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Sammanfattning 

Efterfrågan om förnyelsebara bränslen ökar. Catalytic Fast Pyrolysis är en växande teknologi 

som skulle kunna förse med bio-crude av hög kvalité för att användas med dagens 

infrastruktur. Den process som valdes för att implementera denna teknologi är in-situ 

circulating fluidized bed med sågspån som inmatning. Två fall blev utformade och sedan 

modellerade i ASPEN Plus. Det första fallet använder sig av ånga som flödare och andra 

fallet använder sig av återvunnen pyrolysgas. Båda fallen var självförsörjande med endast 

biomassa som energikälla. Enligt parameterstudien stämmer detta endast för biomassa med 

mindre än 40% fuktinnehåll.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

Abstract 

The demand of renewable fuels is increasing. Catalytic Fast Pyrolysis is a growing 

technology that could supply with high quality bio crude that can be used in the already 

existing infrastructure. The process of choice in this paper to implement this technology is in-

situ circulating fluidized bed using saw dust as feed. Two cases are designed and then 

modelled in ASPEN Plus. The first case uses steam as fluidizer and the second uses recycled 

pyrolysis gas as fluidizer. Both cases are found to be self-sustainable with biomass as the 

only energy source. According to the parameter study, this is only true for biomass feed up to 

40% moisture content.  
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1 Introduction 

1.1 Background 

The climate change is inevitable and the major contributor to that is the consumption of fossil 

fuels. Electric cars are increasing in number [1] which would lead to a lower consumption fo 

fossil fuels. But maybe the planet cannot hold on until the electricity vehicles have 

completely replaced the ones using gasoline and diesel. But what if there is a way to produce 

oil from renewable biomass that can be refined into gasoline, diesel or other petroleum fuels? 

This renewable oil could give us enough time to change all the cars into electric cars and to 

develop electric ships and airplanes. The expansion of the pyrolysis technology could also 

provide more jobs, especially in countries depending on the wood industry [2]. Wood is a 

good source for biomass feed that can be used in the pyrolysis process. Heat and power 

processes can also be integrated with bio-oil production [2,3]. 

 

The Swedish government is supporting the goal of achieving a reduction of emissions by 

70% in the transport sector by 2030, excluding domestic flights. Renewable and sustainable 

biofuels are going to be the ones replacing fossil fuels [4]. This leads to an increasing demand 

on biofuels. This paper is a step in the way of making a technology capable of satisfying the 

demand of renewable and sustainable bio oil by producing crude oil from Swedish trees that 

can be used in the already established infrastructure. 

 

1.2 Scope 

How to develop a model to the catalytic fast pyrolysis process by using ASPEN Plus. It is of 

great importance to understand each step in the model starting from the feed until the end 

product. Therefore, the literature review will cover all the necessary information to 

understand CFP in an in-situ reactor, pyrolysis in a CFB, the required biomass feed size, 

moisture and type.  This paper will not go into detail about other pyrolysis technologies. The 

challenges with bio-oil will only be mentioned briefly to strengthen the need of this project.  

 

The focus will lie only on catalytic fast pyrolysis in an in-situ circulating fluidized bed suing 

saw dust as biomass feed and HZSM-5 as catalyst. No economic analysis will be made. Two 

cases will be studied and a parameter study will be performed on the second case. 

 

1.3 Objective 

The goal of this project is to design and model an in-situ circulating fluidized bed catalytic 

fast pyrolysis plant that produces bio-oil with low oxygen content that can be used in 

conventional refineries. The steps to reach that goal are: 
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● Make a Process Design for a CFP of biomass for biocrude production  

● Develop models for the CFP process using Aspen Plus  

● Optimize the developed process based on the modelling results 
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2 Literature Review 

To fully understand the process this paper is about, it is important to have a basic 

understanding of the pyrolysis technology.  

 

The factors that affect the quality and oxygen content of the bio-oil are: 

 

● Biomass Feed 

● Pyrolysis Process 

● Catalyst 

● Bio-oil Stability 

 

 

2.1 Biomass Feed 

Biomass, organic matter, is everything that originates from biological processes done by 

living organisms like animals and plants [1,6]. The true definition renewable biomass is not 

clearly defined. In Biomass Gasification and Pyrolysis, the author refers to the American 

Clean Energy and Security Act of 2009 as the definition of renewable biomass [5]. 

 

Ligno-cellulosic biomass is the most commonly used biomass for pyrolysis [2,7]. This type 

of biomass originates from plants and is a compound of lignin, cellulose and hemicellulose. 

Due to their molecular structure and size, these three components have different 

characteristics. According to Kumar aneqd Pratt, hemicellulose decomposes at le lowest 

temperature of the three components in the pyrolysis reactor. The temperature range of 

decomposition is 150 to 350 °C. Cellulose and lignin have similar lower temperature of 

decomposition but cellulose has a much shorter range than lignin. The range for cellulose is 

between 275 and 350 °C and for lining between 250 and 500 °C [5,8]. Cellulose has been 

proven to be the one that yields most condensable gases in pyrolysis which leads to a higher 

yield of bio-oil [5,9]. Hemicellulose is also one of the main sources of volatiles but in the 

form of noncondensable gases. Lignin on the other hand produces more char [5]. But lignin 

also has lower oxygen content which is preferable in CFP [7]. Table 1 illustrates the ligno-

cellulose content in different biomass types. Woody biomass usually yields the highest 

percentage of bio-oil of dry-feed with a range of 60% to 70%. Well defined cellulose 

feedstocks are among the few that can that can yield higher than that [9]. 
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Table 1: Ligno-cellulose content in wt. %. [6] 

 

Feedstock Cellulose Hemicellulose Lignin Other 

Eucalyptus-1 45 19.2 31.3 4.5 

Eucalyptus-2 50 7.6 38.8 3.6 

Pine 40 28.5 27.7 3.8 

Soybean 33 14 14 39 

Bagasse 41.3 23.8 18.3 16.6 

Coconut coir 47.7 26.9 17.8 7.6 

Coconut shell 36.3 25 28.7 10 

Coir pith 28.6 17.3 31.2 22.9 

Corn cob 40.3 26.9 16.6 16.2 

Corn stalk 42.7 23.6 17.5 16.2 

Cotton gin waste 77.8 16 0 6.2 

Groundnut shell 35.7 18.7 30.2 15.4 

Millet husk 33.3 26.9 14 25.8 

Rice husk 31.3 24.3 14.3 30.1 

 

 

 

The drying can be done by one or several dryers. If needed, further grinding or chipping can 

be applied after or before drying. The less water content or ash the biomass feed has, the 

better. Less water content leads to less energy spent on drying and less water content in the 

bio-oil. Unfortunately, water will still be a product of the fast pyrolysis, bone-dry biomass 

would still yield 12 to 15 % wt water [10]. The minerals in the ash act as catalyst and increase 

the cracking of bio-oil. 

 

 

2.2 Pyrolysis Process 

There are three main products from the pyrolysis reaction; the solid char, the liquid bio-oil 

and the noncondensable gases [5]. Most of the ash from the biomass feed stays with char and 

the majority of the water stays with the bio-oil after the quenching. 
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There are several types of pyrolysis but it is fast pyrolysis that yields the most liquid products 

[5,6]. One common way to classify fast pyrolysis is that the heating time is much smaller than 

the reaction time [5]. The factors of fast pyrolysis that influence over the yield of bio-oil are: 

 

● High heating rate 

● Range of reaction temperature, high temperatures 

● Short residence time 

● Rapid quenching 

● Particle size, shape and composition 

 

Apart from these factors the bio-oil yield also depends on pressure, ambient gas composition 

and mineral catalyst [5,6,10]. Due to the short reaction time, the heat and mass transfer as 

well as the phase transition phenomena are important to consider and not just the chemical 

reaction kinetics[6]. The temperature need to be at the right range to avoid on the formation 

of char, CO and CH4 [2,7]. In the case of CFP, the correct temperature range also decreases 

the formation of coke [11]. The residence time and temperature need to be at optimized to 

avoid further cracking of the oil [11]. The goal of fast pyrolysis is to prevent these thermal 

and catalytic cracking [9]. Another use of fast pyrolysis is to prevent the already produced 

bio-oil molecules to undergo polymerization to be recombined into char [9]. It is desired to 

reduce the char yield due to its insulating properties which leads to a decrease in heat transfer 

into the center of the particles. Char also has catalytic properties which can alter the chemical 

characteristics of the bio-oil, this is especially important in CFB were char can accumulate on 

top of the bed. Appropriate size of the biomass feed counteracts against the production of 

char and prevents these phenomenon [10].  

 

There are several types of reactors used for pyrolysis. Some of them are already being used 

while others are in the developing stage [10]. In this paper, the circulating fluidized bed that 

will be used. The CFB is a well understood and simple technology. The CFB experiences low 

agglomeration due to the intense collisions in the reactor and the shearing that occurs during 

the fast recirculation [6]. Figure 1 illustrates a CFB reactor. 
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Figure 1. CFB reactor. [5] 

 

Biomass is fed into the fluid bed, in this case with a screw feeder but there are several feeder 

types. The size of the biomass particles needs to be small, some millimeters at most [5]. This 

is usually done by crushing the feed. The bed inert solid materials, which usually is sand, is 

fluidized by inert gases, usually flue gases or steam [5]. The hot flue gases also act as a heat 

source. In the case of in-situ CFP, the inert bed solid material is replaced by the catalyst [19]. 

Additional heat can be produced by either by burning part of the product gas in the bed or by 

burning the char in a separate chamber and then transfer the heat to the reactor [5]. It is 

important that the biomass feed is of right size otherwise there could be complications with 

the burning of the char outside of the pyrolysis reactor [10]. Figure 2 illustrates a pyrolysis 

process schematic, including the solid separator (cyclone), the heat production together with 

the char combustion and the bio-oil recovery (quench cooler and secondary recovery). The 

process in Figure 2 uses the produced gases as fluidizing agents.  
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Figure 2. Pyrolysis process schematic. [10] 

 

2.3 Catalyst 

Catalyst can either part of the pyrolysis reaction, in-situ, or after the pyrolysis reactor in a 

catalytic reactor, ex-situ [7]. In the in-situ CFP, the catalyst is limited by the temperature of 

the pyrolysis. In the case of ex-situ, there is more freedom in choosing the temperature for the 

catalytic reaction at the cost of having an extra reactor. Separating the catalytic reaction from 

the pyrolysis reaction reduces the contact between the catalyst and the solid residue from the 

pyrolysis reaction, the char and ash products. The catalyst can also be deactivated if the coke 

is attached to the active surface of the catalyst. This problem can be greatly diminished by 

having the right pore size and by using a well-designed and optimized reactor [7].   

 

The first step of CFP is the thermal decomposition or thermal depolymerization, which is the 

pyrolysis itself. The product molecules diffuse into the catalyst pores and undergo a series of 

chemical reactions that leads to the formation of aromatics and olefins [11]. The other 

reaction than occur and hinders the production of the aromatics and olefins is formation of 

coke and furans [11]. Char and ash are two big factors in the production of coke [12]. One of 

the most common and effective ways to regenerate the catalyst is to combust the coke. The 

coke can be combusted together with the char to produce heat for the reactor [13].  
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Zeolite catalyst is often used in CFP, one of them is the ZSM-5. Zeolite catalyst consists of 

inexpensive silicon and aluminum [11]. Table 2 shows the bio-oil yield from a CFP fluidized 

bed reactor using pinewood sawdust as a feedstock and ZSM-5 as the catalyst. This table is 

taken from similar study by Carlsson et al. [11] and was also used by Boust et al. [13]. ZSM-

5 has been proven to be an effective catalyst. According to A. Aho et al. it reduces both the 

acids and alcohols in bio-oil [11,14].  

 

Table 2: On carbon basis. [11] 

 

Temp 500 600 670 

    

Aromatics 7.4 11 9.3 

Olefins 8.8 8.2 9.2 

Methane 3.1 4.5 10.9 

Carbon 

Monoxide 

14.1 26.3 30.1 

Carbon 

Dioxide 

5.9 8.1 9.1 

Coke 38.4 30.2 23.8 

Sum 77.7 88.3 92.4 

 

 

 

2.4 Bio-oil 

The oxygen content of the product bio-oil is affected by the catalyst/biomass ratio (C/B). 

Figure 3 shows the correlation between oxygen content of the bio-oil, catalyst to biomass 

ratio and total bio-oil yield. This means that there is a tradeoff between quality and quantity 

of the bio-oil. 
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Figure 3: Yield and oxygen content in bio-oil depending on the biomass-to-catalyst ratio. The 

catalyst is HZSM-5. Literature results [15]. 

 

 

Storage is problematic for bio-oil. The polarity of bio-oil can change over time depending on 

the storage temperature and time, light, oxygen and chemical reactions [16]. It has been 

observed that the viscosity and the average molecular weight of the bio-oil increases overtime 

[17]. These problems stimulate the search for technologies that produce more stable and 

higher quality bio-oil products. 
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3 Methodologies 

This section explains the process and the model of the three cases. The model development as 

well as the majority of the calculation will be made in ASPEN Plus. The main reference for 

Case 1 is Technical and economic potential for combined heat, power and bio-oil production 

in power plants-CHPO by Energiforsk AB [3] and for Case 2 is Process Design and 

Economics for the Conversion of Lignocellulosic Biomass to Hydrocarbon Fuels by NREL 

[19]. 

3.1 Process Description 

Each step in the process is simulated using different equations. Most of the calculations are 

energy and mass balance while some are simple chemical reactions. Even if ASPEN performs 

all of the equations it is of importance to understand what happens in each of the blocks of 

the process. 

 

3.1.1 The Dryer 

The dryer is a direct heat exchanger used to lower to moisture of the feedstock. Hot air is 

used to heat up the feedstock and releasing the water. The required heat to remove the water 

does not have to be same as the required heat input to the dryer, losses has to be accounted 

for here and over the whole process. The hot air receives heat from the flue gases in an 

indirect heat exchanger before entering the dryer. The heat loss in the dryer is assumed to be 

5%. 

 

3.1.2 The Pyrolysis Reactor 

The reactor is where the catalytic fast pyrolysis occurs. The bed the catalysts react with the 

dry biomass and steam to produce char, vapors and permanent(noncondensable) gases. 

 

𝐶𝑥𝐻𝑦𝑂𝑧 + 𝑎(𝐻2𝑂) → 𝐶𝑛𝐻𝑚𝑂𝑝 + 𝑏(𝐻2𝑂) + 𝑐(𝐻2) + 𝑑(𝐶) + 𝑒(𝐶𝑂2) + 𝑓(𝐶𝑂) + 𝑔(𝐶𝐻4)   

eq 1 

 

The sum represents the different types of pyrolysis products that are not hydrogen gas, water, 

char, carbon dioxide, carbon monoxide and methane [5]. The coke produced consists mainly 

of carbon but is integrated into the catalyst. Heterogeneous reactions occur as well. Those 

reactions are; a) Cracking into smaller molecules, b) decarbonylation, c) decarboxylation, 

d)hydrocracking, e) hydrodeoxygenation, f) hydrogenation. They are illustrated in Figure 4. 
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Figure 4: The heterogeneous reactions [20].  

 

One of the most important factors is the heating rate. Convection is the biggest contributor to 

heat transfer due to that the reaction occurs in a circulating fluidized bed. Convection occurs 

between the bed solids and the biomass, but the movement of the bed does not allow 

continuously heat transfer. The wall emits some heat radiation. The heat loss of the pyrolysis 

reactor is assumed to be 5%. 

 

For Case 1 super-heated steam is used as the fluidizing agent and in Case 2 recycled pyrolysis 

gas is used as fluidizing agent.  

 

3.1.3 The Cyclone 

The cyclone separates the fluids from the solids in the product stream after the reactor. The 

catalyst and sand together with the char, coke and ash are the solids. The rotational effect and 

the gravity bring the solids down through its “neck” while the vapors and gases exit upwards. 

  

3.1.4 The Regenerator 

The regenerator is a combustor in where the separated char and coke from the cyclone is 

burned to produce heat and to recycle the catalysts. Air is supplied to ensure complete 

combustion. Ash is removed here.  

 

𝐶 + 𝑂2 → 𝐶𝑂2          eq 2 

𝐶 + 0.5𝑂2 → 𝐶𝑂       eq 3 

𝐶 + 𝐶𝑂2 → 2𝐶𝑂       eq 4 

2𝐶𝑂 + 𝑂2 → 2𝐶𝑂2    eq 5 

𝐻2 + 0.5𝑂2 → 𝐻2𝑂    eq 6 
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The carbon originates from both the coke and the char. The regenerator also works as a boiler 

to produce superheated steam using preheated feed water for Case 1. The water is also used 

to control the temperature in the regenerator. This is the sole purpose of the water in Case 2. 

The flue gas is used to heat up the air for drying. Heat from the regenerator is also led to the 

pyrolysis reactor using the catalyst and sand. Losses in the regenerator are estimated to be 

around 10%. In Case 2, sulfur is found in the char who requires a sixth reaction: 

 

𝑆 +  𝑂2  =  𝑆𝑂2     eq 7 

 

3.1.5 The Vapor and Gas Coolers 

Indirect heat exchangers used for cooling down vapors and gas to the required temperature. 

 

3.1.6 The Oil Scrubber 

The scrubber sprinkles the quenching oil over the cooled vapors. The permanent gases which 

have higher dew point exit the scrubber upward and the liquids exits downward. In Case 2, 

there are two oil scrubbers. The first one is the heavy oil scrubber which separates the heavier 

particles from the vapors. The lighter particles continue with the permanent gases to a second 

scrubber. The scrubbers act as direct heat exchangers and their heat losses are assumed to be 

5%. 

 

3.1.7 The Oil Coolers 

Indirect heat exchangers used for cooling the liquid oils to the required temperature. 

 

3.1.7 The Recycling Oil Separator 

The same amount of quenching oil that was used during the scrubber is removed from the 

cooled liquids. 

 

3.1.8 The Decanter 

The decanter separates 90% of the water in the liquids [19]. 

 

 

3.2 ASPEN Model 

The global property method of both cases is IDEAL with the components as Henry’s 

components. The IDEAL method works with pressures close to atmospheric pressures and 

accommodates Henry’s Law and Raoult’s Law. The only stream that has high pressure is the 

superheated stream of Case 1. The STEAM-TA property method handles steam according to 

1967 ASME steam tables, this property method is chosen to work at the same time as 

IDEAL. The chosen unit mass flow rate for the system is kg/hr and W is chosen to be the unit 

for energy. Table 3 and Table 4 shows the components used in the model for Case 1 and 2. 

Nonconventional are components that need to have their enthalpy, density and other 
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attributes specified by the user. Solid are pure components that remain in the solid phase and 

can be defined by their molecular weight, boiling point, solid enthalpy of formation and solid 

Gibbs energy of formation. Conventional are components that either are in ASPEN database 

or can be defined by their structure or connectivity, molecular weight, boiling, specific 

gravity, ideal gas enthalpy of formation and Gibbs energy of formation. The components that 

are not available in ASPEN are created using files containing the molecular structure 

downloaded from either Royal Society of Chemistry(RSC) or National Institute of Standards 

and Technology(NIST) webpage. The structure of the components marked with *1 are found 

at NIST and the ones marked with *2 are found at RSC. Some of components found did not 

watch the components from reference so other components with the same molecular weight 

are chosen instead, those are marked with **. ID is the name that the component is given in 

this model. Name is the actual name of the component in ASPEN or the name found on either 

RSC or NIST. Alias is the chemical formula of the components known by ASPEN. 

 

Table 3: Components used in Case 1. 

ID Name Alias ID Name Alias 

Nonconventional   Conventional   

BIOMASS   CH4 METHANE CH4 

CHAR   C3H6 CYCLOPROPANE C3H6-1 

ASH   C2H2 ACETYLENE C2H2 

Solid   I-C4H10 ISOBUTANE C4H10-2 

CATA(Catalyst) ALUMINIUM-OXIDE-ALPHA-

CORUNDUM 

AL2O3 1-C4H8 1-BUTENE C4H8-1 

SAND SILICON-DIOXIDE SIO2 C2H4 ETHYLENE C2H4 

CARBON CARBON-GRAPHITE C CH3C2H METHYL-ACETYLENE C3H4-2 

Conventional   C2H6 ETHANE C2H6 

O2 OXYGEN O2 C3H8 PROPANE C3H8 

N2 NITROGEN N2 N-C6H14 N-HEXANE C6H14-1 

CO2 CARBON-DIOXIDE CO2 ACETICAC ACETIC-ACID C2H4O2-1 

CO CARBON-MONOXIDE CO KETON METHYL-ETHYL-KETONE C4H8O-3 

H2O WATER H2O FURAN FURFURAL C5H4O2 

H2 HYDROGEN H2 SUGAR DILACTIC-ACID C6H10O5 

   PHENOL PHENOL C6H6O 

   CATECHOL P-TERT-BUTYLCATECHOL C10H14O2 

   GUAIACOL GUAIACOL C7H8O2-E1 

   ALCOHOL METHANOL CH4O 

   AROMATIC TOLUENE C7H8 
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Table 4: Components used in Case 2. 

ID Name Alias ID Name Alias 

Nonconventional  Conventional   

BIOMASS   TEHYFURA TETRAHYDROFURAN C4H8O-4 

CHAR   METFURAN Methylfuran *1  

COKE   PHENOL PHENOL C6H6O 

ASH   BENZDIOL 1,2-BENZENEDIOL C6H6O2-E1 

Solid   DIMEFURA Dimethylfuran *2  

CATA(Catalyst) ALUMINIUM-OXIDE-ALPHA-

CORUNDUM 

Al2O3 TETHYFUR Dimethoxytetrahydrofuran *1  

SAND SILICON-OXIDE SiO2 CYCHEXAN CYCLOHEXANE C6H12-1 

CARBON CARBON-GRAPHITE C 2MEPHENO O-CRESOL C7H8O-3 

Conventional   GUAIACOL GUAIACOL C7H8O2-E1 

O2 OXYGEN N2 MECYHEXA METHYLCYCLOHEXANE C7H14-6 

N2 NITROGEN CO2 VINYPHEN 4-HYDROXYSTYRENE C8H8O-D1 

CO2 CARBON-DIOXIDE CO 23METPHE 2,3-XYLENOL C8H10O-5 

CO CARBON-MONOXIDE H2O 26METHPH 2,6-Dimethoxyphenol (syringol) 

*2 

 

H2O WATER  VANIALCO Vanillyl Alcohol *2  

H2 HYDROGEN H2 246MEPYR 2,4,6-TRIMETHYLPYRIDINE C8H11N-D1 

SULFUR SULFUR S CISMCYHE CIS-1,2-

DIMETHYLCYCLOHEXANE 

C8H16-2 

SO2 SULFUR-DIOXIDE O2S TRAMCYHE TRANS-1,2-

DIMETHYLCYCLOHEXANE 

C8H16-3 

METHANE METHANE CH4 MEBENZFU 2-METHYLBENZOFURAN C9H8O 

ETHYLENE ETHYLENE C2H4 METHVIPH 2-Methoxy-4-Vinylphenol *1  

PROPYLEN PROPYLENE C3H6-2 NAPHENOL 1-Naphthalenol *1  

BUTENE 1-BUTENE C4H8-1 CONIFERY Coniferyl Aldehyde *1  

FURAN FURAN C4H4O ISOEUGEN Isoeugenol*1  

   DECALIN CIS-DECALIN C10H18-1 

   1MENAPHT 1-METHYLNAPHTHALENE C11H10-1 

   MDEHYNAP 1-Methyldecahydronaphtalene 

*1 

 

   DIBENZTI DIBENZOTHIOPHENE C12H8S 

   C14H24N5 Tetradecahydrophenanthrene(C14H24-N5) *2 

   C15H26N4 Longipinane(C15H26-N4) **2 
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Table 4: Components used in Case 2. 

   ID Name Alias 

   Conventional   

   PHENANTH 1,4-Dimethyl-Phenanthrene *2  

   TONALID Tonalid *1  

   MESTRANO Mestranol *2  

   C21H34 **2  

   C22H28O2 **2  

 

 

 

 

3.2.1 Pretreatment 

 

The first section of the ASPEN is where the pretreatment of the biomass occur. Due to the 

size of the feed, no milling or cutting is needed leading to having only a dryer in the 

pretreatment. The dryer consists of a RStoic reactor block and a Flash2 separator. The reactor 

block illustrates the extraction of water from the biomass.  The separator block receives the 

product stream from the reactor and separates the evaporated water from the dried biomass. 

This model is taken directly from the ASPEN solid tutorial [21]. The reaction in the RStoic is 

the following: 

 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 →  0.055084𝐻2𝑂     eq 8 

 

The fractional conversion factor is then calculated using a calculator block. This step is also 

from the ASPEN tutorial [21]. Figure 5 illustrates the pretreatment model part of the process 

for both Case 1 and 2. The straight line represent material streams and the dotted line 

represent heat streams. The streams and blocks in Figure 5 are explained in Table 5. 
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Figure 5: Pretreatment of the biomass for Case 1 and 2. 

 

Table 5: Description of the streams and blocks in Figure 5. 

 

Streams Description Blocks Description Type 

AIR1 Input air for drying AIRHEAT Drying air heater Heater 

DRYEAIR1 Pre-heated drying air FGCOOL Flue gas cooler Heater 

DRYERAIR2 Drying air at dryer conditions FGHX Heat exchanger at reference temperature Heater 

WETFEED1 Wet Biomass DRYHE1 Heat exchanger at dryer conditions Heater 

WETFEED2 Wet Biomass  dryer conditions DRYHE2 Heat exchanger at dryer conditions Heater 

HFG Hot flue gas from the 

regenerator 

DRYER Were the drying reaction occurs Rstoic 

CFG1 Cold flue gas SEP Separation of the solid biomass and the 

drying air carrying the extracted water 

Flash2 

CFG2 Cold flue gas at reference 

temperature 

AIRHX Heat exchanger at reference temperature Heater 

WAT+FEED Water and dry biomass    

DRYFEED1 Dryed biomass before the 

pyrolysis reactor 

   

MOISAIR1 Air containing water    

MOISAIR2 Air containing water at 

reference temperature  

   

DRYEHX Air preheater heat stream    
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Table 5: Description of the streams and blocks in Figure 5. 

Streams Description 

DRYELOSS Heat loss in the drying air preheater 

FGLOSS Heat loss due to heat content in the exhaust flue gas 

DRYLOSS1 Heat loss 

DRYLOSS2 Heat loss 

DRYHEAT1 Heat emitted by the hot air 

DRYHEAT2 Heat extracted by wet biomass 

DRYEHEAT Heat balance 

AIRLOSS Heat loss due to heat content in the exhaust drying air 

 

 3.2.2 Pyrolysis Reaction 

 

The pyrolysis reactor block is a RYield reactor at constant temperature and pressure. The 

catalyst stream which contains the catalyst and sand are inert solids during the reaction. 

Product stream from the reactor goes to the cyclone where the solids and vapors are 

separated. The solids consist of char, coke, sand and catalyst. The vapors consist of water, 

permanent gases and bio-oil vapors. The mass fractions of each component in the vapors are 

taken from experimental data. Case 1 uses superheated steam as both input and heat carrier 

while Case 2 only uses recycled gas as input. All three cases have an input of inert catalyst 

and sand that depends on the dry biomass input, the steam and recycled gas input also 

depends on the dry biomass input. The solid and fluidizing agent input are calculated using 

calculator blocks. The catalyst and sand are also the heat carriers. Figure 6 illustrates the 

pyrolysis model part of the process for both Case 1 and 2. The streams and blocks in Figure 6 

are explained in Table 6. 
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Figure 6: Pyrolysis reactor in Case 1 and 2. 

 

 

 

Table 6: Description of the streams and blocks in Figure 6. 
 

Streams Description Blocks Description Type 

DRYFEED1 Dried biomass from the dryer PYRHE1 Heat exchanger at 

pyrolysis conditions 

Heater 

DRYFEED2 Dried biomass at pyrolysis conditions PYRHE2 Heat exchanger at 

pyrolysis conditions 

Heater 

FLUIDI1 Fluidizing agent, steam in Case 1 and 

recycled gases in Case 2 

PYRHE3 Heat exchanger at 

pyrolysis conditions 

Heater 

FLUIDI2 Fluidizing agent at pyrolysis conditions PYROREC Pyrolysis reactor RYield 

REGCATA1 Hot  catalyst and sand from the regenerator CYCLONE Cyclone solid separator SSplit 
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Table 6: Description of the streams and blocks in Figure 6. 

Streams Description 

REGCATA2 Vatalyst and sand at pyrolysis conditions 

PYROPROD Pyrolysis products 

VAPORS1 Gas components of the pyrolysis products 

PYROSOL Solid components of the pyrolysis products 

PYRLOSS1 Heat loss 

PYRLOSS2 Heat loss 

PYRLOSS3 Heat loss 

PYRHEAT1 Heat from the steam in Case 1 and heat to the recycled gas in Case 2 

PYRHEAT2 Emitted heat by the hot catalyst and sand 

PYRHEAT3 Absorbed heat by the dried biomass 

PYROHEAT Heat balance 

 

 

 3.2.3 Combustion 

 

The solids are separated into bed solids, char and coke. Char and coke, which are 

unconventional components, are lead to one RYield decomposer each. The decomposer 

breaks down the unconventional component into conventional components. In Case 1, coke 

only consists of carbon so the coke stream does not pass through a decomposer. In the case of 

char, ash is also product of the decomposition. The products are mixed and lead to the RStoic 

combustor. Due to the fact that the chemical reactions for the combustion are known, the 

RStoic is the most comfortable block to use. Here is the carbon, hydrogen and oxygen from 

the products combusted with excess air using 5 reactions (6 in Case 2) at constant 

temperature and pressure. The amount of air is determined using a calculator block which 

depends on the total carbon input to satisfy combustion with 20% excess air. The calculator 

block also takes into account the amount of oxygen originating from the pyrolysis solid 

products. The outlet stream separated into solids and gases in a SSplit. The separation of ash 

from the sand and catalyst has not been achieved experimentally. For the model to work, the 

ash is separated from the catalyst and sand in a Sep block. Figure 7 illustrates the combustion 

model part of the process for Case 1 and Figure 8 illustrates Case 2. The streams and blocks 

in Figure 7 are explained in Table 7 and Table 8 explains the streams and blocks in Figure 8. 
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Figure 7: Regeneration and combustion in Case 1. 

 

 

 

 

 

Table 7: Description of the streams and blocks in Figure 7. 

 

Streams Description Blocks Description Type 

PYROSOL Solid components of the pyrolysis 

products 

SOLIDSEP Separates the char, carbon(coke) and 

bed solids into three streams 

Sep 

USEDCATA1 Catalyst and sand CHARDECO Decomposes the char RYield 

USEDCATA2 Catalyst and sand at combustion 

conditions 

CHARSEP Separates the char components Sep 

CHAR Char CARBMIX Mixes the coke and char carbon Mixer 

CHARCOM Components originating from char; 

oxygen, carbon, hydrogen and ash 

COMHE1 Heat exchanger at combustion 

conditions 

Heater 

O2CHAR Oxygen from char COMHE2 Heat exchanger at combustion 

conditions 

Heater 

H2+ASH Hydrogen and ash from char COMHE3 Heat exchanger at combustion 

conditions 

Heater 

CHARCARB Carbon from char COMHE4 Heat exchanger at combustion 

conditions 

Heater 

PYRCARB Coke(pure carbon) COMHE5 Heat exchanger at combustion 

conditions 

Heater 
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Table 7: Description of the streams and blocks in Figure 7. 

Streams Description Blocks Description  

CARBON1 Total carbon from the pyrolysis 

products 

COMBUST Combustor RStoic 

CARBON2 Carbon at combustion conditions COMBSEP Separates the solids and gases SSplit 

AIR2 Air input ASHSEP Removes the ash, only theoretical Sep 

COMBAIR Air at combustion conditions STEAMSPL Separates the steam stream into steam 

for pyrolysis and surplus steam 

FSplit 

COMBOUT Combustion products STEAMHX Heat exchanger at reference 

temperature and pressure 

Heater 

HFG Fot Flue Gas    

ASH Ash    

REGCATA1 Catalyst and sand at combustion 

temperature 

   

HOTW Pre-heated high pressurized water, 

water used to produce steam and acts 

as heat sink for the combustor 

   

SUPSTEAM Superheated steam    

PYROSTEA1 Steam used as fluidizing agent in the 

pyrolysis reactor (FLUIDI1) 

   

EXTSTEA1 Surplus superheated steam    

EXTSTEA2 Steam cooled down and depressurized 

to reference values 

   

COMLOSS1 Heat loss    

COMLOSS2 Heat loss    

COMLOSS3 Heat loss    

COMLOSS4 Heat loss    

COMLOSS5 Heat loss    

COMHEAT1 Heat extracted by the water    

COMHEAT2 Heat extracted by the catalyst and sand     

COMHEAT3 Heat extracted by the carbon    

COMHEAT4 Heat required to decompose the char    

COMHEAT5 Heat extracted by the combustion air    

COMBHEAT Heat balance    

STEALOSS Heat loss due to heat content in surplus 

steam 
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Figure 8: Regeneration and combustion in Case 1. 

 

 

Table 8: Description of the streams and blocks in Figure 8. 

 

Streams Description Blocks Description Type 

PYROSOL Solid components of the pyrolysis products SOLIDSEP Separates the char, carbon(coke) and 

bed solids into three streams 

Sep 

USEDCATA1 Catalyst and sand CHARDECO Decomposes the char RYield 

USEDCATA2 Catalyst and sand at combustion conditions CHARSEP Separates the char components Sep 

CHAR Char COKEDECO Decomposes the coke RYield 

CHARCOM1 Components originating from char; oxygen, 

carbon, hydrogen and ash 

COKESEP Separates the coke components Sep 

CHARO2 Oxygen from char CARBMIX Mixes the coke and char carbon Mixer 

CHARCOM2 Nitrogen, hydrogen, sulfur and ash from char COMHE1 Heat exchanger at combustion 

conditions 

Heater 

CHARCARB Carbon from char COMHE2 Heat exchanger at combustion 

conditions 

Heater 

COKE Coke COMHE3 Heat exchanger at combustion 

conditions 

Heater 

COKECOMP Components originating from coke; oxygen, 

carbon, hydrogen, ash, nitrogen and sulfur 

COMHE4 Heat exchanger at combustion 

conditions 

Heater 

COKECARB Carbon from coke COMHE5 Heat exchanger at combustion 

conditions 

Heater 
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Table 8: Description of the streams and blocks in Figure 8. 

Streams Description Blocks Description  

COKEO2 Oxygen from coke COMBUST Combustor RStoic 

CARBON Carbon at combustion conditions COMBSEP Separates the solids and gases SSplit 

AIR2 Air input ASHSEP Removes the ash, only theoretical Sep 

COMBAIR Air at combustion conditions STEAMSPL Separates the steam into steam for 

pyrolysis and surplus steam 

FSplit 

COMBOUT Combustion products STEAMHX Heat exchanger at reference 

temperature and pressure 

Heater 

HFG Hot Flue Gas    

ASH Ash    

REGCATA1 Catalyst and sand at combustion temperature    

COLDWAT Feed water    

HOTWAT1 Hot water used as heat sink for the combustor    

HOTWAT2 Water at reference temperature    

COMLOSS1 Heat loss    

COMLOSS2 Heat loss    

COMLOSS3 Heat loss    

COMLOSS4 Heat loss    

COMLOSS5 Heat loss    

COMHEAT1 Heat extracted by the catalyst and sand     

COMHEAT2 Heat extracted by the combustion air    

COMHEAT3 Heat emitted by the decomposition of the coke    

COMHEAT4 Heat required to decompose the char    

COMHEAT5 Heat extracted by the cooling water    

COMBHEAT Heat balance    

WATERLOSS Heat loss    

 

 

The regenerator flue gas stream that originates from the cyclone in the combustion section 

enters the drying air preheater. An air stream exits the drying air preheater with higher 

temperature and is lead to the dryer. For Case 1, high pressured hot water receives heat from 

the combustor/boiler. The superheated steam is lead to the pyrolysis reactor block. For Case 2 

water acts only as heat sink.  

 

 3.2.4 Oil Separation 
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The pyrolysis vapors are cooled down before led to the scrubbers. In Case 1 this heat is 

absorbed by the high pressurized water. Case 1 has one scrubber while Case 2 has one heavy 

oil scrubber and one light oil scrubber. The scrubbers are Flash2 blocks with two inputs and 

two outputs. According to ASPEN, Flash2 blocks are good for representing spray condenser 

which is similar to a scrubber. The oil products in Case 1 are cooled down and then separated 

into a recycling oil stream and an oil product stream. The recycling oil stream is cooled down 

a second time to be used as scrubbing oil and the product oil stream has the majority of its 

water and acids removed in a Sep block that acts a decanter. The heavy oil products in Case 2 

are cooled down and that is the heavy fraction product stream. The stream containing the 

lighter oils and the permanent gases are cooled down three times in series and then led to the 

light oil scrubber. At the light oil scrubber, the permanent gases are separated from the light 

oils. The light oil stream has the majority of its water removed in a Sep block which acts as a 

decanter. The light oils are then separated into three streams using a FSplit block. One stream 

is used as scrubber oil for the heavy scrubber, another stream is cooled down again to act as 

scrubber oil for the light scrubber and the last stream is the light fraction product stream. In 

both cases, the mass of the extracted scrubber oil is set to be equal to the mass of scrubber oil 

used. A calculator block determines the fraction of each stream depending on the scrubber oil 

mass flow. Figure 9 illustrates the oil separation model part of the process for Case 1. Figure 

10 illustrates the heavy scrubber and light scrubber in Case 2. The streams and blocks in 

Figure 9 are explained in Table 9 and Table 10 explains the streams and blocks in Figure 10. 

 

 
Figure 9: Scrubber in Case 1. 
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Table 9: Description of the streams and blocks in Figure 9. 
 

Streams Description Blocks Description Type 

VAPORS1 Pyrolysis vapor products VAPCOOL Vapor cooler Heater 

VAPORS2 Vapors at lower temperature WATEHEA3 Water heater Heater 

VAPORS3 Vapors at scrubber conditions SCRHE1 Heat exchanger at scrubber conditions Heater 

PUMPFW Water at high pressure SCRHE2 Heat exchanger at scrubber conditions Heater 

HOTW Hot water at high pressure SCRUBBER Scrubber Flash2 

SCRUOIL1 Scrubber oil OILCOOL1 Liquid cooler Heater 

SCRUOIL2 Scrubber oil at scrubber conditions WATEHEA1 Water heater Heater 

PERMAGAS Permanent gas products OILSPLIT Extracts of the liquids that are recycled 

into scrubber oil 

Fsplit 

HOTOIL Organic liquid products and water OILCOOL2 Recycled liquid cooler Heater 

COOLOIL Cooled organic liquids and water WATEHEA2 Water heater Heater 

RECYOIL1 Liquids extracted to be recycled as 

scrubber oil 

DECANTER Water and acid separator Sep 

RECYOIL2 Cooled recycled liquids    

LIQPROD Remaining liquids after the recycling part 

has been removed 

   

WATERFRA Removed water and acids    

BIOOIL Organic liquid with little water content 

containing both heavy and light fraction 
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Table 9: Description of the streams and blocks in Figure 9. 

Streams Description Blocks Description  

CW1 Chilled water    

HW1 Water that has been used for cooling    

CW2 Chilled water    

HW2 Water that has been used for cooling    

VAPHEAT Heat emitted by the hot pyrolysis vapors    

VAPLOSS Heat loss    

SCRLOSS1 Heat loss    

SCRLOSS2 Heat loss    

SCRHEAT1 Heat emitted by the pyrolysis vapors    

SCRHEAT2 Heat extracted by the scrubber oil    

OILHEAT1 Heat emitted by the liquid product    

LOSS1 Heat loss    

OILHEAT2 Heat emitted by the recycled liquid    

LOSS2 Heat loss    
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Figure 10: Heavy scrubber (top) and light scrubber (bottom) in Case 2. 

 

 

 

 

Table 10: Description of the streams and blocks in Figure 10. 
 

Streams Description Blocks Description Type 

VAPORS1 Pyrolysis vapor products VAPCOOL Vapor cooler Heater 

VAPORS2 Vapors at lower temperature HEATSIN1 Water heater Heater 

VAPORS3 Vapors at scrubber conditions HSCHE1 Heat exchanger at heavy scrubber 

conditions 

Heater 

FW1 Feed water HSCHE2 Heat exchanger at heavy scrubber 

conditions 

Heater 

WW1 Water that has been used for cooling HEAVSCR Heavy scrubber Flash2 

SCROIL1 Scrubber oil OILCOOL1 Liquid cooler Heater 

SCROIL2 Scrubber oil at scrubber conditions WATEHEA1 Water heater Heater 

HEAVFRC1 Organic liquid heav fraction product OILSPLIT Extracts the liquids that are recycled 

into scrubber oil 

FSplit 

HEAVFRC2 Cooled heavy fraction OILCOOL2 Recycled liquid cooler Heater 

FW3 Feed water HEATSIN2 Water heater Heater 

WW3 Water that has been used cooling GASCOOL1 Gas cooler Heater 

VAPORS4 Heavy scrubber gas products HEATSIN3 Air heater Heater 

COLDAIR Air GASCOOL2 Gas cooler Heater 
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Table 10: Description of the streams and blocks in Figure 10. 

Streams Description Blocks Description Type 

HOTAIR Air that has been used for cooling HEATSIN4 Water heater Heater 

GAS1 Gases at lower temperature GASCOOL3 Gas cooler Heater 

FW2 Feed water HEATSIN5 Water heater Heater 

WW2 Water that has been used for cooling LSCHE1 Heat exchanger at light scrubber 

conditions 

Heater 

GAS2 Gases at lower temperature LSCHE2 Heat exchanger at light scrubber 

conditions 

Heater 

CW1 Chilled water LIGHSCR Light scrubber FLash2 

HW2 Water that has been used for cooling DECANTER Water and benzenediol separator Sep 

GAS3 Gases at lower temperature OILSPLIT Extracts the liquids that are recycled 

into scrubber oil 

FSplit 

GAS4 Gases at scrubber conditions OILSCOOL2 Liquid cooler Heater 

SCROIL3 Scrubber oil HEATSIN6 Water heater Heater 

SCROIL4 Scrubber oil at scrubber conditions    

PERMAGAS Permanent gas products    

LGH+WTR Organic liquid light fraction water    

WATERFRC Extracted water fraction containing water 

and some benzenediol 

   

LIGHFRAC1 Organic liquid light fraction    

LIGHFRAC2 Organic liquid light fraction product    

RECYOIL1 Recycled organic liquid to be used as 

scrubber oil in the light scrubber 

   

RECYOIL Recycled organic liquid to be used as 

scrubber oil in the heavy scrubber 

   

RECYOIL2 Cooled recycled scrubber oil    

CW2 Chilled water    

HW2 Water that has been used for cooling    

VAPHEAT Heat emitted by the hot pyrolysis vapors    

LOSS1 Heat loss    

HSCLOSS1 Heat loss    

HSCLOSS2 Heat loss    

HSCHEAT1 Heat emitted by the pyrolysis vapors    

HSCHEAT2 Heat extracted by the scrubber oil    

HSCRHEAT Heat balance    

 



 

29 

 

 

Table 10: Description of the streams and blocks in Figure 10. 

Streams Description    

OILHEAT1 Heat emitted by the heavy fraction liquid     

LOSS2 Heat loss    

LOSS3 Heat loss    

GASHEAT2 Heat emitted by the lighter gases    

LOSS4 Heat loss    

GASHEAT3 Heat emitted by the lighter gases    

LOSS5 Heat loss    

LSCLOSS1 Heat loss    

LSCLOSS2 Heat loss    

LSCHEAT1 Heat emitted by the pyrolysis vapors    

LSCHEAT2 Heat extracted by the scrubber oil    

LSCRHEAT Heat balance    

OILHEAT2 Heat emitted by the recycled organic 

liquid 

   

LOSS6 Heat loss    

 

 

 3.2.5 Heat loss 

 

The heat loss in the whole process is modelled with the help of Heater blocks. The heat 

exchangers are modelled using two heaters connected with a heat stream representing the 

energy transfer between the blocks. The Heater block that is connected with the stream that is 

being heated or cooled is the “starting heater” and the Heater block that is connected with the 

main material stream which is used to either heat or cool called the “ending heater”. The 

connecting heat stream goes from the starting heater to the ending heater, see Figure 11. The 

ending heater also has second incoming heat stream which represents the heat loss. The 

starting heater requires a fixed temperature and pressure while the ending heater only has 

fixed pressure. This way, the main stream is cooled or heated to the required temperature and 

the ending heater changes temperature to satisfy the energy balance. A calculator determines 

the heat quantity of the heat loss stream depending on the heat quantity in heat stream 

connecting the two heaters. In both Case 1 and Case 2, the heat loss is assumed to be 2% in 

all the heat exchangers. The loss stream has negative value because it represents heat leaving 

the system. The energy stream is negative when heating the main stream and positive when 

cooling the main stream.  
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Figure 11: Heat loss model of exchangers. 

 

The heat loss model of the reactors is similar. The incoming material streams enter one 

Heater block each. The Heater block has the same temperature and pressure as the reactor 

block. This leads to a heat requirement in the heaters that receive streams with lower 

temperature and a heat output in the heaters that receive streams with higher temperature. The 

Heater blocks are connected with a heat stream going from the Heater block to the reactor 

block. The heater has a second heat stream which represents the heat loss. The Heater block 

only has one ingoing and one outgoing heat stream, see Figure 12. This is required to be able 

to manually set both the temperature and pressure in ASPEN. The heat loss is calculated with 

calculator block and it is assumed to be 5% of the energy transfer for the dryer, pyrolysis 

reactor and scrubbers but 10 % for the regenerator. All the heat streams coming from the 

Heater blocks are connected to the reactor. Lastly, an outgoing heat stream is connected to 

the reactor to allow manual setting of the temperature and pressure in the reactor. The 

outgoing heat stream from the reactor represents the remaining energy content in the reactor 

after all the heat transfer from or to the Heater have been accounted for. This means that the 

value of that heat stream should be close to zero.  
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Figure 12: Heat loss model for reactors. 

 

 3.2.6 Parameter Study 

 

For the model to dry higher moisture content biomass down to 10%, two dryers are required. 

This way, the exhaust hot moist air from the first dryer can be preheated and used in a second 

dryer. The biomass is already warm so no heat is required to increase its temperature. Flue 

gas is used to preheat the air before the first dryer and the water that was used to cool down 

the combustor is used to preheat the moist air before the second dryer. The model of the two 

dryers is shown in Figure 13 with the streams and blocks explained in Table 11.  
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Figure 13: Two-dryer model for the parameter study. 
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Table 11: Description of the streams and blocks in Figure 13. 

 

Streams Description Blocks Description Type 

AIR1 Air AIRHEAT

1 

Air heater Heater 

DRYEAIR1 Heated air FGCOOL Flue gas cooler Heater 

HFG Flue gas at high temperature FGHE Heater at reference temeperature Heater 

CFG1 Flue gas at low temperature AIRHEAT

2 

Addtional heat source if needed Heater 

CFG2 Flue gas at reference temperature DRYHE1 Heater at dryer conditions Heater 

DRYEAIR2 Air heated a second time if necessary DRYHE2 Heater at dryer conditions Heater 

DRYEAIR3 Air at first dryer conditions DRYER1 First dryer RStoic 

WETFEED1 Wet biomass feed SEP1 Separation of the solid biomass and the drying air 

carrying the extracted water 

Sep 

WETFEED2 Wet biomass at first dryer conditions AIRHEAT

3 

Air heater Heater 

DRYPROD1 Products of the first dryer WATCOO

L 

Water cooler Heater 

DRYEAIR4 Air with water WATHE Heater at reference temeperature Heater 

DRYEAIR5 Heated air with water AIRHEAT

4 

Addtional heat source if needed Heater 

HOTWAT Water at high temperature DRYHE3 Heater at dryer conditions Heater 

WASTWAT1 Water at low temperature DRYHE4 Heater at dryer conditions Heater 

WASTWAT2 Water at reference temperature DRYER2 Second dryer RStoic 

DRYEAIR6 Air with water heated a second time if 

necessary 

SEP2 Separation of the solid biomass and the drying air 

carrying the extracted water 

Sep 

DRYEAIR7 Air with water at second dryer 

conditions 

AIRHE2 Heater at reference temperature Heater 

WETFEED3 Biomass with lower moisture    

WETFEED4 Biomass at second dryer conditions    

DRYPROD2 Products of the sencond dryer    

MOISAIR1 Air containing water    

MOISAIR2 Air containing water at reference 

temperature 

   

DRYFEED1 Dried biomass feed    

AIRHX1 Heat extracted by the air    

AIRLOSS1 Heat loss    

FGLOSS Heat loss due to heat content in the 

exhaust flue gas 
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Table 11: Description of the streams and blocks in Figure 13. 

Streams Description 

DRYLOSS1 Heat loss 

DRYLOSS2 Heat loss 

DRYHEAT1 Heat emitted by the drying air 

DRYHEAT2 Heat extracted by the wet biomass feed 

DRYERHE1 Heat balance over the first dryer 

AIRHX2 Heat extracted by the air 

AIRLOSS2 Heat loss 

WATLOSS Heat loss due to heat content in the waste hot water 

DRYLOSS3 Heat loss 

DRYLOSS4 Heat loss 

DRYHEAT3 Heat emitted by the drying air 

DRYHEAT4 Heat extracted by the wet biomass 

DRYERHE2 Heat balance over the first dryer 

MOISLOSS Heat loss due to heat content in the exhaust moist air 

 

3.3 Calculations 

 

 3.3.1 LHV Calculation 

 

All the LVH calculation equations are taken from report by Energy Forsk AB[3]. The dry 

basis LHV calculation is done using the following equations: 

 

𝐻𝐻𝑉𝑑  =  0.341 ⋅ 𝐶 + 1.322 ⋅ 𝐻 − 0.12 ⋅ 𝑂 − 0.12 ⋅ 𝑁 + 0.0686 ⋅ 𝑆 − 0.0152 ⋅ 𝐴𝑠ℎ   eq 9 

 

Were HHVd is the dry basis higher heating. C, H, O, N, S and Ash are the carbon, hydrogen, 

oxygen, nitrogen, sulfur and ash content of the biomass in percentage.  

 

𝐿𝐻𝑉𝑑  =  𝐻𝐻𝑉𝑑  −  8.936 ⋅ 𝐻/100    eq 10 

 

Were LHVd is the dry basis lower heating value. 

 

3.3.2 Mass and Energy Efficiency 

 

All of the efficiency calculations are done in dry basis. 
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Total Products Energy Efficiency: 

𝜂𝐸 =
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑
    eq 11 

Total Products Mass Yield Efficiency: 

𝜂𝑚 =
𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑
    eq 12 

Bio-Oil Energy Efficiency: 

𝜂𝐵𝑖𝑜,𝐸 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑏𝑖𝑜𝑜𝑖𝑙

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑
    eq 13 

Bio-Oil Mass Yield Efficiency: 

𝜂𝐵𝑖𝑜,𝑚 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑜𝑖𝑙

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑
    eq 14 

 

3.3.3 Gas Recycling Balance Calculation in Case 2 

 

The recycling of the output gas to be used as fluidizing gas was not achieved in the ASPEN 

model. To present the data of the product gas, the mass and energy of the product gas had to 

be subtracted with the mass and energy of the fluidizing gas. 

  

Subtract the energy content of the fluidizing gas from the output gas to find the energy 

content of the product gas and energy efficiency of the total products. 

𝐸𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐺𝑎𝑠 = 𝐸𝑂𝑢𝑡𝑝𝑢𝑡 𝐺𝑎𝑠 − 𝐸𝐹𝑙𝑢𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝐺𝑎𝑠     eq 15 

 

Subtract the mass of the fluidizing gas from the output gas to find the mass of the gas 

products and mass yield efficiency of the total products. 

𝑚𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐺𝑎𝑠 = 𝑚𝑂𝑢𝑡𝑝𝑢𝑡 𝐺𝑎𝑠 − 𝑚𝐹𝑙𝑢𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝐺𝑎𝑠     eq 16 

 

 3.3.4 Air for Combustion Calculation 
 

The calculator block that determines the mass of the air used for combustion uses the 

following equation: 

 

𝑚
𝑎𝑖𝑟,𝑂2

 =  (1.2 ⋅ 𝑀𝑂2
⋅ (𝑚𝑐/𝑀𝑐)) − 𝑚𝑐𝑜𝑚𝑝,𝑂2

     eq 17 

 

Where mair,O2 is the mass of the oxygen in the input air stream to the regenerator, MO2 is 

molecular weight of oxygen, mC is the total mass of the carbon input to the regenerator, MC is 

the molecular weight of carbon and mcomp,O2 is the total mass of oxygen in solid components. 

ASPEN calculates the total air mass flow due to the molecular fraction relation between 

oxygen and nitrogen. 

 

 3.3.5 Dryer Calculation  
 

The calculator block for calculating the fractional conversion for the dryer RStoic reaction 

uses the following equation: 
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𝐶𝑜𝑛𝑣 =  (𝐻2𝑂𝑖𝑛 − 𝐻2𝑂𝑑𝑟𝑦)/(100 − 𝐻2𝑂𝑑𝑟𝑦)    eq 18 

 

Where Conv is the fractional conversion, H2Oin is the moisture content in the biomass and 

H2Odry is the required moisture content of the dry biomass. This is taken directly from the 

ASPEN Plus solid tutorial [21]. 

 

3.4 Assumptions 

● The IDEAL property method of ASPEN Plus was assumed to be good enough for the 

simulations. 
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4 Results and Discussion 

4.1 Case 1 

Figure 14 shows the design of Case 1. The main reference for this case is the Energiforsk 

report [3]. In the base case, 50 kg of sawdust from spruce and pine with 31,8% moisture is 

used as the feedstock. The particle size ranges between 1 and 1.4 mm. The flue gas produced 

in the regenerator is used to preheat the hot air used in the dryer. The wet biomass comes in 

direct contact with the hot air. After the dryer only 8,9% of moisture remains. The first 

simulation according to the ASPEN Plus tutorial yielded dry biomass at 30 °C at the air mass 

flow of 600 kg/h and temperature of 80 °C. To overcompensate the model, 715 kg/h of air at 

110 °C is used instead and the temperature of the products maintained at 60 °C. The mass 

flow of the air is determined through several simulations runs. If the mass flow is too low, the 

moisture extracted would remain as water with the dry biomass. Figure 15 shows the energy 

and mass balance over the dryer. Red text means emitted energy and blue text means 

extracted energy, without including the heat loss, for both material streams and blocks. This 

is true for all the following energy and mass balance figures in this paper. Table 12 shows the 

ultimate analysis, moisture and the LHV of the dried biomass. 

 

Table 12: Ultimate analysis in % and lower heating value of the dried biomass.  

C 50,55 

H 6,4 

O 42,74 

Ash 0,31 

LHVd 19,2 

Moisture 8,9 
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Figure 14: Design of Case 1. Blue streams are inlets and red streams are outlets. 

 

 
Figure 15: Energy and mass balance over the dryer. 

 

The pyrolysis reactor uses steam at 20 bar and SiO2 supported compound made of Ni-V and 

HZSM5 as the catalyst. The modified HZSM5 and the bentonite bound material are at a 
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75/25 weight ratio. Steam is chosen because of its ability to reduce coke formation, to reduce 

the secondary thermal cracking and to increase the production of H2 which in turn decrease 

the coke formation [20,22,23]. Steam also increases the devolatilization rate of the feedstock 

[20,22]. The steam/biomass(S/B) ratio impacts the pyrolysis products, higher S/B ratios yield 

more CO and CO2. Nickel and vanadium catalysts were chosen for their deoxygenation 

capabilities, specially nickel catalysts [20]. The temperature of the reaction is 500 °C and the 

S/B is 0.581 to reduce the production of acids, to increase the heating value of the liquid, to 

reduce the production of char and to reduce the secondary cracking [20,22]. The reference 

used S/B equal to 0.581[3]. The Ni-V catalyst is chosen due to vanadium’s ability to remove 

reactive species such as acids and due to nickels high deoxygenation activity [20,24]. SiO2 is 

chosen as catalyst support due to its inactivity [20,24]. Zeolite is chosen for its effective 

deoxygenation and increased yield of high octane aromatics [20,23]. High temperatures in the 

presence of steam might lead to dealumination of the catalyst which is irreversible, in others 

words destruction of the catalyst [20,23]. Even if  high temperature lead to higher liquid yield 

it cannot be too high or the catalyst will take damage, therefore is the temperature set to 500 

°C which is in the span of stable operating temperature[20,[25] and was also used by the 

reference. The pressure is maintained at 1 atm. The reference data used in the simulation of 

the pyrolysis reactor output is shown in Table 13. The composition and calculated LHV of 

the solid products are shown in Table 14. The energy and mass balance over the pyrolysis 

reactor is shown in Figure 16.  

 

Table 13: Pyrolysis reactor yield by weight fraction. 

Acetic Acid 0,494% Acetylene 0,001% 

Methyl-Ethyl-

Ketone 

0,823% Carbon Monoxide 5,71% 

Furfural 4,11% Isobutane 0,002% 

Dilactic Acid 0,082% Carbón Dioxide 0,305% 

Phenol 2,47% 1-Butene 0,010% 

P-tert-

Butylcatechol 

0,082% Ethylene 5,34% 

Guaiacol 0,181% Methyl-Acetylene 0,005% 

Methanol 0,082% Ethane 0,107% 

Toluene 6,17% Propane 0,048% 

Hydrogen 0,098% Hexane 0,049% 

Methane 0,671% Water 57,8% 

Cyclopropane 0,305% Char 10,7% 

 

 

 Coke 4,37% 
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Table 14: Ultimate analysis in % and LHV of the pyrolysis solid products. 

 Coke Char 

C 100 85,2 

H 0 3,24 

O 0 9,8 

Ash 0 1,72 

LHVd 34,1 31,4 

 

 
Figure 16: Energy and mass balance over the pyrolysis reactor. 

 

 

Filtration of the vapor is limited by clogging and pressure drop, making effective cyclones 

the best choice [20]. It is assumed that all of the solids are removed by the cyclone. The 

regenerator receives all of the solids and they are combusted suing 20% excess air. The 

temperature and pressure of the regenerator are fixed to 650 °C and 1 atm. The temperature is 

maintained by extracting the heat to produce superheated steam using preheated water at high 

pressure. The catalyst and sand are inert both in the pyrolysis reactor and in the regenerator 

and act only as heat carriers. The C/B ratio is 1 as stated before and the sand/dry biomass 

ratio is 11 making the bed inert materials/biomass ratio 12. This total mass flow of the inert 

solids is higher than the reference values, but other literatures have similar ratios [18]. The 

oxygen content of the bio-oil in the results from the reference is 13.19% dry basis [3] which 

would correlate with the C/B close to 1 according to Mukarakate et al. [15] in the case of 
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HZSM-5. The steam input to the pyrolysis reactor is set satisfy the S/B ratio from the 

reference. Not all of the produced steam is used in the pyrolysis reactor. The energy and mass 

balance over the regenerator is shown in Figure 17. 

 

 

 
Figure 17: Energy and mass balance over the regenerator. 

 

The vapors exiting the cyclone are cooled down to 250 °C and not lower to ensure that no 

droplets were produced in the vapors, the NREL report used similar values [19]. The cooling 

medium is pressurized water. The heated water is used to produce steam. Afterwards, the 

vapors are cooled down in the scrubber using recycled low temperature pyrolysis oil. The 

scrubber is maintained at 60 °C and 1 atm. The temperature was decided through trial and 

error. The boiling point of some of the liquids was very close to the boiling points of some of 

the permanent gases. This meant that the temperature of the scrubber had to be high enough 

for the permanent gases to remain in gas phase but low enough for the liquids to condensate.  

60 °C gave the best results. The vapors were cooled using scrubbing oil at 10 °C. The energy 

and mass balance over the scrubber is shown in Figure 18. The liquid products are cooled 

down to 30 degrees before split into two streams. One stream is recycled, cooled down to 10 

°C and used to replenish the scrubbing oil. The same mass that was used for scrubbing is 

removed from the liquid products. 90% of the water and acid content in the remaining liquid 

products are removed in the decanter [19]. Table 15 shows the composition of the product gas 

and liquid. Figure 19 illustrates the mass and temperature of the streams with the energy and 
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heat loss of the blocks in Case 1. Table 16 shows the dry basis feed and products of Case 1 

and Table 17 shows the efficiencies of Case 1. 

 

Table 15: Composition of the Bio-oil (Light and Heavy Fraction) and Product Gas of Case 1[%]. 

Component Gas Product Bio-Oil 

Acetic-Acid 0,09 0,38 

Methyl-Ethyl-Ketone 0,62 6,23 

Furfural 0,10 23,71 

Dilactic-Acid 0,00 0,64 

Phenol 0,02 19,18 

P-Tert-Butylcatechol 0,00 0,64 

Guaiacol 0,00 1,41 

Methanol 0,09 0,55 

Toluene 1,55 44,25 

Hydrogen 0,78 0,00 

Methane 5,29 0,05 

Cyclopropane 1,83 0,57 

Acetylene 0,01 0,00 

Isobutane 0,01 0,01 

1-Butene 0,05 0,03 

Ethylene 40,79 1,68 

Methyl-Acetylene 0,03 0,01 

Ethane 0,80 0,05 

Propane 0,31 0,08 

Hexane 0,05 0,33 

Carbon dioxide 2,33 0,09 

Carbon monoxide 45,27 0,20 

 

 
Figure 18: Energy and mass balance over the scrubber. 



 

43 

 

 

Table 16: Case 1 dry basis feed and products. 
 

 

Mass Flow 

Rate 

[kg/hr] 

LHV 

[MJ/kg] 

LHV 

(Reference) 

[MJ/kg] 

Energy 

[MJ/hr] 

Feed 

    Dry Biomass 34,1 19,17 19,2 653,6 

Product 

    Bio-Oil (Light and Heavy 

Fraction) 7,82 31,11 33,85 243,3 

Gas 7,44 29,6           X 220,1 

 

Table 17: Case 1 Efficiencies. 

 

 

 

 

 
Figure 19: Mass and temperature of the streams with the energy and heat loss of the blocks 

in Case 1. 

 

ηE 70,90% 

ηm 44,70% 

ηBio, E 37,20% 

ηBio,m 22,90% 
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4.2 Case 2 

Figure 20 shows the design of Case 2. Case 2 is based on Case 1 so only the difference 

between the two will be stated in this section. The biomass in this case is just specified as 

woody [19]. The wet biomass starts with the same moisture content, the dry biomass on the 

other hand has a moisture content of 10%. The pyrolysis yields are completely different and 

recycled pyrolysis gas is used as fluidizing agent instead of steam. Case 2 has more 

components which lead to a smaller elemental imbalance. Table 18 shows the ultimate 

analysis and LHV of the dry biomass. Figure 21 shows the energy and mass balance over the 

dryer. 

 

Table 18: Ultimate analysis in % and lower heating value of the dried biomass.  

 

C 50,94 

H 6,04 

O 41,9 

N 0,17 

S 0,03 

Ash 0,92 

LHVd 18,98 

Moisture 10 
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Figure 20: Design of Case 2. Blue streams are inlets and red streams are outlets. The dotted 

line describes the path the pyrolysis gas products could take after upgrading and preheating. 

 

 
Figure 21: Energy and mass balance over the dryer. 
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One of the biggest differences between Case 1 and 2 is the fluidizing agent. Case 2 uses 

fluidizing gas recycled from the pyrolysis gases. In this model, the fluidizing agent stream is 

as in the reference. This means that the stream enters the pyrolysis already heated to 427 °C. 

The heat required for preheating the gas is not taken into account in this paper. The pyrolysis 

uses the same catalyst as in Case 1. The calculated oxygen content in the product oil of the 

reference is 14,8 % for the heavy fraction of the oil and 16,8% for the light fraction. These 

values correlate with a C/B close to 1, just like in Case 1. The catalyst and sand acts as heat 

carriers so the mass flow of sand was set to satisfy the heat requirement of the pyrolysis 

reactor. The required sand/biomass ratio is 5,4 which is somewhat lower than the reference 

value of 5,78 for an in-situ case [19]. The product yield is shown in Table 19 and Figure 22 

illustrates the energy and mass balance over the pyrolysis reactor. Table 20 shows the 

ultimate analysis and LHV of the solid products.  
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Table 19: Pyrolysis reactor product yield. 

 

Water  19,6% Coniferyl Aldehyde  0,105% 

Furan  0,241% Isoeugenol 0,0036% 

Tetrahydrofuran  0,282% Decalin 0,581% 

Methylfuran 0,313% 1-Methyl Naphtalene 0,327% 

Phenol  0,987% 1-Methyldecahydronaphtalene  0,414% 

Benzenediol  0,882% Dibenzothiophene 0,020% 

Dimethylfuran  0,0036% Tetradecahydroanthracene  0,253% 

Dimethoxytetrahydrofuran 0,011% C15H26-N4 0,272% 

Cyclohexane 0,013% 1,4-Dimethyl-Phenanthrene  0,118% 

2-Methylphenol 0,659% Tonalid  0,083% 

Guaiacol  0,0003% Mestranol 0,946% 

Methyl Cyclohexane  0,274% C21H34 1,96% 

Vinyl Phenol 0,0003% C22H28O2 0,789% 

2,3-Dimethyl-Phenol  0,571% Hydrogen  5,06% 

2,6-Dimethoxyphenol 1,88% Carbon Monoxide 21,2% 

Vanillyl Alcohol (C8H10O3) 0,240% Carbon Dioxide 17,7% 

2,4,6-Trimethylpyridine  0,092% Methane 1,95% 

Cis-1,2-dimethyl cyclohexane  1,43% Ethylene 5,50% 

Trans-1,2-dimethyl 

cyclohexane 

1,42% Propylene  1,81% 

2-Methyl-Benzofuran  0,128% Butene 0,907% 

2-Methoxy-4-Vinylphenol  0,0036% Char 6,09% 

1-Naphthalenol  0,748% Coke  4,10% 
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Table 20: Ultimate analysis in % and LHV of the pyrolysis solid products. 

 

 Char Coke 

C 69,07 96,06 

H 4,66 0 

O 17,16 3,94 

N 1,24 0 

S 0,19 0 

Ash 7,68 0 

LHVd 26,4 32,3 

 

 
Figure 22: Energy and mass balance over the pyrolysis reactor. 

 

The regeneration is very similar to Case 1, the main difference is that water acts only as a 

heat sink to maintain the temperature of the combustor. Coke in this case also contains 

oxygen. Figure 23 shows the energy and mass balance over the regenerator.  
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Figure 23: Energy and mass balance over the regenerator. 

 

A huge difference between Case 1 and 2 lies in the oil separation part. Case 2 has two 

scrubbers, one for the heavier components (heavy fraction) and a second one for the lighter 

components (light fraction) together with the water and water soluble components (aqueous 

fraction). There are three coolers between the heavy scrubber and the light scrubber 

connected in series. The temperature of the scrubbers and coolers are taken from the 

reference [19]. Before entering the heavy scrubber, the vapors are cooled down to 241 °C 

using feed water. The temperature of the heavy scrubber is maintained at 176 °C using 

recycled oil at 12 °C. The recycled oil has the same composition as the light fraction bio-oil 

yield. The heavy fraction is cooled down to 30 °C using feed water. The remaining vapors are 

lead to the light scrubber and cooled down three times in sequence. First cooler at 60 °C uses 

air as coolant, the second at 43,3 °C uses feed water as coolant and the third at 15,6 °C uses 

chilled water as coolant. The light scrubber is maintained at 12 °C using recycled oil at 10 °C. 

The gas yield composition differs greatly from the fluidizing gas composition. For the gas 

yield to be used as fluidizing gas treatment is needed. This is the main reason the gas product 

results have to be calculated. Figure 24 shows the energy and mass balance over the two 

scrubbers. In the decanter, the light scrubber liquid yield is separated into light fraction and 

aqueous fraction which consist of 91% of the water and 31% of the benzenediol according to 

reference [19]. The light fraction is separated into three streams; one product stream and two 

recycling oil stream, one for each scrubber. The recycling stream used in the light scrubber is 

cooled down to 10 °C using chilled water as coolant. Table 21 shows the composition of the 

Light Fraction Bio-Oil, the Heavy Fraction Bio-Oil and the Product Gas. Figure 25 illustrates 



 

50 

 

the mass and temperature of the streams with the energy and heat loss of the blocks in Case 2. 

Table 22 shows the dry basis feed and products of Case 2 and Table 23 shows the efficiencies 

of Case 2. 
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Table 21: Composition of the Bio-oil Light Fraction, Bio-oil Heavy Fraction and Product Gas of Case 2 

[%]. 

Component Gas Product Heavy Fraction Light Fraction  

Carbon dioxide 31,56 0,00 0,09 

Carbon monoxide 36,67 0,00 0,01 

Hydrogen 8,74 0,00 0,00 

Methane 3,36 0,00 0,00 

Ethylene 9,55 0,00 0,02 

Propylene 3,31 0,00 0,06 

Butene 2,23 0,00 0,16 

Furan 1,12 0,00 0,33 

Tetrahydrofuran 0,72 0,00 0,85 

Methylfuran 0,35 0,01 1,08 

Phenol 0,01 0,25 8,07 

Benzenediol 0,00 0,55 0,45 

Dimethylfuran 0,00 0,00 0,03 

Dimethoxy-Tetrahydrofuran 0,00 0,00 0,12 

Cyclohexane 0,03 0,00 0,05 

2-Methylphenol 0,01 0,22 6,29 

Guaiacol 0,00 0,00 0,00 

Methyl-Cyclohexane 0,40 0,01 1,76 

Vinylphenol 0,00 0,00 0,00 

2,3-Dimethyl-Phenol 0,00 0,39 6,06 

2,6-Dimethoxy-Phenol 0,00 5,50 21,67 

Vanyllilalcohol 0,00 3,90 0,51 

Trimethyl-Pyridine 0,01 0,02 0,97 

Cis-Methyl-Cyclohexane 0,81 0,10 12,30 

Trans-Methyl-Cyclohexane 1,07 0,08 11,79 

2-Methyl-Benzofuran 0,00 0,05 1,47 

2-Methoxy-4-Vinylphenol 0,00 0,01 0,05 

1-Naphtalenol 0,00 1,27 0,71 

Coniferyl Aldehyde 0,00 0,99 0,01 

Isoeugenol 0,00 0,02 0,04 

Decalin 0,02 0,21 6,96 

1-Methyl-Naphtalene 0,00 0,41 3,85 

1-Methyl-Decahydronaphtalene 0,03 0,18 5,41 

Dibenzotiophene 0,00 0,09 0,00 

C14H24-N5 0,00 0,71 3,77 

C15H26-N4 0,00 1,62 4,52 

1,4-Dimethyl-Phenatnthrene 0,00 1,16 0,01 

Tonalid(C18H26O) 0,00 1,66 0,00 

Mestranol(C12H26O2) 0,00 25,29 0,00 

C21h34 0,00 34,17 0,52 

C22H28O2 0,00 21,12 0,09 
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Figure 24: Energy and mass balance over the two scrubbers. 
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Table 22: Case 2 dry basis feed and products. 
 

 

Mass Flow 

Rate 

[kg/hr] 

LHV 

[MJ/kg] 

LHV 

(Reference) 

[MJ/kg] 

Energy 

[MJ/hr] 

Feed 

    Dry Biomass 34,1 19 18,6 647,1 

Product 

    Bio-Oil (Light Fraction) 5,59 35,23          X 197,1 

Bio-Oil (Heavy Fraction) 2,51 35,61              X 89,3 

Gas(Mass) 9,71 

 

              

 Gas(Energy)    77 

 

 

Table 23: Case 2 Efficiencies. 

 

 

 

 

 

 

 
Figure 25: Mass and temperature of the streams with the energy and heat loss of the blocks 

in Case 2. 

ηE 56,2% 

ηm 52,2% 

ηBio, E 44,3% 

ηBio,m 23,8% 
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4.3 Parameter Study 

The moisture content of the wet biomass in Case 2 is set to 60%, 50% and 40%. Due to the 

higher moisture content, these cases have less bio-oil output with the same wet biomass input. 

60% and 50% moisture content biomass requires additional heating of the drying air for both 

dryers to satisfy the moisture content decrease. 40% moisture content biomass does not 

require additional heating. Due to a smaller bio-oil output, 60% moisture content case 

required the least amount of scrubber oil. 40% moisture content case had the biggest amount 

of bio-oil output of the parameter study cases and therefore required almost the same amount 

of cooling as Case 2. 50% moisture content was somewhere between those two. Figure 26 

shows the mass yield of the products while Figure 27 shows the energy content of the 

products. Figure 28 shows the additional heating required to dry the wet biomass. 

 

 
Figure 26: Mass yield of the Products. 
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Figure 27: Energy content of the Products. 

 

 
Figure 28: Additional heating required. 
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5 Conclusion 

A process design for a CFP of biomass for bio crude production was made. An ASPEN Plus 

model for both of the cases was developed. The model for the second case was customized 

for the parameter study. The process was optimized using the modelling results. Both cases 

were self-sustainable. This was also true at 40% moisture biomass from the parameter study. 

Biomass of higher moisture content needed additional heating.  
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6 Future Improvements 

A better pyrolysis model. Case 1 suffered from a small elemental imbalance due to 

simplifications of the pyrolysis model. Case 2 suffered less from this due to the presence of 

more pyrolysis products which resulted in a more detailed and accurate model. RGibbs or 

REquil would be a better of a pyrolysis reactor block but more details about the reactions are 

required in that case. A better property method than IDEAL is preferable due to the presence 

of noncondensable gases, for example the PENG-ROB or NRTL methods. Replace the 

Flash2 block with more complex column blocks like RadFrac as scrubbers. Experimental test 

on Case 1 to study the effect of the amount of sand used as heat carrier.  
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