 

TRITA-ITM-EX 2019:398 

Catalytic Upgrading of Fast Pyrolysis 

Bio-oil Using Zeolites 

  Elena Wikberg 

Approved 

2019.06.10 

Examiner 

Jeevan Jayasuriya 

Supervisor 

Jeevan Jayasuriya 
Linda Sandström 

 Commissioner 

RISE ETC 
Contact person 

Anna Malou Petersson 

 

 

 

Abstract 

 

Fast pyrolysis bio-oil is considered as a possible source for production of liquid bio-fuels and bio-chemicals 

enabling the necessary transition to a renewable energy system. In this Master’s thesis work the upgrading 

of fast pyrolysis bio-oils with Fluid Catalytic Cracking (FCC) conversion process at industrially relevant 

conditions is studied using Fluid Catalytic Cracking Micro Activity Test (FCC MAT) unit at RISE ETC in 

Piteå, Sweden. The study is focused on evaluating the process in terms of production of value-added 

products including petrochemical materials, such as propylene and benzene, toluene, xylene (BTX), and 

petroleum range liquid biofuels. The evaluation of the process was based on the upgraded products yield 

and quality characterized by the chemical composition of collected liquid and gas samples with regards to 

several influencing factors including origin of the bio-oil, addition of ZSM-5 zeolite to the commercial 

catalyst and FCC operation parameters, such as reaction temperature, catalyst to oil (CTO) ratio and ZSM-

5 zeolite catalysts acidity. Several analytical methods were applied for characterization of both feedstock and 

products, including GC MS analysis and determination of the boiling range distribution of the liquid 

products by simulated distillation. The results of this work showed that the process of upgrading pure 

pyrolysis bio-oil was challenging and required further studies to develop a practical operating process. While 

the process of co-feeding of the pyrolysis bio-oil with commercial FCC fossil feedstock was determined as 

feasible at industrially relevant conditions. Catalytic conversion of co-fed pyrolysis bio-oil at the ratio of 

20/80 resulted similar petrochemical products to commercial fossil feedstock with full deoxygenation of 

pyrolysis bio-oil. Moreover, the results showed that high catalytic reaction activity conditions with high 

reaction temperature along with the use of ZSM-5 zeolite were favored for maximizing the BTX and 

gasoline range products. 
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Abstrakt 

 

Snabb pyrolys bio-olja betraktas som en möjlig källa för produktion av flytande biobränslen och 

biokemikalier som möjliggör den nödvändiga övergången till ett förnybart energisystem. I detta 

examensarbete studeras uppgraderingen av snabba pyrolys bio-oljor med FCC MAT-enheten vid RISE ETC 

i Piteå, Sverige. Studien är inriktad på att utvärdera processen inom ramen för produktion av 

mervärdesprodukter inklusive petrokemiska material, såsom propen och bensen, toluen, xylen (BTX) och 

flytande biobränslen. Utvärderingen av processen baserades på det uppgraderade produktutbytet och 

kvaliteten som kännetecknades av den kemiska sammansättningen av uppsamlade vätske- och gasprover 

med avseende på flera påverkande faktorer inklusive bio-oljans ursprung, tillsättningen av ZSM-5 zeolit till 

den kommersiella katalysatorn och FCC-driftparametrar, såsom reaktionstemperatur, förhållandet 

katalysator till olja (CTO) och ZSM-5 zeolitkatalysatorers surhet. Flera analysmetoder användes för 

karaktärisering av både råmaterial och produkter, inklusive GC MS-analys och bestämning av kokpunkternas 

fördelning av de flytande produkterna genom simulerad destillation. Resultaten av detta arbete visade att 

processen för uppgradering av ren pyrolys bio-olja var utmanande och kräver ytterligare studier för att 

utveckla en praktisk driftsprocess. Medan processen för sam-matning av pyrolys bio-olja med kommersiell 

FCC-fossil råvara bestämdes vara genomförbar vid industriellt relevanta förhållanden. Katalytisk 

omvandling av sam-matad pyrolys bio-olja i förhållandet 20/80 resulterade i liknande petrokemiska 

produkter som kommersiellt fossilt råmaterial med full deoxygenering av pyrolys bio-oljan. Resultaten visade 

dessutom att förhållanden med hög katalytisk reaktionsaktivitet och hög reaktionstemperatur tillsammans 

med användning av ZSM-5-zeolit var gynnsamma för att maximera produktionen av mervärdesprodukter 

såsom BTX- och biobränslen. 
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1 Introduction 

Production of renewable liquid fuels is expected to increase with the trends of sustainable development in 

order to reduce global climate impact. In accordance with the Paris Agreement, the European Union has 

set a number of ambitious targets in order to keep the increase in global temperature below 2°C above pre-

industrial levels and limit the temperature increase to 1.5°C above pre-industrial levels, including reduction 

of at least 40 % of greenhouse gas emissions as well as reaching a share of at least 32 % of renewable energy 

by the year 2030  (Council of the European Union, 2018).  

Currently the share of renewable energy in gross final energy consumption in the EU is 17 % according to 

year 2016. By breaking down the renewable share of the gross final energy consumption by sectors including 

electricity, heating & cooling and transport, the outcome is 29.6 %, 19.1 % and 7.1 % respectively.  (Eurostat 

(a), 2018) Transport sector represents the smallest share of renewable energy, which is mainly defined by 

liquid biofuels that contribute to only 6.54 % of total primary production of renewable energy in the EU, 

Figure 1. Therefore, further development within the transport sector is crucial for reaching the stated targets 

leading to a necessary transition to renewable liquid biofuels production. 

 

 

Figure 1 Primary production of renewable energy in the EU in 2016 (Eurostat (b), 2018).  

Pyrolysis is a commercially available process to liquify biomass into bio-oils. Pyrolysis bio-oil upgrading is 

considered as an alternative trace for production of biomass-based chemicals and liquid bio-fuels enabling 

necessary transmission to renewable energy. This study attends to practically evaluate catalytic upgrading of 

fast pyrolysis bio-oil to produce value-added products including petrochemical materials, such as benzene, 

toluene, and xylene (BTX), and petroleum range liquid biofuels. In this work the upgrading of biobased oils 

is examined with fluid catalytic cracking process (FCC), which is one of the most studied process for the 

introduction of biobased feedstock to a refinery (Mortensen, o.a., 2011). 

This work is done in cooperation with RISE Energy Technology Center AB (RISE ETC) situated in Piteå 

as a part of thermochemical conversion of biomass research. RISE ETC is a non-profit research 

organization, wholly owned by Research Institutes of Sweden (RISE). (RISE, 2017) 
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1.1 Aim of the Study 

The aim of this work is to study the upgrading of fast pyrolysis bio-oils with FCC conversion process and 

create new knowledge based on statistical analysis of newly collected data. This study focuses on catalytic 

upgrading of pyrolysis bio-oils as well as co-feeding approach of biobased and fossil feedstock at industrially 

relevant FCC conditions. The catalytic upgrading of pyrolysis bio-oils as either the pure feedstock or co-

feed with commercial FCC fossil feedstock is aimed for production of gasoline range products  and valuable 

petrochemical materials, BTX and propylene. Moreover, the influence of ZSM-5 zeolite additions to 

commercial FCC catalyst is evaluated. This work includes literature study of the FCC process as well as 

practical evaluation of catalytic upgrading of fast pyrolysis bio-oils. In addition, a comparative analysis is 

done between FCC and other existing pathways of refining pyrolysis oils, such as hydrodeoxygenation.   

 

1.2 Objectives 

The main objective of this work is to study the process of upgrading the fast pyrolysis bio-oils with the FCC 

conversion method. In order to reach this objective, in the first place it is necessary to build up knowledge 

regarding the catalytic upgrading of bio-fuels, FCC technology, process and application description as well 

as assessment of the properties of commercial and bio-based feedstock. Accomplishment of this goal is 

going to serve as the foundation for the following objectives of this study. As a part of the main objective 

to study the upgrading method with FCC conversion process practical evaluation of catalytic upgrading of 

fast pyrolysis bio-oils is investigated through development and execution of the experimental scheme. The 

experimental scheme is aimed at evaluating the catalytic upgrading of bio-oils with regards to quality and 

yield of formed products using the FCC pilot scale unit under different process conditions. The evaluation 

of catalytic upgrading process is done in terms of: 

1. Co-feeding of different origin bio-oils; 

2. Optimization of the process for pyrolysis bio-oils upgrading using ZSM-5 zeolite additions to 

commercial catalyst; 

3. Screening of ZSM-5 zeolite catalysts performance. 

The final objective is to assess the FCC conversion process for fast pyrolysis bio-oils upgrading by obtaining 

statistical results from performed experimental work scheme and draw conclusions. 

 

1.3 Methodology 

In order to reach the aim and fulfill the objectives of this study, the following structured framework is 

applied: literature review, development and deployment of experimental plan, and statistical analysis of 

collected experimental data. 

A literature review is conducted to gain a broad knowledge about the theoretical bases of catalytic upgrading 

as well as practical features of the process derived from current commercial applications. In addition to 

characterization of commercial FCC conversion processes, this study is focusing on fast pyrolysis bio-oil as 

an alternative feed. Therefore, descriptions of the pyrolysis process as well as the properties of pyrolysis 

bio-oils are included. This part of the study is aiming at accomplishing proper understanding of the 

upgrading catalytic process, identifying the main challenges connected with introduction of bio-based 

feedstock and determining the main process parameters and their overall impacts.  Revision of existing 

scientific research is done in order to assess the existing scientific work done within the topic of catalytic 

upgrading of fast pyrolysis bio-oils and used for designing and carrying out an original research. The sources 

used for this literature review include recent scientific reports and textbooks describing different aspects of 

the related research topic. 

 



-3- 
 

The next step of this study includes development and implementation of experimental work scheme for 

pyrolysis bio-oil upgrading with FCC pilot scale unit. In this study the Fluid Catalytic Cracking Micro 

Activity Test (FCC MAT) unit installed at RISE ETC in Piteå is used to perform pilot scale assessment of 

the upgrading process. The FCC MAT is especially designed for evaluating co-feeding of biobased and fossil 

feedstock at industrially relevant conditions. Three groups of experiments are designed in accordance with 

the objectives of this study to evaluate the catalytic upgrading process in terms of different origin bio-oils 

co-feeding, upgrading of pyrolysis bio-oils using commercial catalyst spiked with the ZSM-5 zeolite and 

examine the performance of zeolite catalysts for this process. The goal of this part of the study is to create 

new information of data for pyrolysis bio-oil upgrading with focus on yield and quality improvement of the 

formed products and obtain new knowledge regarding process influencing parameters for reaching the 

optimization objectives.  

The experimental procedure is aimed at evaluating the process of catalytic upgrading of bio-oils with regards 

to quality and yield of formed products. The yield of the formed products is expressed as mass fraction of 

a product to the total mass of fed feedstock. While the quality is determined by investigating the share and 

chemical composition of the liquid, solid and gas fractions using several analytic methods. The collected 

liquid product is analyzed by simulated distillation analysis (SIMDIST) method. Moreover, gas 

chromatograph (GC) mass spectrometer, Shimadzu GC MS-QP2010, is used to identify chemical 

composition of the formed liquid products as well as of the raw bio-oils. For the analysis of FCC liquid 

products, a DB-PETRO Agilent (100 m, 0.25 mm, 0.50 µm) non polar column is used, which is suitable for 

petroleum products. For the analysis of the pure bio-oils Rtx-1701 Restek (60 m, 0.25 mm, 0.25 µm) polar 

column is used. The chemical composition of the collected gas products is analyzed using two additional 

gas chromatographs; Varian CP-3800 GC and CP-4900 Micro-GC. The analysis of the solid products is 

limited to identifying the weight of coke, the product deposited on the catalyst after cracking. The weight 

of the coke is assessed according to composition of carbon dioxide  (CO2) in a regeneration gas, representing 

the amount of burned coke during regeneration process.   

After the experimental data being collected it is statistically analyzed. The collected experimental data 

includes the input data of the upgrading FCC process parameters and characteristics data of the formed 

products, response parameters. The collected data is quantitavely analysied using the descriptive statistic 

analysis methods to veryfy the evaluation results of the catalytic upgrading process in terms of co-feeding 

different origin bio-oils and ZSM-5 zeolite catalyst performance. For the purpose of the FCC upgrading 

process optimization the data analysis is based on response surface methodology (RSM) design for finding 

an optimal point of operation with a help of MODDE 6 software. In this work the RSM design is applied 

to the central composite face-centerd design of the experiment in three factors, Box Behnken, suitable for 

pilot scale plants investigations. The main purpose of RSM is to construct a mathematical model to 

approximate the response and determine the effect of the varying factors on the formed products. A 

quadratic polynomial model is used to determine the relation between the varying factors and identified 

responses of the process. (Eriksson, o.a., 2000) The constructed regression models are analysed based on 

R2 and Q2 diagnostic parameters as well as analysis of variance (ANOVA). Additional RSM for each of the 

constructed models are plotted using the SigmaPro software.  

The expected results from statistical analysis are used to assess the FCC process for upgrading the pyrolysis 

bio-oils. The constructed polynomial models are used for further predictions of the response values within 

the experimental region and identify the dependend process parameters setting for the optimal point, 

depending on objectives of a process results.  
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2 Theoretical Background 

2.1 Pyrolysis 

Pyrolysis is a thermal conversion process based on the thermal degradation of lignocellulosic biomass under 

inert conditions, i.e. in an oxygen-deficient environment. Pyrolysis process can be divided by different 

reaction conditions into four types of pyrolysis modes: slow torrefaction, slow carbonization, intermediate 

and fast modes. The temperature of the pyrolysis reactor is rising towards the fast pyrolysis mode from 

about 290 °C, at torrefaction mode to 500 °C, at fast mode. As the lignocellulosic biomass reacts differently 

when subjected to different temperatures due to different thermal stabilities of hemicellulose, cellulose, and 

lignin containing fractions, product yield varies for different pyrolysis modes. From the temperature point 

of view, at low reactor temperatures a share of solid char products is high, for instance during torrefaction 

mode the share of products is about 77 % for solid, 23 % for gas and less than 5 % for liquid products 

represented by condensable vapors of bio-oil and tar. With an increase of the reactor temperature the share 

of liquid products increases resulting the highest share of bio-oil product for the fast pyrolysis mode with 

the share of 75 % and 13 % for liquid and gas products, and only 12 % of biochar. (Paul J. de Wild, 2015) 

As the result, the main product of transforming the biomass through fast pyrolysis process is bio-oil, while 

other supplementary products include biochar and gas that mainly consist of methane (CH4), hydrogen (H2), 

carbon monoxide (CO) and carbon dioxide (CO2). (Zaman, o.a., 2017) The share of the pyrolysis end 

products also depends on the reaction time, heating rate, pressure as well as the reactor’s design and 

configuration. Moreover, the type and composition of the biomass itself influences pyrolysis end products, 

e.g. biomass containing high proportion of lignin fraction, such as woody biomass, yields larger bio-oil and 

char share comparing to biomass with minor proportion of lignin. (Zaman, o.a., 2017)  

Pyrolysis process can be implemented as either primary or secondary unit of biorefinery facility for biomass 

processing into a spectrum of value-added products. In case of primary unit, pyrolysis process is used to 

provide bio-oil for further secondary and tertiary processing units that include either solitary or a 

combination of bio-oil upgrading, fermentation, chemical isolation and gasification processes. For 

secondary unit application, pyrolysis process is used to treat side material stream originated from previous 

unit processes. For example, in second generation bio-ethanol biorefinery pyrolysis process is used as a 

secondary unit following the main cellulose fermentation unit to treat distillation residue stream, which 

contains lignin and other solid fractions of lignocellulosic biomass to produce bio-oil. (Paul J. de Wild, 2015) 

Therefore, pyrolysis process offers a large variety of biomass-based end products providing a feedstock for 

production of liquid and gaseous fuels, valuable chemicals as well as a renewable source for heat and power 

generation. 

2.1.1 Fast Pyrolysis 

Fast pyrolysis process provides up to 75 % of liquid products derived from biomass feedstock targeting the 

production of bio-oil. While the typical reaction temperatures are between 400 and 550°C, the heating rates 

can reach up to 1000 °C/s depending on the type of biomass feedstock. The process is defined by very 

short vapor retention time of 1 to 2 seconds between transferring thermal energy to the biomass and 

isolation of pyrolysis vapors from hot reaction zone. Capability of quickly isolating and chilling the pyrolysis 

vapors and aerosols ensures reduction of thermal post-decomposition resulting in higher bio‐oil yield. The 

separated pyrolysis vapors are cooled and condensed to the bio-oil liquid. (Hornung, 2014) As one of the 

main advantages, fast pyrolysis process offers a possibility of utilizing a wide range of lignocellulosic 

biomass, such as forest residues and industrial wastes, to produce second generation bio-oils and valuable 

chemicals avoiding a competition with cultivation food crops and agricultural land usage. Moreover, it’s 

been shown that scaling up of fast pyrolysis process is economically feasible. (Zaman, o.a., 2017) Empyro 

plant constructed by BTG-BTL in Hengelo, Netherlands, (BTG, 2019) is a commercial scale pyrolysis plant 

and one of the examples of prosperous upscaling of fast pyrolysis process. The other examples include bio-
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oil plant in Joensuu, Finland, supplied by Valmet Oyj (Valmet, 2019) and Ensyn Technologies’ Inc. biocrude 

production Ontario facility, Canada (Ensyn, 2015). 

2.1.2 Fast Pyrolysis Bio-Oils  

Fast pyrolysis bio-oil is a viscous dark brown to black liquid with a very complex and diverse composition 

of hundreds of different compounds. Composition of pyrolysis bio-oils as well as their characteristics differ 

considerably depending on the type of feedstock used as well as the pyrolysis process itself. However, there 

are general characteristics of the raw fast pyrolysis bio-fuel that are inherent for all. Pyrolysis oils have high 

oxygen content consisting of a complex mixture of aliphatic and aromatic oxygenates, particulates and water. 

The oxygen containing compounds include alcohols, acids, carbonyl group (C=O) components such as 

aldehydes and ketones, furans, phenols, ethers and sugars. (Oasmaa , o.a., 2010) Due to high oxygen 

composition, of up to 40 % of elemental oxygen (O), the pyrolysis oil is moderately acidic with pH of 2.5-

3.5 and has a relatively low energy content between 18–23 MJ/kg, which is about half of conventional fossil 

oil. (Pant, o.a., 2014) Due to high variability of available pyrolysis oils on the market the ASTM D7544, 

standard specification for pyrolysis liquid biofuel was introduced defining quality specifications of pyrolysis 

liquids to standardize it as a fuel. The ASTM D7544 standard defines grades of pyrolysis liquid biofuel 

regarding a suitable fuel burning equipment such as industrial and commercial burners. (ASTM D7544-12, 

2017)  

Nevertheless, bio-oils are still considered as low-quality fuels that cannot be used in conventional 

unmodified gasoline or diesel engines mainly due to their high viscosity and oxygen content. In addition, 

the raw pyrolysis bio-oils are immiscible with petroleum-derived fuels due to high water content excluding 

a possibility of blending (Gueudré, o.a., 2017). Therefore, upgrading process of the fast pyrolysis bio-oils is 

necessary for mainly removing the oxygen enabling the use of bio-oils as fuel for commercial application. 

 

2.2 Fluid Catalytic Cracking (FCC) 

FCC is a secondary refining process commercially used to convert high-boiling heavy fractions of petroleum 

such as crude oil to more valuable lighter products such as liquefied petroleum gas (LPG), gasoline and 

diesel. The FCC process plays an important role in today’s petroleum products refining accounting for up 

to 50 % of the worldwide total gasoline production. Moreover, market demand is expected to grow even 

more in the future.  (Bai, o.a., 2018) The main concept behind the FCC unit operation is the use of fluidized 

micro-spherical catalyst to crack down the heavy petroleum fraction. There are several types of FCC units 

categorized according to the direction of catalyst flow by upstream or downstream units as well as the 

configuration of reactor and regenerator unit components by side-by-side and stacked configurations. 

(Sadeghbeigi, 2012 ss. 1-41, Ch. 1) Figure 2 represents a simplified scheme of an upstream side-by-side FCC 

unit used as model for describing the FCC process operation.  
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Figure 2 Upstream FCC process, modified from (U.S. Energy Information Administration, 2012). 

The main component of an FCC process is the reactor (1), consisting of two main components riser (2) and 

separation vessel of the reactor (3). At the bottom of the riser incoming raw oil preheated up to 200-400 °C 

meets with hot regenerated catalyst. The high temperature catalyst vaporizes the oil, which lifts the catalyst 

and oil vapor mixture up the riser due to volume expansion. As soon as the oil vaporizes cracking reactions 

start to occur at the desired reaction temperatures of 490-560 °C. After the reaction occurs some portion 

of the oil is deposited on the catalyst as coke reducing catalyst’s activity and transforming it to “spent 

catalyst” phase. Where coke is presented by hydrogen-deficient materials such as pure carbon, sulfur and 

nitrogen. Other products of the reacted oil vapors are collected and separated from spent catalyst in the 

separation vessel component (3). The separation vessel consists of one or several inertial separation devices 

such as cyclones, allowing to separate the vapor products exiting at the upper part of the component and 

collect spent catalyst at the catalyst stripper (4). In addition to deposited coke on the catalyst, there are 

hydrocarbon vapors absorbed between the catalyst particles. Stripping gas, such as steam or nitrogen, is 

used to remove these hydrocarbons, preventing them from entering regenerator component (5) to collect 

with the rest of the product vapors. The main purpose of the regenerator is to restore its catalytic activity 

of spent catalyst by burning the deposited coke. Air is usually used to provide needed oxygen to the 

regenerator operating at the temperature of 640-730 °C. As the flue gas entrains suspended catalytic 

particles, more internal cyclone units are used to control the catalyst from exiting via flue gas flow as well 

as ensuring its complete regeneration by the catalyst screening according to the size of the particles. After 

the regeneration step the fluidized hot catalyst returns to the reactor to the beginning of the catalyst 

circulation loop. (Sadeghbeigi, 2012 ss. 1-41, Ch. 1) In order to keep the activity of the FCC catalyst constant, 

a small part of the FCC catalyst is regularly withdrawn from the reactor and replaced with new catalyst. The 

withdrawn or spent catalyst represents the whole catalyst in the process and is sometimes denoted as 

equilibrium catalyst. Even though the catalysts reaction time with the feed is only a few seconds, the 

properties of the FCC catalyst play an important role in the whole process. FCC catalyst influences the 

overall performance of the refining unit as well as its operation and process parameters. 

Conventional feed for FCC units is generally represented by heavy crude oil fraction or heavy oil. Heavy oil 

is the bottom fraction derived after the distillation of crude oil under atmospheric pressure with a boiling 

point above 340 °C.  This fraction can be distilled further under vacuum conditions to light and heavy 

vacuum gas oils (VGO) and vacuum residue. (Sadeghbeigi, 2012 ss. 1-41, Ch. 1) Generally, VGO is used as 
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the feed for commercial FCC applications, however other fractions of crude oil, such as atmospheric and 

vacuum residues, or other different hydrotreated oils can also be adopted as feedstock to the process (Bai, 

o.a., 2018). Crude oil feedstock is primarily consisting of long chain paraffins, naphthenes and aromatics. 

The composition of paraffins is dominant and varies between 50 % and 60 %. Paraffins or alkanes are 

hydrocarbons with an open structure and a single carbon-carbon bond referring to a chemical formula of 

CnH2n+2. The composition of naphthenes and aromatics is smaller varying within 25 % of the feed content. 

Naphthenes are cycloalkanes with similar single carbon-carbon bond but closed ring structure referring to 

the chemical formula of CnH2n. Aromatics have similar closed ring structure of a molecule, however the 

core of the ring is based on resonance-stabilized carbon bonds resulting in chemical formula of CnH2n-6. 

The smallest aromatic compound is benzene representing an aromatic ring of six carbons. Olefins are other 

common compounds present in FCC feed. Olefins may constitute to 5 % of crude oil feed if it has previously 

been preprocessed by other cracking methods or be presented in alternative feedstock, such as shale oil. 

Olefins are alkenes with an open structure and have similar chemical formula to naphthenes, CnH2n, due to 

presence of a double carbon-carbon bond. (Sadeghbeigi, 2012 ss. 51-86, Ch. 3) In recent research several 

alternative feeds for the FCC process have been reviewed including biobased feeds, alcohols, naphtha and 

Fisher Tropsch waxes. With a growing interest in renewable fuels the FCC conversion has been the most 

studied catalytic cracking process for introducing the biobased feedstock to an existing refinery. The 

biobased feedstock includes pyrolysis bio-oils, vegetable oils and animal fats. (Bai, o.a., 2018) 

The products of the FCC process are generally categorized as dry gas, LPG, gasoline, light cycle oil (LCO), 

heavy cycle oil (HCO), slurry oil and combustion coke. Dry gas is the undesirable product fraction of the 

catalytic upgrading process. It contains inert gases such as H2, CO, CO2 and short hydrocarbons such as 

methane, ethane, ethene or ethyne. LPG product contains C3 and C4 hydrocarbons. This product fraction 

is desirable for propene (or propylene) as well as butene (butylene) products. Gasoline is the most desired 

product and has the biggest share among all of the produced products. (Sadeghbeigi, 2012 ss. 169-189, Ch. 

8) The gasoline final product, which is used as a transport fuel, has a boiling point below 200 °C in 

accordance with ASTM D86 accounting for hydrocarbons with C4 to C12 carbon atoms range. (Speigh, 

2015) LCO product is the next heavier fraction product that follows the heavy fraction of the gasoline. The 

distillation range of the LCO is within 221 °C to 354 °C boiling point according to ASTM D86. LCO is 

highly aromatic and used as a blending stock to diesel fuels. (Sadeghbeigi, 2012 ss. 169-189, Ch. 8) HCO is 

not as desirable product fraction as LCO, therefore it is usually used as a feedstock in further upgrading 

processes or recycled within the FCC process. The distillation range of the HCO is within 350 °C to 500 °C 

boiling point. (Wang, o.a., 2010) Slurry oil is the heaviest fraction product from catalytic cracking. It is not 

a highly desired product and represents an unconverted fraction of the FCC feed (Sadeghbeigi, 2012 ss. 169-

189, Ch. 8). 

It is difficult to assess a definite boiling point of each product fractions as it directly depends on the varying 

chemical composition of each product, especially the composition of aromatic compounds and oxygenates. 

In this work the estimated components and boiling point temperatures for each fraction were defined as 

presented in Table 1. The components constituting dry gas, LPG and LCO are defined in accordance to 

standard components composition and the lower boiling point, while other fractions such as 

gasoline/naphtha and bottom fractions have estimated components in accordance with boiling point 

temperatures. The distillation fraction of the liquid FCC product below 221 °C boiling point would contain 

naphtha fraction with the range of gasoline petroleum product. Naphtha is a petroleum fraction with a 

hydrocarbon range between C5 and C17 with a boiling point below 250 °C (Speigh, 2015). The bottom 

fraction includes the undesired heavy products such as HCO and slurry oil within a distillation range of 360 

°C and 538 °C.  
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Table 1 Categorization of the FCC product yields. (a) Estimated components. 

Product fraction Components Product phase Boiling point up limit, °C 

Dry gas H2; CO; CO2; C1; C2 Gas product - 

LPG C3 - C4 Gas product - 

Gasoline/Naphtha C5 ~ C13 a Gas + Liquid products 221 °C 

LCO C13 ~ C22 a Liquid product 360 °C 

Bottom fraction > C22 a Liquid product 538 °C  

Coke > C50 Solid product - 

 

2.2.1 Catalyst characterization  

The properties of a catalyst used for catalytic cracking are crucial for the whole FCC process. In addition to 

the cracking properties, different catalysts have different properties of selectivity for upgrading products.  

For modern FCC catalysts the main active component is zeolite, which composition may vary between 15 

and 50 % of the total FCC catalyst weight (Komvokis, o.a., 2016). The other components, such as filler and 

binder, form catalyst matrix. Matrix is considered to be a catalyst component other than zeolite, which can 

be characterized as either active or inactive matrix components. It has a supportive role to the zeolite during 

the catalytic reactions, such as pre-cracking large oil molecules to smaller sizes allowing the access to the 

micropores of the zeolite and reduce formation of coke on its surface. The filler component is usually 

represented by clay providing a base structure of the catalyst and serves as heat sink, while the binder serves 

as a glue to hold the mixture of components together. (Sadeghbeigi, 2012 ss. 87-116, Ch. 4) 

Zeolite is a metal aluminosilicate microporous compound with a well-defined lattice structure. The pores of 

such lattice structure have uniform sizes and measured in angstroms [Å] due to their small size. Angstrom 

is a unit of length equal to 0.1 nanometer or 10-10 meter (The Editors of Encyclopaedia Britannica, 2019). 

For example, for Type Y zeolite, typically used in FCC catalysts, the pore diameter is between 7-9 Å. This 

pore size admits small hydrocarbon molecules for upgrading, while larger oil molecules are forced to be pre-

cracked by the matrix or the outer surface of the zeolite. The elementary building unit of the zeolite structure 

is represented by silica (Si) and alumina (Al) tetrahedra, Figure 3, where either Si or Al atom is in the center 

of tetrahedron surrounded by four O atoms in each corner. The unit containing a Si atom is neutral in 

charge as the degree of Si oxygenation is +4, while the tetrahedron unit of Al atom has a net charge of -1, 

considering that the degree of oxygenation of Al is +3. This net negative charge is balanced by a cation for 

the zeolite to be catalytically active, represented by hydrogen ion (H+). The type of cation is usually expressed 

in the zeolite notation, for example as HZSM-5 or HY using the H+ cation for ZSM-5 and Y zeolites 

respectively. Therefore, the Si/Al ratio of the zeolite represents the number of H+ cations and thereby the 

acidity of the zeolite as well as its reactivity. (Sadeghbeigi, 2012 ss. 87-116, Ch. 4) 
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Figure 3 Zeolite elemental building unit. 

There are several types of zeolite catalysts different by their nature and quality. However, for modern FCC 

applications Type Y and ZSM-5 zeolites are commonly used. Zeolite Y has Si/Al ratio between 2.5-3, which 

is corresponding to SiO2/Al2O3 molar ratio of 5-6. It is a large pore structured zeolite consisting of a three-

dimensional building unit with four large pores resembling a 12-ring cage with average pores diameter of 

around 8 Å. However, in practical cracking applications an ultra-stable zeolite Y (USY) variant is used to 

withstand high reactor temperatures. USY zeolite has a reduced number of Al ions in addition with 

substituted positive Na ions with rare earth components and ammonium cations, together these factors 

increase activity as well as thermal and hydrothermal stability of the zeolite. (Komvokis, o.a., 2016) 

ZSM-5 is different from Type Y zeolite by its structure. The pore size of ZSM-5 is smaller representing a 

three-dimensional channel network with 10-ring cages with pore diameter of 5-6 Å. While the SiO2/Al2O3 

molal ratio is higher comparing to Type Y zeolite reaching as high ratios as 280 (Zeolyst International, 2019). 

The main performance characteristics of ZSM-5 during cracking is an increase in gasoline octane as well as 

olefin yield, including the increase of aromatic hydrocarbon content in gasoline fraction. (Sadeghbeigi, 2012 

ss. 117-123, Ch. 5) The other observed changes include an increase of LPG yield by adding ZSM-5 catalyst 

for commercial FCC applications. As reported in literature, ZSM-5 is shown to perform well for bio-oil or 

biocrude oil upgrading reaching high conversion rates as well as demonstrating good hydrodeoxygenation 

activity and production of rich in aromatics organic fraction (Triantafyllidis, o.a., 2015). 

2.2.2 Hydrodeoxygenation 

There are different types of thermochemical and biological upgrading processes used to convert biomass 

into value-added products. Currently, the most feasible pyrolysis bio-oil upgrading processes include FCC 

and hydrodeoxygenation. 

Hydrodeoxygenation (HDO) is a feasible route for production of synthetic fuels from biomass feedstock 

via catalytic bio-oil upgrading process. HDO process is based on applying H2 gas to remove the oxygen 

heteroatom and form H2O. In addition to removing oxygen from bio-oils, hydrogen plays an important role 

in saturating double bonds increasing the H/C ratio of the fuel products, which improves its quality. The 

HDO process is conducted under more rough conditions, comparing to FCC process, such as high-pressure 

levels of 75 to 300 bar and temperature range between 250 and 450 °C allowing H2 gas to penetrate better 

with bio-oil vapors. Based on the summary of Mortensen et al. (2011) article of upgraded bio-oils with HDO 

and zeolite cracking methods characteristics, the HDO product is more deoxygenated and closer to crude 

oil characteristics, including high heating value, H/C and O/C ratios. Nevertheless, both products are not 

meeting the standard transport fuels requirements, and therefore need to be processed further similar to 

conventional crude oil. (Mortensen, o.a., 2011) 
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A modern application of the HDO process is well integrated in IH2 technology. The integrated 

hydropyrolysis and hydroconversion technology (IH2) is a catalytic thermochemical process-based 

technology, which is directed to produce liquid hydrocarbon transportation fuels from biomass feedstock. 

IH2 is a continuous operation process consisting of four main process stages. The first stage is biomass 

pretreatment process used to dry the biomass-based feedstock and reduce the feed particles. The next stage 

is hydropyrolysis, where volatized biomass feed is hydrodeoxygenated by breaking the carbon-oxygen bonds 

in the presence of proprietary catalyst and hydrogen in fluidized bed reactor. The next stage is 

hydroconversion in a fixed bed hydrotreater, where the second-stage product is “polished” to final fuel 

products with other proprietary catalyst. The final stage of the IH2 technology is hydrogen manufacturing 

unit, which converts light gases products to renewable hydrogen to be reused further in the process. As the 

result the IH2 technology is capable of transforming residuals from forestry and agriculture, solid bio waste 

and cellulosic residual fractions as well as municipal waste including plastic materials into gasoline, kerosene 

and diesel range liquid transportation fuels. Currently, there are two operational facilities of IH2 technology 

including a pilot facility and the demonstration facility located at Shell Technology Center Bangalore, India. 

(CRI Catalyst Company, 2019) In addition, a new full scale IH2 production facility is being built in at Åmli, 

Norway, by year 2022 (Biozin Holding AS , 2018).  

 

2.3 Upgrading of Pyrolysis Bio-Oil with FCC 

The upgrading of pyrolysis oil with zeolite catalyst can be done separately or within the process of catalytic 

pyrolysis of the bio based feedstock. Upgraded pyrolysis bio oil over HZSM-5 catalyst results in a two-phase 

product of organic and aqueous fractions. The work by Vitolo et al. (1999) has shown that upgrading of 

pyrolysis oil over HZSM-5 zeolite produces a higher yield of upgraded oils in general and lower yields of 

chart, coke and tar in comparison to HY zeolite. In previous work of Mante et al. (2014) an investigation of 

catalytic pyrolysis over zeolite catalyst was done using the FCC based catalysts with varying composition of 

ZSM-5 zeolite additives with a bench scale pyrolysis unit. According to the results, ZSM-5 additives have 

shown an effect on the overall product yield and chemical composition of gas and organic liquid products, 

resulting an increasing trend of organic liquid product fraction and its aromaticity as well as higher selectivity 

of C4 and C5 hydrocarbons in produced gas product. However, the higher concentrations of ZSM-5 

additive have led to diluting an overall effect of FCC catalyst and therefore mostly accounting for the effect 

of pure ZSM-5 zeolite.  

The main focus of catalytic upgrading of crude and pyrolysis bio-oils blends is to promote the solution of 

an integrated process of bio-oils upgrading at the existing oil refineries. Introduction of bio-oils co-feeding 

approach to already existing refinery infrastructure is an attractive alternative to produce gasoline range 

transportation fuels by reducing investment costs and enabling the production of the biobased materials in 

a relatively short time frame. In previous works it has been proven that co-processing of the pyrolysis bio-

oils with the FCC method is a suitable process for upgrading the bio-oils into biofuels. A wide range of bio-

oil blend share has been investigated, however beneficial mass balances have been observed only at low bio-

oil concentrations. According to the work by Wang et al. (2016) small co-feeding ratios up to 10% are 

successful for pilot plant FCC units and do not cause plugging problems and excessive riser coke issues. 

Moreover, with an increase of the bio-oil blend share over 20 % the liquid fraction of the product is observed 

to decrease, while both gas and coke fractions increase (Lindfors, o.a., 2015). Co-processing of pyrolysis oil 

with VGO up to 10 wt% at a big demonstration-scale FCC unit was shown to be technically feasible in 

Pinho et al. work (2017), where both 5 and 10 wt% of bio-oil co processing were tested at conventional 

operation conditions for pure VGO upgrading.  

Co-feeding of pyrolysis bio-oils with FCC upgrading process has both positive as well as negative sides. It’s 

been observed that co-processing of bio-oils results in higher conversion rates with an increase of gasoline 

range products and higher aromaticity. On the other hand, the coke formation is also higher comparing to 

typical catalytic upgrading of crude oils. (Gueudré, o.a., 2017) Different types of pyrolysis bio-oils react 
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differently under FCC conditions and exhibit different product fractions. Co processing of either the bio-

oil with low water content or the catalytic pyrolysis bio-oil have demonstrated to result in similar levels of 

coke yield, while co-processing of hydrotreated bio-oil had comparably less coke formation (Lindfors, o.a., 

2015). Prior processing or upgrading of the pyrolysis bio-oil before the catalytic conversion process has a 

clear effect on reducing coke formation as well as aromaticity of the liquid fraction. According to the work 

by Gueudré et al. (2017) the most economically favorable reduction of the coke formation is observed with 

partially deoxygenated bio-oils relevant to an intermediate level of hydrogen upgrading severity, concluding 

that co-processing of fully deoxygenated bio-oil is not favorable, especially when targeting for gasoline 

production.  

2.3.1 Bio-oil upgrading products 

As discussed earlier, the fuel products of the FCC process are categorized as LPG with the hydrocarbon 

range C3-C4, gasoline product with the hydrocarbon range of about C5-C13 and LCO with the hydrocarbon 

range of about C13-C22. The primary refining products are gasoline range liquid fuels. Nevertheless, primary 

petrochemical products such as olefins and aromatics are also playing an important role in oil refining. For 

example, LPG is an important product of the FCC process. It comprises a mixture of propane, propylene, 

n-butane, isobutane, butylene and other hydrocarbons. Especially, LPG considered to be an important 

source of light olefins, such as propylene. (Bai, o.a., 2018) Propylene is the primary petrochemical source 

used in market of plastic, fibers and solvents production. Ethylene is another primary petrochemical widely 

used in market for plastics, coolant, solvents and cosmetic pharmaceuticals production. (Ophardt, 2003) 

However, propylene is more commonly derived from commercial FCC processes, therefore in this work 

the composition of the LPG product is characterized as C3/C2 ratio describing the overall proportion of 

propylene, propane and propyne compounds over ethylene, ethyne and ethane compounds in the gas 

product. 

The other primary petrochemical products derived from refining process are aromatics, such as BTX. These 

petrochemicals are also used as a source for various market products. Benzene is used for production of 

synthetic detergent, medicine synthetic fragrance and pesticide market products. Toluene and xylene 

compounds are used as a source for dye and bleach market products as well as general solvent compounds. 

(Lotte Chemical, 2018)    
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3 Experimental Procedure 

In this chapter the experimental procedure is described, including the FCC MAT unit operation principle 

and feedstock materials used during the experimental work. In addition, schemes of the experimental groups 

are discussed and described further.  

 

3.1 FCC MAT 

The Fluid Catalytic Cracking Micro Activity Test (FCC MAT) unit used in this work is a pilot scale unit 

designed in accordance with ASTM D-3907 standard but specialized for evaluating co-feeding of biobased 

and fossil feedstock at industrially relevant FCC conditions. The process diagram of the FCC MAT unit is 

presented in Figure 4.  

 

 

Figure 4 FCC MAT process diagram. 

The main component of the FCC MAT unit is a stainless steel fixed bed reactor (1), where cracking reactions 

take place. The design of the fixed bed reactor provides a fixed bed for several grams of catalyst, so that 

loaded catalyst is compressed at the bottom of the reactor rather than fluidized. The reactor is installed in a 

furnace, consisting of three individually heated zones: heat-up zone (at the top), catalyst bed zone (in the 

middle) and product vapors zone (at the bottom). The input of the reactor is connected to a feed sector of 

the FCC Mat unit. The feed section combines process gases feed system (4) for nitrogen and air, feed storage 

vessels (2) and feed oil syringe pumps (3). Nitrogen and air are fed into the FCC MAT system via three 

separate mass flow controllers (MFCs) regulating the gas flow for each upgrading process stage. The upper 

MFC is the main feeding flow that supplies the process gas either to the flush vessel (5) or directly to the 

reactor assisting processes of catalyst purging, feed oil injection, catalyst stripping and regeneration. The 

other two MFCs are connected to the sides of the reactors helping to prevent injected oil and produced gas 

products to remain in the reactor. Before feed oil injection into the reactor the loaded catalyst is purged with 

nitrogen to prevent combustion during the feed injection process. Then nitrogen gas is used as well after oil 

injection, during the cracking stage and followed by the catalyst stripping stage in order to collect the liquid 

and gas products after the reaction. Air is used during the following catalyst regeneration stage to burn the 

deposited coke on the catalyst and to cool down the reactor for the next run. A combination of two storage 

vessels and syringe pumps is installed for evaluating co-feeding approach of fossil and bio-based feedstock. 

Each of the component’s temperature can be regulated separately to specialize in accordance with feedstock 

viscous and thermal properties. A four-way valve located above the reactor regulates feed oil and process 
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gas flow, allowing to rinse and flush the syringe pumps and feed lines to the flush vessel before the injections 

into the reactor. The output of the reactor is connected to a multiposition valve. This valve serves as a 

distribution component of a product section of the FCC MAT unit. The product section combines the 

condenser (6), the gas product collection system (7-8) and the regeneration gas analysis system (9-10).  

 

 

Figure 5 FCC MAT unit product collection vessel. 

The multiposition valve has eight connections to glass product collection vessels, Figure 5, fitted in the 

condenser to collect the liquid products and eight gas outlet connections. The product vapor from the 

reactor enters the cooled collection vessel, where the liquid phase product condenses, while the gas product 

returns to the multiposition valve for further guidance. The gas outlet from seven of the collection vessels 

is connected to the gas product collection system, while the last collection vessel is reserved only for 

products of the catalyst regeneration process guiding the gas to the regeneration gas analysis system. The 

gas product collection system consists of a gas collection vessel (7) that is partially filled with salted water 

solution and a weight balance (8) used for measuring the weight of displaced water solution with density of 

1.1309 [g⋅ml-1] after the stripping stage to assess the volume of the collected gas products. The regeneration 

gas analysis system consists of a catalytic converter (9) containing copper oxide (CuO) and a CO2 analyzer 

AT-71 (10). During the regeneration of the catalyst the formed gases generally consisting of O2, CO and 

CO2 are converted to CO2 in the catalytic converter. The amount of CO2 in processed gas is then analyzed 

with AT-71 IR measuring cell to assess the amount of burned coke previously deposited on the catalyst 

during the regeneration process. (Zeton, 2017)  

3.1.1 FCC MAT operation 

During this work the FCC MAT unit has been operated with following step by step procedure: 

1. Stir the pyrolysis oil in the feed storage vessel to achieve more homogeneous mixture; 

2. Preheat of the feed storage vessels and the feed oil syringe pumps to 70 °C and 30 °C for fossil and 

pyrolysis oil feeds respectively; 

3. Remove the reactor from the unit; 

4. Rinse feed oils through the system; 

5. Load catalyst into bottom part of the reactor, as represented in Figure 6. The catalyst is loaded 

between the additional layers of fiberglass wool (fiberglass-catalyst-fiberglass) to filter the output 

flow from solid particles and keep the catalyst in place. 

6. Install the reactor back and turn on preheating of the furnace and feeding lines; 

7. Weigh the empty product collection vessel for being able identify the produced liquid product later 

and connect to the multiposition valve; 
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8. Set the requested gas flow through the entire system; 

9. Connect gas bag to collect a sample of the produced gas product; 

10. Start a run sequence. 

 

 

Figure 6 FCC MAT unit reactor. 

Operating conditions of the FCC MAT unit are chosen to represent the industrially relevant FCC 

conditions. The reaction temperature is chosen within a range of 450 °C and 500 °C, which is equally set 

for all three heating zones of the reactor’s furnace. This temperature is kept constant during the reaction 

and stripping stages. During the regeneration stage the reactor temperature is set at 650 °C. Catalyst 

regeneration at this temperature level results in formation of O2, CO gases in addition to CO2 gas, therefore 

the generated flue gases passes through oxidation catalyst heated to 300 °C before entering the CO2 meter. 

After each experimental run the products of the catalytic cracking are collected and characterized. 
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3.2 Analysis Methods 

The collected liquid products are analyzed using the SIMDIST method according to Standard Test Method 

for Boiling Range Distribution of Petroleum Fractions by Gas Chromatography ASTM D2887 using 

Shimadzu Nexis GC-2030 gas chromatograph. According to ASTM D2887, reference boiling range 

distribution curve, presented in Figure 7 by the black graph, is created as a relation between compound 

boiling point and retention time in the GC. (ASTM D2887-16a, 2016) LabSolutions software is used to 

control the process as well as analyze the measured data. The results of this analysis allow to quantify 

fractions of the liquid product by boiling point range such as gasoline, LCO and bottom fractions as 

described previously in the report.  

 

 

Figure 7 SIMDIST analysis results of fossil based liquid product. 

The chemical composition of the formed liquid product is analyzed by identifying the main groups of 

hydrocarbon compounds presented in Table 2. The results of this analysis allow to determine the 

composition of monoaromatics, such as BTX, benzene and indane derivatives, diaromatics including 

naphthalene and biphenyl derivatives, polyaromatics as well as non-aromatic and oxygenated hydrocarbons. 

For characterizing the chemical composition of the pure bio-oils an alternative categorization system is used 

as the majority of the bio-oils components are oxygenated compounds. In this work the components of 

pure pyrolysis bio-oil are categorized by hydroxy acids, cyclopentanones, lactones, phenols, guaiacyl and 

syringyl compounds, sugars and other oxygenated compounds. 
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Table 2 Petroleum hydrocarbon groups. 

Hydrocarbons Structural Fomula 

BTX 

 

Benzene derivatives 

 

Naphthalene derivatives 

 

Indane derivatives 

 

Biphenyl derivatives 

 

Oxygenated hydrocarbons 
(e.g.)  

Non-aromatic hydrocarbons 

 

Polyaromatic hydrocarbons 

 

 

For analyzing the collected gas products, the Varian CP-3800 GC is used for identifying the composition of 

hydrocarbons. The analyzed hydrocarbons are within the rage of C1 to C7. Galaxie Chromatography Data 

System software is used to perform the measurements with GC and analyses the measured spectrum results. 

The Varian CP-4900 Micro-GC is used for investigating the composition of hydrogen (H2), carbon 

monoxide (CO) and carbon dioxide (CO2) gases. The results of this analysis allow to quantify fractions of 

the gas product such as dry gas, LPG, and gasoline fractions as described previously in the report. 

Based on the described analytical methods the total mass balance factor for each experimental run is 

calculated. Mass balance is represented as the sum of coke, liquid and gas products yields in relation to the 

total mass of injected oil and should preferably be close to 100%. The mass of coke and liquid products is 

measured after each run, while weight of the gas product or “total gas” is calculated based on the 

composition analysis results and represents a sum of weight of hydrocarbon gases C1-C7, CO, CO2 and H2. 

The weight of each gas is calculated according to Formula 1: 
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𝑚(𝑔𝑎𝑠) = 𝐶(𝑔𝑎𝑠) ∗ 𝑀(𝑔𝑎𝑠) ∗ 𝜂(𝑡𝑜𝑡𝑎𝑙. 𝑔𝑎𝑠) (1) 

 

Where the following stands for; 

• 𝑀(𝑔𝑎𝑠)  Molar mass of a component gas, [g⋅mol-1] 

• 𝐶(𝑔𝑎𝑠)  Analytically measured concentration of the component gas, - 

• 𝜂(𝑡𝑜𝑡𝑎𝑙. 𝑔𝑎𝑠)  Number of moles of the total gas product [mol].  

For hydrocarbons C1-C5 the molar mass is calculated assuming the alkanes chemical structure CnH2n+2, 

however for C6 and C7 the molar mass is assumed for hexene and toluene respectively. The number of 

moles of the total gas product is calculated by Formula 2 based on the ideal gas law: 

𝜂(𝑡𝑜𝑡𝑎𝑙. 𝑔𝑎𝑠) =
𝑃 ∗𝑉(𝑡𝑜𝑡𝑎𝑙.𝑔𝑎𝑠)

𝑅∗𝑇
  (2) 

 

Where the following stands for; 

• 𝑃   Atmospheric pressure during the experimental run, [Pa]  

• 𝑅   Gas constant equivalent to 8.3144598(48), [m3⋅Pa⋅K−1⋅mol−1] 

• 𝑇   Room temperature during the experiment, [K]  

• 𝑉(𝑡𝑜𝑡𝑎𝑙. 𝑔𝑎𝑠)  The total volume of the gas product, [m3]. 

 

Conversion factor for each experimental run is calculated as a sum of yields of catalytically converted 

products in relation to the total mass of injected oil. In this work the catalytically converted products are 

considered to be coke, dry gas, LPG and gasoline product fractions. Both mass balance and conversion 

factors are applied to the analysis of the FCC unit system to evaluate the performance. 

 

3.3 Materials 

In this work three different bio-oils are analyzed and used as co-feeding material to conventional FCC 

feedstock. Commercial thermal pyrolysis bio-oil (BTG-raw) produced by BTG-BTL, Netherlands, is a wood 

derived fast pyrolysis bio-oil used for optimization and catalyst screening experimental schemes. The 

characteristics of upgraded products form the BTG-raw bio-oil are then compared to the products of 

thermal pyrolysis oil produced from willow (Salix-raw) and bio-oil derived from hydrothermal liquefaction 

(HTL). The Salix-raw bio-oil was produced at RISE ETC, Sweden, using a pilot-scale cyclone reactor 

described in Wiinikka et al. work (2015). The HTL bio-oil is produced from hydrolysis lignin from straw at 

sub-critical HTL conditions at RISE Processum AB, Sweden. 

  



-18- 
 

   
(a)   (b) 

 
(c) 

Figure 8 Chemical characterization of bio-oils: (a) BTG-raw, (b) Salix-raw and (c) HTL. 

Figure 8 shows the overall composition of the pure bio-oils including the components that represent a share 

larger than 2 %. As can be observed, the composition of the bio-oils is generally represented by oxygenated 

compounds such as sugars, lactones, guaiacyl and hydroxy acids. BTG-raw oil is considered to be composed 

of entirely oxygenated compounds, where primary identified components are sugars and other oxygenated 

compounds, such as hydroxy ketone and aldehyde components. Moreover, BTG-raw bio-oil has the biggest 

fractions of lactones and lignin derived guaiacyl components comparing to other two bio-oils. Salix-raw bio-

oil’s composition is very similar to BTG-raw. However, during the analysis of the Salix raw bio-oil the 

presence of non-oxygenated compounds was observed. It was previously determined that the identified 

presence of non-oxygenated hydrocarbons by GS MS analyzer is influenced by the use of ISOPAR fluids 

for quenching of pyrolysis vapors during the production process of the Salix-raw bio-oil. ISOPAR fluids 

represent a range of isoparaffinic fluids used as a solvent solution, which is then separated by further 

processing. (Wiinikka, o.a., 2015) Therefore, for the relevance of the analysis the collected data for Salix-

raw bio-oil was normalized by reducing the presence of identified non-oxygenated compounds. HTL bio-

oil’s chemical composition is different from both pyrolysis bio-oils by the primarily identified oxygenated 

component, hydroxy acids. Moreover, the presence of unknown components is the highest among the bio-
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oils. Unknown compounds are unidentified compounds of GS MS spectrum due to a low confidence level 

caused by either insufficient separation between two or more components resulting in a mixed spectrum or 

an absence of the components in the spectrum library. 

Table 3 presents the list and characteristics of the available catalysts. Commercial spent equilibrium FCC 

catalyst is used as a base catalyst for the whole range of the experiments. ZSM-5 catalysts produced by 

Zeolyst International, USA, are pure zeolite ZSM-5 catalysts with varying acidity characteristics. These 

catalysts require further heat treatment, calcination with air at 650 °C, exchanging ammonium for the H+ 

cation necessary to activate acidic sites of the zeolite. ZSM-5 “Defect free” catalyst is a newly developed 

ZSM-5 catalyst with different structural properties. The ZSM-5 “defect free” represents a catalyst with 

defect free crystal structure, which influences activity, stability and selectivity of the catalyst. Therefore, 

“defect free” catalyst is expected to show higher selectivity to slower diffusing bio-oil compounds, leading 

to higher gasoline yield, as well as lower coke formation.  

Table 3 Catalyst properties. * (Zeolyst International, 2019) 

Catalyst Producer SiO2/Al2O3 Nominal Cation Form Na2O, wt% 

Commercial spent equilibrium FCC catalyst - - - - 

ZSM-5 CBV 2314* (ZSM-5 23) Zeolyst International 23 Ammonium 0.05 

ZSM-5 CBV 5524G* (ZSM-5 50) Zeolyst International 50 Ammonium 0.06 

ZSM-5 CBV 8014* (ZSM-5 80) Zeolyst International 80 Ammonium 0.07 

ZSM-5 “Defect Free” - 70 - - 

 

 

3.4 Experimental Scheme 

In this work, three groups of experimental procedures are performed for the assessment of the FCC 

upgrading process of fast pyrolysis bio-oils. The experimental set up is designed separately in order to collect 

valuable data specific for the purpose of each experimental group.  

3.4.1 FCC MAT sensitivity test 

In order to properly develop the experimental scheme for practical experiments with pyrolysis oil, a 

sensitivity test of the FCC MAT unit has been performed. During this test the FCC MAT unit is operated 

with crude oil feed and FCC commercial catalyst under consistent operating conditions, including a reactor 

temperature of 550 °C, with a varying catalyst to oil (CTO) ratio. This experiment allows to identify the 

optimal range of the FCC MAT operation regarding the CTO ratio in relation to the amount of feed and 

catalyst for a particular design of the experimental unit and its reactor. The conversion factor of the process 

is studied as a function of increasing CTO ratio. Theoretically, an increasing conversion factor should be 

observed initially, until a point is reached where a higher CTO ratio does not result in a higher conversion. 

This identified breaking point for the CTO ratio should be used further in this study. The results of the 

sensitivity test are presented in Figure 9.   
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(a)   (b) 

Figure 9 Sensitivity test results for total product (a) parameters and (b) yields.  

It can be observed that the conversion factor levels out at a CTO ratio of 5. It can also be observed that the 

total mass balance follows the same trend as the conversion. In order to achieve reliable assessment results 

for the upgrading process, the products mass balance needs to represent the significant share, i.e. be as close 

to 100% as possible. It can clearly be observed that the gas product yield is increasing with an increase of 

CTO ratio, while the liquid product yield is reaching its maximum at CTO of 5. 

The following experimental schemes are based on the sensitivity test results, using experimental CTO ratios 

between 4 and 6. 

3.4.2 Group 1: Co-feeding of different origin bio-oils with fossil feedstock 

The main purpose of this experimental group is to compare characteristics of several different bio-oils and 

identify both qualitative and quantitative effect on formed FCC upgraded products. In this experiment two 

wood-based pyrolysis bio-oils, BTG-raw and Salix-raw, are compared with another type of available bio-oil, 

HTL, in order to evaluate their characteristics and determine the effect on the FCC upgraded products. 

Table 4 represents the main aspects of the experimental procedure, where three types of bio-oils are co-fed 

with commercial fossil FCC feedstock under the same operating conditions. The operating conditions are 

chosen to represent industrial conditions of a regular FCC unit with spent FCC commercial catalyst (Pinho, 

o.a., 2017).   

Table 4 Experimental set-up of experimental group 1. 

Feed Co-feeding ratio CTO Temperature, °C # Runs 

Thermal pyrolysis bio-oil, Salix-raw 20/80 5 500 1 

HTL bio-oil 20/80 5 500 1 

Commercial thermal pyrolysis bio-oil, BTG-raw 20/80 5 500 1 

Fossil FCC feedstock 100 5 500 1 

   Total: 4 
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For each of the experimental runs the experiment has been repeated three times to achieve better accuracy, 

while still fit to the project timeframe. The produced upgraded products from bio-oils co-feeding are 

analyzed using previously described analytical methods and compared with commercial FCC products 

derived from pure fossil feedstock.  The results from such experimental set-up allow to identify an impact 

of bio-oils co-feeding as well as determine a possible effect of the bio-oil origin on the formed FCC 

upgraded products. 

3.4.3 Group 2: Optimization of pyrolysis bio-oil upgrading 

The main goal of the second experimental group is optimization of selected process parameters for the 

process of co-feeding the fast pyrolysis bio-oil for upgrading with FCC using commercial catalyst spiked 

with ZSM-5 zeolite catalyst. The optimization is performed in terms of characteristics of formed products 

and quantity of valuable petrochemical materials by performing a system of experiments using the FCC 

MAT unit. Based on the objectives of the experimental set-up to create a set of data suitable for optimization 

purpose within the available time period a suitable experimental design has been chosen. The experimental 

set-up design is based on a Box-Behnken design with three varying factors with three replicate center points, 

illustrated in Figure 10. Such design allows to estimate not only the effect of varying factors, but also the 

effect of interaction between the factors. (SEMATECH, 2013) 

 

 

Figure 10 Box-Behnken design. (SEMATECH, 2013) 

The optimization method is based on the assessment of crucial FCC operation parameters: reaction 

temperature and CTO, together with varying acidity of the added ZSM-5 zeolite catalysts, as presented in 

Table 5. The experiments are performed with BTG-raw bio-oil as the co-feedstock to commercial FCC 

feedstock at the rate of 20/80. The operating reaction temperature conditions are chosen to vary within the 

range of industrial conditions of a regular FCC unit of 450 to 550 °C, while the CTO ratio range has been 

identified previously in this work by the FCC MAT unit sensitivity test. In addition, a mixture of catalysts 

has been chosen for this experimental set-up consisting of primary 1) constant amount of FCC commercial 

equilibrium catalyst and 2) a varying amount of pure ZSM-5 zeolite catalyst additives. From the previous 

test runs large amount of coking has been observed when only pure ZSM-5 catalyst is used therefore, to 

avoid such issue a mixture of catalysts has been proposed. The primary amount of FCC commercial spent 

catalyst provides a matured complex of matrix, filler and binder materials that improve the overall cracking 

process by pre-cracking larger bio-oil molecules and reduces the thermal coking. The significant amount of 

ZSM-5 additives within the range of 13 to 30 wt% allows to observe the impact as well as defines the CTO 

ratio of the total catalyst mixture. 
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Table 5 FCC process varying conditions foe experimental group 2. 

Varying factor -1 0 1 

ZSM-5 SiO2/Al2O3 23 50 80 

Temperature, °C 450 500 550 

CTO 4 5 6 

 

Table 6 presents the final experimental set-up for this group, where experimental runs are randomized to 

reduce possible sequence error during measurements. Based on the large number of runs in the experimental 

group, the number of experiment repetitions per run has been reduced to two in order to fit to the project 

timeframe. 

Table 6 Experimental set-up of experimental group 2 based on randomized Box-Behnken design. 

Run 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

ZSM-5 SiO2/Al2O3 50 80 80 80 50 80 23 50 23 50 23 23 50 50 50 

ZSM-5, wt% 22 30 22 13 30 22 22 22 13 30 30 22 13 13 22 

Temperature, °C 500 500 450 500 450 550 550 500 500 550 500 450 550 450 500 

CTO 5 6 5 4 6 5 5 5 4 6 6 5 4 4 5 

 

The results from this experimental set-up can be applied to perform the optimization analysis of the FCC 

upgrading system. In this work the optimization process is performed by Reference Surface Methodology 

(RSM) with the aim of maximizing the production of gasoline range products and valuable petrochemicals. 

RSM is a common method used for optimization of process settings based on identifying the peak shape of 

the response factors, in this case presented by the formed products of the catalytic upgrading. (Eriksson, 

o.a., 2000) 

3.4.4 Group 3: Zeolite catalyst evaluation   

The main goal of the last experimental group is to compare commercial ZSM-5 zeolite catalyst with the 

ZSM-5 “defect free” catalyst. In order to fulfill this goal two of the experiment runs from experimental 

group 2 were repeated with a substitution of commercial ZSM-5 catalyst with the “defect free” one. Since 

Si/Al for the “defect free” zeolite catalyst is about 35 it corresponds to zeolite SiO2/Al2O3 molar ratio of 

70. Therefore, a new group of experiments was performed under same conditions as the commercial ZSM-

5 zeolite SiO2/Al2O3 of 80 for suitable comparison.  

The other varying factors for this experimental set-up, such as reaction temperature and CTO ratio were 

chosen based on the results of the experimental group 2, in order to achieve more definite comparison 

results. The choice of the varying factors is described further in the results chapter. Table 7 presents the 

experimental set-up for this group, where CTO ratio is varying, but the reaction temperature factor is kept 

consistent.   
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Table 7 Experimental set-up of experimental group 3. 

Run ZSM-5 SiO2/Al2O3 Temperature, °C ZSM-5, wt% CTO 

1 70 500 30 6 

2 70 500 13 4 

 

The experimental data from this experimental set-up is expected to express the relevant comparison between 

the commercial ZSM-5 zeolite and the “defect-free” ZSM5 zeolite in terms of quantity and quality of the 

produced upgraded products.  
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4 Results 

4.1 Pure pyrolysis bio-oil upgrading 

The process of pure pyrolysis bio-oil upgrading has not previously been done with the FCC MAT unit, 

therefore before proceeding to the experimental plan a number of “test runs” with pure pyrolysis oil over 

pure ZSM-5 and FCC commercial catalysts are performed. As a result of ten test runs complemented with 

process development work, it was concluded that pure pyrolysis oil upgrading with pure zeolite catalyst is 

not possible at current conditions using the FCC MAT unit. Figure 11 presents seven samples of liquid 

product derived from the ten test runs of upgrading pure pyrolysis bio-oil with the FCC MAT unit. As can 

be observed from the figure, the product of the pure pyrolysis bio-oil is in double phase, where the share 

of aqueous phase product is bigger compared to the share of organic oil phase product. 

 

 

Figure 11 Liquid product samples of upgraded pure pyrolysis bio-oil. 

During the test runs three main challenges were identified that restricted the successful operation of the 

FCC MAT unit for pure pyrolysis bio-oil upgrading. Firstly, due to the design of the reactor, such as the 

limited volume of the reactor, the maximum amount of fitted zeolite catalyst is about 8 grams. This amount 

of catalyst restricts the injection volume of oil to about 2 grams, depending on the range of chosen CTO 

ratios. Taking in to account the double phase of the formed liquid product, each run of the experiment 

needs to be repeated to produce enough of oil product for further analytical assessment. Secondly, the core 

part of the reactor gets heavily clogged by deposited coke after a run with pure pyrolysis bio-oil. Clogging 

restricts the flow of the oil before reaching the catalyst, leading to heavier clogging and formation of thermal 

coke as well as inability to continue the unit operation. Moreover, accumulating clogging of the feed pipes 

were observed restricting the flow of both bio-oil and process gas into the reactor. Such clogging reduces 

the quality of the experiment after each run and requires a complete rinse of the system with ethanol 

including feed vessels, syringe pumps and feed pipes. Because of these issues, no further evaluation of pure 

pyrolysis oil upgrading was performed within this work. 
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4.2 Co-feeding of different origin bio-oils 

In this part of the experimental work three different origin bio-oils were co-fed to the FCC MAT unit 

together with commercial FCC fossil feedstock at the rate of 20/80. The comparison results between the 

formed products of for each type of co-fed bio-oil are presented in Figure 12 and Figure 13.  

  

Figure 12 Comparative charts of the products yield for experimental group 1. 

 

Figure 13 Chemical composition of the liquid products for experimental group 1. 

The composition of the output products is similar for each of the experimental runs with different types of 

co-fed bio-oils. However, a clear difference can be observed for the overall mass balance and conversion 

parameters between pyrolysis bio-oils, BTG-raw and Salix-raw, and HTL bio-oil, presented in Figure 12. 

Both mass balance and conversion parameters are higher for the HTL bio-oil mainly due to higher yields of 

coke and liquid products. This can be influenced by observed coking of the pyrolysis oil at the reactor inlet 

resulting in clogging and restricting the flow of both pyrolysis and fossil oils to the reactor, and as an effect 

not all feedstock reaches the catalyst bed. As presented in Figure 13, the chemical composition of the liquid 

products is much the same between the runs with different co-feed bio-oils. The output liquid product from 

the HTL bio-oil co-fed run is heavier comparing to products derived from pyrolysis bio-oils runs, as can be 

seen by the higher fractions of LCO and bottom fraction.  
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By comparing the analytical results of the products derived from bio-oil co-feeding and pure fossil feedstock, 

an influence on the products quality and yield can be observed. The conversion and mass balance closure 

of the pure fossil run are within the higher observed level, similar to the HTL bio-oil runs. The coke yield 

is the lowest in comparison with all bio-oil co-fed experimental runs, while the gas product yield, which is 

mainly composed of the LPG, is the highest. Moreover, the yield of the gasoline/naphtha product is 

observed to be the highest as well, mainly due to the overall high liquid product yields. However, by 

comparing the analysis results from SIMDIST, the gasoline/naphtha mass fraction within the derived liquid 

product is lower for pure fossil feedstock than for the pyrolysis bio-oil co-fed runs, while the bottom fraction 

is higher. A significant influence of the bio-oil co-feeding is observed on the overall composition of the 

produced liquid products, presented in Figure 13. The chemical composition of the liquid products from 

the bio-oil co-fed runs has significantly higher share of monoaromatic compounds, while the composition 

of the non-aromatic compounds is much lower comparing to the pure fossil feed runs. In addition, the 

composition of diaromatic and polyaromatic compounds is lower for the bio-oil co-fed based liquid 

products. 

Based on the result of this experiment, the products produced from co-feeding different origin bio-oils are 

very similar in both yield as well as quality, despite the clear differences in the chemical composition of the 

pure bio-oils. The results might however indicate that the HTL bio-oil is reaching the catalyst bed without 

coking to a higher extent in comparison to the pyrolysis bio-oils, causing an improved mass balance closure.  

 

4.3 Process optimization for pyrolysis bio-oils upgrading 

Table 12 in Appendix 1 presents the results for the experimental group 2. The results represent an average 

value derived from the total number of runs repetitions, but for some the data represents the analytical 

values of only one particular run repetition due to detected process malfunction or loss of the product 

sample. For most of the runs the process is repeated twice. The response factors presented in the results 

table are the overall mass balance and conversion as well as the yield of the total produced product’ fractions, 

including dry gas, LPG, gasoline and naphtha range products, LCO, bottom fraction and coke. As can be 

observed from the data, the variation of the response parameters is not equally consistent. According to 

calculated standard deviations, the biggest variations in data are observed for the dry gas and bottom fraction 

yields, with standard deviations of over 40 %, while the smallest observed variation in data is for coke yield 

is equal to 9 %.  

 

Figure 14 Chemical composition of the liquid products for experimental group 2. 
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Figure 15 Composition of monoaromatic hydrocarbons of the liquid products. 

The chemical composition of the liquid products is presented in Figure 14 categorized by previously defined 

hydrocarbon groups. According to the liquid sample analysis monoaromatics is the major composition 

hydrocarbon group followed by the diaromatics group. The share of components identified as oxygenated 

compounds is very small, indicating close to full deoxygenation of the co-fed pyrolysis oil in the FCC 

process. Figure 15 presents the composition of valuable hydrocarbons within the monoaromatic 

hydrocarbon group, including BTX and other benzene derivative hydrocarbons. The relative amounts of 

BTX and other benzene derivatives vary a lot, with a tendency of BTX constituting the majority of the 

monoaromatic compounds.  

By comparing the data of replicate points, represented by runs 1, 8 and 15, large variation can be observed, 

which is considerable comparing to variation in the entire series for each response factors. Such variation 

can be caused by instability of the process and has an effect of reducing the quality of further fitted 

mathematical models. In order to better understand variability in the collected data, an additional set of 

experiments was performed. This set-up consisted of seven repeated experiments with consistent conditions 

that represent the process conditions of the repeated center point runs from experimental group 2. The 

results from this experiment set are presented in Figure 16 and Figure 17.  

 

 
(a)    (b) 

Figure 16 Repeated test results for (a) the total mass balance, conversion and (b) yield of liquid product. 
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Figure 17 Repeated test results for the products yield. 

It can be observed from the graphs that; the results do not become consistent with a larger number of 

experimental repetitions using the same mixture of catalyst in the reactor. Bell-shape trends of the mass 

balance and conversion parameters could indicate an activity reduction of the catalyst after the repetitions, 

supported by the increasing trends of bottom fraction in liquid products. However, that is contradicted by 

the increasing trends of calculated conversion. Moreover, it can clearly be observed that the yield of 

gasoline/naphtha is directly related the bottom fraction, while LCO fraction can be considered relatively 

consistent through the whole set of repetitions. The gas product fractions have also been observed as 

relatively consistent. Therefore, it is concluded that the overall issue with observed data variation is mainly 

influenced by the variation in mass of collected heavy fraction of the formed liquid products. This can be 

due to experimental difficulties in collecting the heavy fraction, since it likely condenses in the tubes, 

upstream of the glass collection vessels. 

4.3.1 Mathematical models 

The derived experimental data has been used to construct and fit a mathematical model for each of the 

identified response factors. From 23 fitted regression models corresponding to each of the identified 

response factors, which included the total product yields as well as the share of product categories in the 

collected liquid products, a total of final 6 valid mathematical models have been produced. These 

mathematical models are corresponding to estimations of the yield of coke, the C3/C2 ratio, the share of 

dry gas fraction in gas product, fractions of LCO and BTX compounds in the liquid product, and the 

concentration of other benzene derivatives compounds in liquid product. The results of the final 

mathematical models are presented below in terms of response surface (RS) and effect plots of the 

dependent variables and more descriptive results are presented in Appendix 2 in the form of regression 

plots and ANOVA results tables.  

Figure 18 presents the results for fitted mathematical model to estimate coke yield. The evaluation 

parameters for this model, R2 and Q2 are equal to 0.907 and 0.601 respectively. The R2 parameter shows 

how well the model fit the raw data and the Q2 parameter represents validity of the fit evaluating the 

predictive power of the model. Both parameters values are high enough to represent the validity of the 

constructed model. The results from ANOVA table show that the constructed model is statistically 

significant. By observing the results from Figure 18, it can be concluded that the CTO ratio (“Cat”, as 

presented in effects plot) and the ZSM-5 zeolite acidity (“ZSM5”, as presented in effects plot) are the 

primary influencing factors. In addition, a clear effect of interaction between the temperature and the acidity 

characteristics of ZSM-5 catalyst factors is observed.  
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(a)    (b) 

Figure 18 (a) RS plot, (b) Effects plot of fitted model for coke yield. 

Figure 19 presents the results for the fitted mathematical model to estimate the fraction of LCO in the 

collected liquid product. The evaluation parameters for this model are equal to 0.900 for R2 and 0.640 for 

Q2. The predictive power of this model is a bit higher comparing to the previous model for coke fraction 

estimation. Moreover, the results from the ANOVA table show that the model is statistically significant and 

the F-test results, used to characterize modellable and modellable variances, are more satisfactory, see 

Appendix 2. The effect plot shows that the effect of temperature (“Temp”, as presented in effects plot) is 

influential for the LCO fraction share, as well as the effects of CTO ratio and ZSM-5 acidity are also 

significant.  
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(a)    (b) 

Figure 19 (a) RS plot, (b) Effects plot of fitted model for LCO fraction in liquid product. 

Figure 20 presents the results for fitted mathematical model to estimate the share of dry gas fraction in the 

formed gas product. The results show that the temperature effect is the most influential in this model as 

well, followed by ZSM-5 catalyst acidity and CTO ratio effects. The R2 and Q2 parameters show that the 

model predictive characteristics are good with the values being equal to 0.843 and 0.604 respectively. Good 

characteristics of the model are supported by the ANOVA results.  
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(a)    (b) 

Figure 20 (a) RS plot, (b) Effects plot of fitted model for dry gas fraction in gas product. 

Figure 21 presents the results for the fitted mathematical model to estimate C3/C2 ratio in total formed 

product. C3/C2 ratio corresponds to characterize the quantity of produced propylene product as the ratio 

of two general hydrocarbon groups of the formed gas phase product. The effect of temperature is shown 

to have a significant influence on C3/C2 ratio, in addition to effect of interaction between the temperature 

and acidity characteristics of ZSM-5 catalyst factors. The R2 and Q2 parameters are equal to 0.873 and 0.463 

respectively. The R2 value high enough to represent a good fit of the model, but the Q2 values do not 

represent a good predictive power of the fitted model. However, the results from ANOVA table show that 

the model is statistically significant and F-test results with satisfactory F-test result’s indicators. 
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(a)    (b) 

Figure 21 (a) RS plot, (b) Effects plot of fitted model for C3/C2 ratio in total product. 

Figure 22 presents the results for fitted mathematical model to estimate the fraction BTX compounds in 

collected liquid product, expressed as the fraction of total FID area which is constituted by BTX in the GC 

MS analysis of the liquid. The R2 and Q2 parameters show that the model has good fitting characteristics 

and high predictive power with the values being equal to 0.876 and 0.799 respectively. Good characteristics 

of the model are supported by the ANOVA results representing that the model has no lack of fit. The 

effects of all the variable factors are shown to be influential for BTX production.  
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Figure 22 (a) RS plot, (b) Effects plot of fitted model for BTX fraction in liquid product. 

Figure 23 presents the results for fitted mathematical model to estimate the share of other benzene derivative 

compounds in collected liquid product. The evaluation parameters for this model are the best among all of 

the produces mathematical models equal to 0.893 for R2 and 0.818 for Q2. Good characteristics of the model 

are supported by the ANOVA results. Moreover, it can clearly be observed that the BTX and other benzene 

derivative compounds output shares are correlated. The significant influencing factors are similar and have 

opposite influential effects.  

 

12

14

16

18

20

22

24

26

28

460

480

500

520

540

4,5

5,0

5,5

6,0

F
ra

c
tio

n
, 
%

Te
m

pe
ra

tu
re

, C

CTO

Benzene derivatives in Liquid Product

12 

14 

16 

18 

20 

22 

24 

26 

28 

 
(a)    (b) 

Figure 23 (a) RS plot, (b) Effects plot of fitted model for benzene deriv. fraction in liquid product. 

Statistical analysis of the constructed mathematical models shows that these models are relevant for 

characterizing the studied FCC process for upgrading the bio-oils using a co-feeding approach. These 

models can be applied to estimate the yields of the formed products as well as some compositional 

information of gas and liquid products. 

 

 



-32- 
 

4.3.2 Optimization points 

In this work the constructed mathematical models are used to determine the optimum setting points for the 

FCC upgrading process operation regarding the yields of valuable products, such as gasoline petroleum 

product, propylene and BTX petrochemicals. Based on the variety of the available mathematical models’ 

response parameters, two types of investigations for the optimal points were performed: for maximizing the 

gasoline product yield along with maximizing the propylene product, and for maximizing the gasoline 

product yield along with reaching the maximum output of the BTX product. 

During the investigation process for the optimum point it was determined that for the available models the 

optimization process with maximum of two criteria factors provides the most relevant results. Therefore, 

for two optimization points three main criteria factors were applied with equal coefficient priority, including 

coke yield, C3/C2 ratio and BTX content of the liquid product for each optimization point respectively. 

The other response parameters were used for estimation purposes only. In order to simulate the 

maximization of the gasoline product yields the mathematical model for coke yield was used. Even though 

the criteria of minimizing the coke yield does not directly influence the gasoline yield, the increase in gas 

and liquid product yields is expected to correlate to a potential increase in gasoline product. As the main 

objective of performing and analyzing the collected data from the experimental group 2 is to optimize the 

FCC upgrading process at the industrially relevant conditions, the primary optimization results are derived 

by conducting interpolation. Interpolation focuses on optimization investigation inside the region of varying 

parameters of the experimental design. Moreover, for the purpose of better understanding the process and 

the effect of varying parameters extrapolation investigation was conducted as well.  

4.3.2.1 Optimization results for gasoline and propylene products yields 

Table 8 shows the estimation parameters for all response factors of the interpolation optimization point for 

maximizing the gasoline product yield along with maximizing the share of propylene product. The 

determined optimization point factors for this investigation are defined by reaction temperature of 450 °C, 

CTO ratio of 5.4 and ZSM-5 zeolite SiO2/Al2O3 of 23.  

Table 8 Estimations for gasoline and propylene products interpolation optimization point. 

Response factors Model Estimation Uncertainty 

Coke yield 6.97 ± 1.38 

LCO fraction 22.36 ± 1.91 

Dry gas fraction 15.31 ± 4.22 

C3/C2 ratio 6.51 ± 1.14 

BTX fraction 44.42 ± 6.29 

Benzene deriv. fraction 22.02 ± 2.80 

 

Based on the determined factors of the interpolation setting point, there are two dependent factors’ 

parameters temperature and ZSM-5 acidity that are equal to the lowest points of the investigated range of 

the experimental design. Therefore, an extrapolation investigation is necessary to identify the relevant 

optimum point. For the extrapolation investigation the range of the reaction temperature is expanded to 

400-550 °C as well as for the ZSM-5 zeolite SiO2/Al2O3 ratio to 5-80. The optimization point factors for 

this investigation are determined to be 408 °C  for the reaction temperature, 5.9 for the CTO ratio and the 

zeolite SiO2/Al2O3 equal to 9. Such low  SiO2/Al2O3 ratio shows that the use of Y zeolite is more preferable 

over the ZSM-5 zeolite. Table 9 shows the estimation parameters for all response factors of the 

extrapolation optimization point. 
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Table 9 Estimations for gasoline and propylene products extrapolation optimization point. 

Response factors Model Estimation Uncertainty 

Coke yield 4.83 ± 3.50 

LCO fraction 26.75 ± 4.26 

Dry gas fraction 16.26 ± 6.55 

C3/C2 ratio 9.52 ± 2.63 

BTX fraction 40.27 ± 11.90 

Benzene deriv. fraction 25.48 ± 6.25 

 

The optimization results show that the low reaction temperature as well as high ZSM-5 acidity factors are 

favorable for lower coke yield and C3/C2 ratio response parameters. It can also be observed that other 

response parameters such as the share of LCO fraction in liquid product is higher, which has an opposite 

effect on maximizing the gasoline product yield concluding that at lower temperatures the overall cracking 

reaction performance is lower, despite a high acidity of the catalyst. Therefore, this optimization 

investigation cannot be used for reliable maximization of the gasoline product yield, but rather as a new 

central point for further experimental investigations.  

4.3.2.2 Optimization results for gasoline and BTX products yields 

Table 10 shows the estimation parameters for all response factors of the interpolation optimization point 

for maximizing the gasoline product yield, expressed as low coke and gas yield, along with maximizing the 

share of BTX in the liquid product. The determined optimization point factors for this investigation are 

defined by reaction temperature of 550 °C, CTO ratio of 5.7 and ZSM-5 zeolite SiO2/Al2O3 of 38.  

Table 10 Estimations for gasoline and BTX products interpolation optimization point. 

Response factors Model Estimation Uncertainty 

Coke yield 9.57 ±  1.12 

LCO fraction 15.36 ±  1.64 

Dry gas fraction 27.34 ±  3.65 

C3/C2 ratio 1.66 ±  0.94 

BTX fraction 62.57 ±  5.65 

Benzene deriv. fraction 14.70 ±  2.40 

 

In addition to the interpolation investigation, an extrapolation investigation was performed as well by 

expanding the expanding the reaction temperature factor range to 450-650 °C. The optimization point 

factors for this investigation are determined to be 640 °C for the reaction temperature, 5.4 for the CTO 

ratio and the ZSM-5 zeolite SiO2/Al2O3 equal to 77.  Table 11 shows the estimation parameters for all 

response factors of the extrapolation optimization point. 
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Table 11 Estimations for gasoline and BTX products extrapolation optimization point. 

Response factors Model Estimation Uncertainty 

Coke yield 8.06 ± 2.89 

LCO fraction 12.88 ± 3.21 

Dry gas fraction 31.16 ± 7.65 

C3/C2 ratio 1.30 ± 2.54 

BTX fraction 71.56 ± 11.39 

Benzene deriv. fraction 12.62 ± 4.70 

 

By comparing the results from both optimization investigations for propylene and BTX response factors, 

the optimization point with low reaction temperature levels result in much lower coke yield. However, based 

on the optimization investigation for BTX product the coke yield is observed to decrease in extrapolation 

optimization point even if the temperature level is higher comparing to interpolation point. Such response 

of the coke yield is interpreted by the decrease of the ZSM-5 acidity, while the CTO ratio relatively 

consistent. Based on the results that the share of LCO fraction in liquid product is lower for the 

extrapolation investigation, the effect on maximizing the gasoline product yield can be supported. 

Therefore, this optimization investigation can likely be used for reliable maximization of the gasoline 

product yield and could be suitable for further investigation.   

 

4.4 Screening of zeolite catalysts performance 

The experimental set-up for this group is dependent on the statistical analysis results of experimental group 

2, whether the identified effect of the reaction temperature or the CTO parameters is more significant to 

get more definite comparison results. The parameter with more significant response factor effect was chosen 

as a varying factor for this experimental set-up. Based on the analysis results from experimental group 2, 

presented earlier, the experimental set-up with consistent reaction temperature and varying CTO parameter 

were chosen to study the performance of the “defect free” ZSM-5 catalyst that was designed to reduce coke 

formation. This set-up was chosen since according to the fitted mathematical model for coke the effect of 

the CTO ratio was found to be more influential than variation of the reaction temperature.  

Figure 24 presents the results of screening the ZSM-5 zeolite performance. From the presented graphs a 

decrease in total mass balance closure of the formed products can be observed, especially for the higher 

CTO ratio runs. Similar trends are observed for coke and gas products’ yields, where the magnitude of 

changes is higher with higher CTO ratio runs. The decrease in dry gas, LPG and gasoline/naphtha products’ 

yields are observed as well for both CTO ratios, but with higher magnitude for the CTO ratio of 6. While 

for the bottom fraction yield, on contrary, significant positive changes are observed, especially for the higher 

CTO ratio runs. 
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Figure 24 Comparative charts of the products yield for experimental group 3. 

The results indicated that the feedstock had not been converted properly, leading to a decreased yield of 

converted products such as LPG, gasoline and coke as well as an increase of unconverted products  

including LCO and bottom fraction. The effect is even more pronounced for higher CTO ratio runs, which 

are defined by a higher amount of the added ZSM-5 zeolite. This effect was likely caused by feedstock by-

passing the packed catalyst bed. The feedstock by-passing had been caused by the lower density of the 

“defect-free” catalyst resulting in a large catalyst volume, especially at high ZSM-5 additions. Due to the 

large volume of catalyst it was significantly more compressed by the limited space of the catalyst bed. The 

more compressed catalyst bed likely caused the feedstock flow to by-pass the catalyst. Similar effects of 

non-converted feedstock were also observed in other experiments, when a low-quality glass wool was used, 

which melted into a solid cake during the regeneration phase. In following experiments, the pressure drop 

over the catalyst bed was higher, and the product conversion was significantly lower, indicating by-passing 

of the catalyst bed. Based on the derived conclusion for this experimental group it was not possible to 

achieve relevant evaluation results for screening the ZSM-5 zeolite performance.  
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5 Discussion  

Before proceeding to perform the experimental scheme of this work, some modifications to the FCC MAT 

system were applied with purpose of improving the mass balance over the system. Based on the previous 

experimental results of upgrading different feedstock with the FCC MAT unit, it was concluded that a 

significant amount of the liquid product is gathered on the surfaces of the products distribution pipes before 

reaching the collection vessels. Therefore, in order to reduce the amount of gathered product, it was decided 

to redesign the product distribution system to shorten the pipes length. Figure 25 presents the FCC MAT 

unit product distribution system before and after the modification process that includes construction and 

installation of a new condensation bath.  

           
(a)    (b) 

Figure 25 The FCC MAT unit product distribution system: (a) before, (b) after. 

The effect of this modification was observed by comparing the FCC MAT unit sensitivity test results with 

previously performed experiments with similar process parameters. The overall mass balance of the 

collected products was improved by about 8 % closure of the total mass balance.  

 

5.1 Pure pyrolysis bio-oil upgrading 

The upgrading of pure pyrolysis bio-oils with the FCC process under the industrially relevant conditions 

was shown to be challenging after several experimental test runs of the BTG-raw pure pyrolysis bio-oil with 

the FCC MAT unit. It was concluded that the process of upgrading the pure pyrolysis bio-oil is not possible 

with the current settings of the FCC MAT unit using the parameters of the industrial FCC process for 

commercial fossil feed. Therefore, in order to overcome the identified challenges of running such process 

a new method needs to be developed for the FCC MAT unit, including the process parameters and the 

process operation mechanism. The main purpose of developing the new method needs to be focused on 

reducing the challenges of accumulation clogging of the reactor and feed pipes caused by self-polymerization 

of pyrolysis bio-oil before it reaches the catalyst bed of the reactor.  
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The incapability of performing two experimental runs after each other due to observed clogging in the 

reactor resulted questioning the practicality of the FCC MAT unit’s sequential operation mechanism. The 

sequential process consisting of warming up, feeding, reaction, stripping, regeneration and cooling down 

steps has a drawback on performing replicated runs as well as reproduce the runs to collect a desirable 

amount of produced products. A sample of bio-oil fed into the system leaves small amount of residue at 

the reactor and feeding pipes surfaces, which is later polymerizes and eventually forms coke within the time 

period of stripping, regeneration, cool down and warm up process steps. In Vitolo et at. work (1999)  similar 

solid accumulation was observed at the upper section of the fixed bed laboratory-scale reactor with a 

continuous down-flow feeding system. Therefore, the use of continuous feeding system with fluidized 

catalyst bed can be suggested as more practical system that allows to reduce the amount of raw bio-oil 

residues forming thermal coke during the long sequential operation time period. The implementation of 

systematic process cleaning is also suggested as part of the solution, which involves the overall rinse of the 

system with a solvent, such as ethanol, after the feeding step to reduce the accumulation of the bio-oil 

residues within the feed pipes. Moreover, operation parameters of the process need to be established for 

the specific properties of the pyrolysis bio-oil such as its viscosity, thermal resistance and others. Therefore, 

an individual experimental study needs to be performed to establish such parameters and optimize the 

process accordingly.  

The use of pure ZSM-5 catalyst for pure pyrolysis bio-oil upgrading was not possible to assess, due to 

operational challenges faced during the process. However, the observation of intensive coking within the 

reactor led to a conclusion that the use of the pure zeolite catalyst without any matrix materials is irrelevant. 

The availability of a maturely developed mixture of the catalyst matrix, such as, filler and binder, allows to 

improve the overall cracking process by pre-cracking the large bio-oil molecules and resulting in less coke 

formation on the zeolite crystals, therefore improving the active role of the studies ZSM-5 zeolite in the 

cracking process. This conclusion has influenced the choice of implementing ZSM-5 additives to the 

commercial equilibrium FCC catalyst, rather than the use of pure zeolite.  

 

5.2 Co-feeding of different origin bio-oils with fossil feedstock 

The results of comparison between the pure fossil feed product yields and the bio-oil co-feed products are 

similar to ones obtained in previously mentioned scientific papers, for example the observed the increase in 

aromaticity as well as the decrease in the gas product yield for the bio-oil co-feed. However, in contrary to 

Wang et al. (2016) and Pinho et al. (2017) reported, the observed decrease in the LPG yield was more 

significant in comparison to the dry gas yield. Similar trends were observed for the hydrogen yields as well. 

As presented in Figure 26, the composition of the carbon monoxide (CO) was determined to be very small 

and insignificant in comparison to other components. Based on the chemical composition of the co-fed 

bio-oils, the trends of the CO2 and H2 yields are uncertain, along with the presence of these compounds for 

the pure fossil feed based gas product. The suspected cause of such results could be a presence of gas leak 

within the upgrading system or regarding the gas product collection method. Moreover, for a complete 

composition analysis of the collected gas product the water content needs to be assessed, which is missing 

from this work’s analytical method and therefore may have an effect on the accuracy on the measured gas 

products yields.  

Similar to Gueudré et al. (2017) work, no clear effect of co-feeding bio-oils on the gasoline product yield 

was observed, even though the overall gasoline yield was higher for the pure fossil feedstock based runs, 

the gasoline fraction share in the collected liquid product is lower for the pure fossil based product. In 

addition, similar to previously mentioned works, the full deoxygenation is observed for all of the co-fed bio-

oil experimental runs, at least according to GC MS analysis. 
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Figure 26 Comparative chart for the dry gas product component yields for experimental group 1. 

The results from comparing three different origin bio-oils that were co-fed to the FCC MAT unit together 

with commercial FCC fossil feedstock showed that the products obtained from co-feeding different origin 

bio-oils are very similar in both yield as well as quality, despite the clear differences in the chemical 

composition of the pure bio-oils. While the share of the collected liquid product fractions are varying 

between the pyrolysis bio-oils co-fed runs and the HTL bio-oil co-fed runs, which has the similar 

composition as the liquid product of pure fossil feedstock run, as presented in Figure 27.  

 

Figure 27 Comparative chart for the liquid product fractions share for experimental group 1. 

As mentioned earlier in the results section for the experimental group 2, the data variability is quite high, 

especially for the bottom fraction, which directly influences the fraction share of the gasoline/naphtha 

fraction. Moreover, the observed coke accumulation in the reactor, relevant of all of the experimental group 

runs, have an influence on the output products. Therefore, the presented data for the composition of the 

collected liquid products as well as the overall product yields and quality should not be interpreted definitive, 

but rather in terms of relevant representation of the observed correlations. To achieve a clearer comparison 

between each of the bio-oils, a higher co-feeding ratio may be used, especially for the same origin bio-oils 

comparison, such as pyrolysis bio-oils. Moreover, a higher closure of the mass balance for all feed 

compositions should also be obtained.  
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5.3 Optimization of pyrolysis bio-oil upgrading 

To perform the optimization of upgrading the co-fed pyrolysis bio-oil with the FCC MAT unit a new big 

set of data was collected. During the analysis of the derived data a significant variation within the response 

parameters, which was determined to be uncorrelated to the depended factors, was observed.  The issue 

had the primary effect on the limited amount of relevant constructed mathematical models, further used in 

optimization process. The quality of the derived data is directly associated with the level of performed 

experimental work. First of all, this work was the first experimental work performed with FCC MAT unit 

based on equivalent experimental design for collecting a big system of the experimental data. Moreover, the 

timeframe of the experimental work was limited by the time boundaries of the academic work restricting 

the number of performed run’s repetitions to two. Nevertheless, a lot of new valuable knowledge was 

derived from performing the designed experiments and analyzing the collected data. This new knowledge 

brought new insights to the study of catalytic upgrading of pyrolysis bio-oils and allowed to identify the 

existing challenges and restrictions of the process.  

To improve the data quality in the future, several improvement actions were identified based on the gained 

experimental knowledge. The major improvement action includes a further development of the FCC MAT 

unit upgrading process by upgrading and developing a better feeding system to reduce the variation in the 

collected liquid product, especially the heavy fraction. The other improvement action is related to the 

experimental work planning by demanding a bigger experimental timeframe for the equivalent experimental 

designs accounting two working days per one experimental run, which would consider possibility of 

reproduction of failed runs and allow to increase the number of necessary run’s repetitions. 

The optimization of the upgrading process was based on three operational parameters and on the total of 

six constructed valid mathematical models. Therefore, the optimization focus was limited by the response 

factors of the constructed mathematical models, among which only one is fitted to estimate a product yield 

represented by coke yield, while other models are fitted to estimate the share of the product fractions, 

compounds of either liquid or gas product. The cause of constructing the restricted number of valid 

mathematical models is mainly due to the quality of the collected experimental data, as discussed previously. 

As the result the optimization setting points do not directly serve as depended parameters for the optimum 

yields of valuable products, such as gasoline petroleum product, propylene and BTX petrochemicals, but 

provide the relevant representation of the effect of the depended parameters on the product characteristics. 

However, the limitations of this work open up possibilities for further studies, including an optimization 

study for the direct estimation of the gasoline/naphtha product yield as well as adaptation of an improved 

optimization range for tested process parameter and introduction of new parameters to the catalytic 

upgrading of pyrolysis bio-oils optimization system. 
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6 Conclusion 

With the expected increase in the liquid biofuels demand the use of fast pyrolysis bio-oil as the feedstock 

for production of liquid bio-fuels and bio-chemicals is considered. In this work the upgrading of fast 

pyrolysis bio-oils with FCC conversion process is studied to evaluate the process in terms of production of 

value-added products including petrochemical materials, such as BTX, and petroleum range liquid biofuels. 

A literature review was conducted and used as the basis for this research study.  The literature review was 

used for describing the process of biomass conversion to bio-oils as well as the general properties of the 

fast pyrolysis bio-oils with comparison to the commercial fossil petrochemical products. The FCC 

conversion process was reviewed as well to present the process current commercial applications and its 

working principle.  The following step of this study included development and implementation of 

experimental scheme for pyrolysis bio-oil upgrading with FCC pilot scale unit, FCC MAT. The developed 

experimental scheme contained three groups of experiments aiming at characterizing the upgrading process 

in terms of co-feeding of different origin bio-oils with commercial FCC fossil feedstock, optimization of 

co-fed pyrolysis bio-oil upgrading and examination of the performance of ZSM-5 zeolite additions to 

commercial FCC catalyst. The results derived from the statistical analysis of the collected experimental data 

are applied to assess and characterize the process of upgrading the fast pyrolysis bio-oils with FCC 

conversion method. 

By performing the experimental runs of upgrading the pure pyrolysis bio-oil as feedstock with the FCC 

MAT unit the results showed that the process of the micro activity unit with fixed catalyst bed reactor and 

batch feeding system is not adapted for upgrading the pure pyrolysis bio-oils. Although, based on the 

availability of successful runs and previous literature studies, the process of upgrading pure pyrolysis bio-

oils is possible, but requires some modifications of the FCC MAT unit system to fit the properties of the 

bio-oil. On the other hand, the experimental runs with pyrolysis bio-oil co-feeding with fossil feedstock 

showed that the FCC conversion process is feasible at industrially relevant conditions providing similar 

petrochemical products to commercial fossil feedstock with full deoxygenation of pyrolysis bio-oil at the 

ratio of 20/80. According to the results of co-feeding different origin bio-oil, such as pyrolysis and HTL 

bio-oil, the upgrading products have similar yields with corresponding quality as the products of commercial 

fossil FCC feedstock. According to the results obtained from the optimization of the process for pyrolysis 

bio-oil upgrading with ZSM-5 zeolite at co-feeding ratio of 20/80, the optimal CTO ratio is estimated to be 

with 5.4-6 range. This set point parameter is very similar to the results derived from the FCC MAT unit 

sensitivity test. For maximizing the propylene product yield, low catalytic reaction activity conditions are 

favored with low reaction temperature parameter along with Y zeolite type catalyst. For maximizing the 

BTX product yield, high catalytic reaction activity conditions are favored with high reaction temperature 

level along with the use of low acidity ZSM-5 zeolite. Moreover, similar high catalytic activity conditions are 

preferred for maximizing the gasoline range products. The investigation of the last experimental group with 

ZSM-5 “defect free” zeolite catalyst had failed due to previously described experimental difficulties. 

Therefore, it was not possible to complete relevant evaluation for screening the ZSM-5 zeolite performance.  

The upgrading of the fast pyrolysis bio-oils with FCC conversion process is proven to be feasible by 

implementing the co-feeding approach with commercial fossil feedstock at industrially relevant conditions. 

Co-feeding of the pyrolysis bio-oils to the commercial refining processes can be an alternative trace for 

production of biomass-based chemicals and upgrading to liquid bio-fuels enabling necessary transition to a 

renewable energy system.  
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Appendix 1 

Table 12 Experimental results for Box-Behnken optimization design. 

Run Repeat. # Catalyst 
Reaction 

Temp., °C 
CTO 

Mass 

balance, % 

Conversion, 

% 

Dry 

gas, % 

LPG, 

% 

Gasoline / 

Naphtha, % 

LCO, 

% 

Bottom 

fraction, % 

Coke, 

% 

1 1 FCC+ZSM-5 50 500 5 73.73 51.64 4.14 15.05 23.28 7.27 14.82 9.17 

2 1 FCC+ZSM-5 80 500 6 85.58 64.78 4.74 19.21 29.31 8.34 12.47 11.52 

3 2 FCC+ZSM-5 80 450 5 71.53 53.85 2.42 14.99 25.30 10.02 7.66 11.14 

4 1 FCC+ZSM-5 80 500 4 74.71 56.30 3.17 15.20 27.93 10.63 7.78 10.00 

5 2 FCC+ZSM-5 50 450 6 59.08 46.67 2.93 13.79 21.73 6.65 5.77 8.22 

6 2 FCC+ZSM-5 80 550 5 66.22 53.87 5.27 18.00 21.99 6.33 6.02 8.61 

7 2 FCC+ZSM-5 23 550 5 70.84 57.06 6.57 17.23 23.70 5.90 7.87 9.56 

8 2 FCC+ZSM-5 50 500 5 66.57 40.77 2.37 12.05 18.88 7.63 18.17 7.47 

9 2 FCC+ZSM-5 23 500 4 63.59 53.22 5.67 12.52 23.47 6.14 4.23 11.55 

10 2 FCC+ZSM-5 50 550 6 72.95 52.09 6.24 12.48 22.88 6.66 14.20 10.50 

11 2 FCC+ZSM-5 23 500 6 72.02 43.86 5.47 10.15 19.04 8.01 20.14 9.21 

12 2 FCC+ZSM-5 23 450 5 65.47 43.52 1.45 11.33 23.35 10.27 11.67 7.39 

13 2 FCC+ZSM-5 50 550 4 73.08 49.91 5.36 14.05 21.83 7.73 15.44 8.68 

14 2 FCC+ZSM-5 50 450 4 81.27 50.21 2.42 12.84 24.88 12.54 18.52 10.08 

15 2 FCC+ZSM-5 50 500 5 70.50 42.90 2.77 10.74 21.80 9.06 18.54 7.58 

  STDEV - - 6.65 6.40 1.65 2.66 2.81 1.93 5.36 1.41 

  % STDEV - - 9% 13% 41% 19% 12% 24% 44% 15% 
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Appendix 2 

 

Figure 28 “Observed vs Predicted” regression plots for fitted models. 
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Table 13 Analysis of variance (ANOVA) table of fitted model for coke fraction in total product. 

 DF SS MS (variance) F p SD 

Total 15 1347.29 89.82       

Constant 1 1319.39 1319.39       

Total Corrected 14 27.897 1.993     1.412 

Regression 8 25.314 3.164 7.3507 0.013 1.779 

Residual 6 2.583 0.430     0.656 

Lack of Fit 4 0.773 0.193 0.2135 0.910 0.440 

Pure Error 2 1.810 0.905     0.951 

(Replicate Error)             

  N = 15 Q2 = 0.601 Cond. no. = 3.465   

  DF = 6 R2 = 0.907 RSD = 0.6561   

    R2 Adj. = 0.784       

 

Table 14 ANOVA table of fitted model for LCO fraction in liquid product. 

 DF SS MS (variance) F p SD 

Total 15 6314.18 420.95       

Constant 1 6167.15 6167.15       

Total Corrected 14 147.034 10.502     3.241 

Regression 5 132.279 26.456 16.137 0 5.144 

Residual 9 14.755 1.639     1.280 

Lack of Fit 7 13.609 1.944 3.391 0.247 1.394 

Pure Error 2 1.147 0.573     0.757 

(Replicate Error)             

  N = 15 Q2 = 0.640 Cond. No. = 2.718   

  DF = 9 R2 = 0.900 RSD = 1.280   

    R2 Adj. = 0.844       

 

Table 15 ANOVA table of fitted model for dry gas fraction in gas product. 

 DF SS MS (variance) F p SD 

Total 15 5946.04 396.40       

Constant 1 5326.07 5326.07       

Total Corrected 14 619.970 44.284     6.655 

Regression 4 522.548 130.637 13.409 0 11.430 

Residual 10 97.422 9.742     3.121 

Lack of Fit 8 89.696 11.212 2.902 0.281 3.348 

Pure Error 2 7.727 3.863     1.966 

(Replicate Error)             

  N = 15 Q2 = 0.604 Cond. no. = 2.705   

  DF = 10 R2 = 0.843 RSD = 3.121   

    R2 Adj. = 0.780       
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Table 16 ANOVA table of fitted model for C3/C2 ratio in total product. 

 DF SS MS (variance) F p SD 

Total 15 213.18 14.21       

Constant 1 189.39 189.39       

Total Corrected 14 23.783 1.699     1.303 

Regression 6 20.756 3.459 9.142 0.003 1.860 

Residual 8 3.027 0.378     0.615 

Lack of Fit 6 2.280 0.380 1.017 0.573 0.616 

Pure Error 2 0.747 0.374     0.611 

(Replicate Error)             

  N = 15 Q2 = 0.463 Cond. no. = 2.705   

  DF = 8 R2 = 0.873 RSD = 0.615   

    R2 Adj. = 0.777       

 

Table 17 ANOVA table of fitted model for BTX fraction in liquid product. 

 DF SS MS (variance) F p SD 

Total 15 33859.40 2257.30       

Constant 1 32118.30 32118.30       

Total Corrected 14 1741.120 124.365     11.152 

Regression 4 1524.860 381.215 17.628 0 19.525 

Residual 10 216.257 21.626     4.650 

Lack of Fit 8 49.984 6.248 0.075 0.997 2.500 

Pure Error 2 166.273 83.137     9.118 

(Replicate Error)             

  N = 15 Q2 = 0.799 Cond. no. = 1.938   

  DF = 10 R2 = 0.876 RSD = 4.650   

    R2 Adj. = 0.826       

 

Table 18 ANOVA table of fitted model for benzene deriv. fraction in liquid product. 

 DF SS MS (variance) F p SD 

Total 15 7066.82 471.12       

Constant 1 6769.61 6769.61       

Total Corrected 14 297.207 21.229     4.608 

Regression 5 265.462 53.092 15.052 0 7.286 

Residual 9 31.745 3.527     1.878 

Lack of Fit 7 6.758 0.965 0.077 0.996 0.983 

Pure Error 2 24.987 12.493     3.535 

(Replicate Error)             

  N = 15 Q2 = 0.818 Cond. no. = 2.718   

  DF = 9 R2 = 0.893 RSD = 1.878   

    R2 Adj. = 0.834       

 


