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Abstract: 

               Using the fast pyrolysis technique, 29 million-MT/yr of guayule bagasse left from bio-

rubber extraction plant is converted to bio-oil. In fast pyrolysis, the guayule is treated at 400-

580°C for short time; then, it is quickly cooled to 175°C. Then, the bio-oil enters a series of 

packed-bed reactors for upgrading. The upgrading process (Hydrodeoxygenation) reduces the 

oxygen mass fraction in bio-oil from 0.52 to 0.14 under extreme conditions (400°C and 200atm) 

using Pt/Al2O3 catalyst and hydrogen gas. Finally, the upgraded bio-oil goes to 

fractionation/distillation to be separated into bio-fuels where the main focus is jet-fuel. As a 

result, 30 million-gallons/yr of jet fuel are produced. Also, the process is cost effective with total 

capital investment of 350 million and 96 million production cost while the total revenue per year 

is 174 million. In addition, the production environmental impact is reduced by 325,000 MT-

CO2/year because of the steam reforming process. The gas and liquid side streams of 

hydrodeoxygenation and fractionation have a small percentage of light hydrocarbons and 

hydrogen gas where it is inefficient to recover them. Therefore, using steam reforming process, 

the light hydrocarbons and H2 gas are recovered as 99% pure hydrogen, so the whole plant will 

yield 542,000 MT-CO2/year. 
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SUMMARY 

 The objective of this project is to take a waste stream of guayule bagasse left over 

from a bio-rubber extraction process and convert it to jet fuel.  In addition to jet fuel, this 

process will also produce bio-gasoline, bio-diesel, and 99% pure hydrogen gas.  The jet 

fuel, gasoline, and diesel will be sold at market value while the hydrogen gas will be 

recirculated into upgrading processes. Any remaining hydrogen will be used to offset the 

energy consumption of the plant.  To achieve this objective, the methods of pyrolysis, 

hydrothermal liquefaction, and fast pyrolysis were explored.  Pyrolysis and hydrothermal 

liquefaction were eliminated as options due to either low bio oil yields or high use of 

water. From the methods of extraction available, fast pyrolysis (decomposition by fire) 

was selected.  

In the fast pyrolysis process, the guayule bagasse is rapidly heated to temperatures 

more than 400°C to volatize hydrocarbons from the bagasse, leaving behind a carbon rich 

bio-char.  The volatile hydrocarbons are captured and sent to an upgrading process 

known as hydrodeoxygenation (HDO).  In this step, the hydrocarbons are reacted with 

hydrogen gas at high temperature (400°C) and pressure (230 atm) in order to remove 

oxygen from the bio oil, converting them to a usable fuel along with an aqueous phase 

consisting of light hydrocarbons that is sent to a reforming process.  After HDO, the 

usable fuel is transported to a distillation process to separate the hydrocarbons by chain 

length producing streams of gasoline, diesel, and jet fuel to be sold at market value.  This 

process also creates an aqueous phase with light hydrocarbons that is sent to the steam 

reforming process.  Steam reforming uses catalyst and a heat gradient to convert the 

waste gas and aqueous streams containing the light hydrocarbons into hydrogen gas that 

can be used in the HDO process and as fuel to offset the utility costs of the project.   
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The estimated production yield is 15,276,960 gallons/yr of gasoline, 17,495,360 

gallons/yr of diesel, and 30,350,720 gallons/yr of jet fuel.  The total production of 

hydrogen gas totals to 9.79 tonne/hr of which 5.699 tonne/hr will be recycled. The rest 

will be used to generate 870 million kWh/yr of power for the facility operation.  The 

largest assumption for the feasibility of this project is the expansion of Bridgestone’s bio-

rubber operation to 300,000 acres to produce the requisite 1.2 million tonne/yr of guayule 

bagasse.  This project can be scaled to meet feed requirements, however all calculations 

are based upon this 1.2 million tonne/yr assumption.   Project revenue from fuel sales are 

estimated to be 175 million USD per year.  With a initial startup cost of 345 million USD 

and yearly operating cost of 477 thousand this puts the IRR at less than 10 years.   

In conclusion, the method of using fast pyrolysis for extraction, 

hydrodeoxygenation for upgrading, and distillation for separation is an efficient process 

for converting guayule bagasse waste into bio jet fuel.  It is the best option for a factory 

in the desert where water is a scarce resource and is especially effective at producing 

large quantities of bio jet fuel.  The addition of a steam reforming reactor increases 

feasibility by recycling waste streams from the process into clean burning hydrogen fuel.  

Over all this project shows real promise for increasing profitability of a bio rubber 

production plant with biofuel production and refinement. 

Possible improvements to the process would include decreasing transportation costs by 

decreasing shipping frequency, decreasing water use through recycling of vaporized 

water, and reducing utility demand by increasing the efficiency of heat exchange. 
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1.0   Introduction 

1.1  Overall Goal 

 The overall goal of this project is to use a guayule bagasse waste stream from the 

Bridgestone bio rubber factory located in Mesa, AZ as a feedstock for the conversion of 

biomass to jet fuel.  The design consists of three main stages for the conversion process 

and an additional side stage to reduce environmental impact and utility costs. The first 

process is a fast pyrolysis stage where volatile hydrocarbons (bio-oil) are separated from 

biochar by rapid heating of the bagasse feedstock. The product stream is then fed into the 

second process called hydrodeoxygenation (HDO) where oxygen is removed from the 

bio-oil in a chemical reaction with hydrogen gas over a catalyst. Once the oil has been 

upgraded, it is finally ready to be fractionated into gasoline, diesel, and jet fuel in a 

distillation process. To recycle waste streams, the inseparable aqueous oil streams are 

sent to a steam reformer, where they are heated to convert the light hydrocarbons into 

pure hydrogen gas for use in the HDO process with any excess being used to offset utility 

costs. 

 

1.2  Current Market Information 

The product streams of this process are gasoline, diesel, and jet fuel with current 

market values of $2.82/gallon (U.S. Department of Energy, 4), $2.84/gallon (U.S. 

Department of Energy, 4), and $2.70/gallon (Ugarte, 1) respectively. 

The U.S. Environmental Protection Agency has released the fuel requirements for 

2018, requiring that 288 million gallons of fuel used in the United States are to come 

from cellulosic biofuel, 2.1 billion gallons of all diesel fuels to come from biomass based 

production, and 4.29 billion gallons of all advanced biofuels, such as jet fuel, to come 

from biofuel production, increasing demand for this project’s products. 
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Table 1.2.1: U.S. DOE final volume requirements 

 

1.3  Project Premises and Assumptions 

 The premise of this project is to convert a waste stream from a bio rubber plant 

into jet fuel to make expansion of operations fiscally feasible. 

Major assumptions for this project are that Bridgestone will be able to expand 

their operation to 300,000 acres to produce the 1.2 million tonne of bagasse needed for 

the given production numbers. 

Fast Pyrolysis 

● All guayule bagasse is dried and ground. 

● Perfect gas/solid separation in cyclones. 

● No energy loss in moving sand from heater to reactor. 

● Assume a reactor residence time of 1 second. 

Hydrodeoxygenation 

● All pumps used in the Hydrodeoxygenation are the same with a capacity of 

1600hp, so the pumps need more calculations for resizing.  
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● The catalyst used in the HDO, Pt/ɣ-Al2O3, is assumed to be the best randomly 

because there isn’t comparable data available; therefore, further research is 

needed.  

●  Due to the complexity in the HDO endothermic reactions, it is assumed that all 

the jacketed heaters within the same stage gives the same amount of energy which 

is equal to the energy difference between influents and effluents. 

○ Heat required to maintain the temperature in each reactor within a stage:  

𝐻 =
1

4
[𝐶𝑝𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 × (𝑇𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑇𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡)

− 𝐶𝑝𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 × (𝑇𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑇𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡)] 

● Pipes and equipment are assumed to be fully insulated.  

● The decanter performs 100% separation between the organic and aqueous layers 

after upgrading.  

● Within a stage of HDO, the physical properties of the oil is the same as the 

physical properties of the oil at the influent. 

Distillation 

● Contents of upgraded bio-oil contain: Ethane, n-Octane, n-Dodecane, n-

Octadecane, Water, and Carbon dioxide.  

Steam Reforming 

● Conversion of 60% of available hydrogen to hydrogen gas. (Kaes, 6) 

● One tonne of hydrogen gas can produce 33,330 kWh of energy. (Byrd, 1) 

● Costing of steam reformer can be models as three jacketed vessels. (Seider, 1164) 

● 80% conversion of hydrogen gas to energy. (Albers, 1) 

 

2.0  Process Description, Rationale and Optimization 

2.1  Block Flow Diagrams 
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Figure 2.1.1-Fast Pyrolysis BFD 

 

Figure 2.1.2-Hydrodeoxygenation BFD 
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Figure 2.1.3-Distillation BFD 

 

Figure 2.1.4 Steam Reformer BFD 

 

2.2  Process Flow Diagrams – signed  
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Figure 2.2.1-Fast Pyrolysis PFD 
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Figure 2.2.2-Hydrodeoxygenation PFD 

 

Figure 2.2.3-Distillation PFD 

 

Figure 2.2.4 Steam Reformer PFD 
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2.3  Equipment Tables 

Equipment Type Required Specifications 

Pyrolysis Reactor (R-101) Height: 15.2 m 

Diameter: 5.1 m 

Orientation: Vertical 

Temperature: 500 °C 

Pressure: 1 atm 

MOC: Carbon Steel 

Feed Bin (V-101) Volume: 60,000 gal 

MOC: Carbon Steel 

Screw Conveyor (S-101) Angle: 20° 

Diameter: 36 in. 

Length: 30 ft 

Motor: 22.1 Hp 

Char Blower  (B-101 A/B) Brake Hp: 327 

Recycle Blower (B-102 A/B) Brake Hp: 686 
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Oil Separation Cyclone (C-101) Gas Flow Rate: 18,200 m3/min 

Char Separation Cyclone (C-102) Gas Flow Rate: 5,720 m3/min 

Sand Reheater (H-101) Heat Required: 45,400 kW 

Condenser (E-101) Quench Rate: 50 °C/s 

Duty: 23,641 kW 

Area: 3,633 ft2 

MOC: Stainless Steel 

Table 2.3.1-Fast Pyrolysis Equipment Table 

Equipment Type Required Specification 

1st Stage Hydrodeoxygenation Reactors 

R-201/204 

Height: 13.64 m 

Diameter: 1.364 m 

Orientation: Vertical 

Pressure: 238 atm 

MOC: low-alloy steel (1%Cr and 1% Mo) 

R-201 Temperature: 175°C 

R-202 Temperature: 225°C 

R-203 Temperature: 375°C 
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R-204 Temperature: 400°C 

2nd Stage Hydrodeoxygenation Reactors 

R-205/208 

Height: 13.64 m 

Diameter: 1.364 m 

Orientation: Vertical 

Pressure: 227 atm 

MOC: low-alloy steel (1%Cr and 1% Mo) 

R-205 Temperature: 350°C 

R-206 Temperature: 375°C 

R-207 Temperature: 400°C 

R-208 Temperature: 400°C 

Heat Exchangers 

H-201/208 

Type: Shell and tube 

Number of passes: 2 

Pressure: 1.1 ATM 

MOC: Carbon steel 

  

H-201 Area: 268 m2 

Duty: 12,128.29 MJ/hr 
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Heating fluid Temperature (°C): 

Type: 1st stage upgraded bio-oil 

In: 272 

Out: 229.61 

Cooling fluid Temperature (°C): 

Type: Pyrolysis oil 

In: 175 

Out: 225 

H-202 Area: 268 m2 

Duty: 36,429.63 MJ/hr 

Heating fluid Temperature (°C): 

Type: 1st stage upgraded bio-oil 

In: 400 

Out: 272.68 

Cooling fluid Temperature (°C): 

Type: Pyrolysis oil 

In: 225 

Out: 375 

H-204 Area: 376.69 m2 
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Duty: 58,098.04 MJ/hr 

Heating fluid Temperature (°C): 

Type: 1st stage upgraded bio-oil 

In: 229.61 

Out: 40 

Cooling fluid Temperature (°C): 

Type: tap water 

In: 25 

Out: 100 

H-205 Area: 106.46 m2 

Duty: 42,282.89 MJ/hr 

Heating fluid Temperature (°C): 

Type: 2nd stage upgraded bio-oil 

In: 400 

Out: 68.44 

Cooling fluid Temperature (°C): 

Type: 1st stage upgraded bio-oil 

In: 40 

Out: 350 
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H-208 Area: m2 

Duty: 3724 MJ/hr 

Heating fluid Temperature (°C): 

Type: 2nd stage upgraded bio-oil 

In: 68.44 

Out: 40 

Cooling fluid Temperature (°C): 

Type: tap water 

In: 25 

Out: 50 

Furnace/Jacketed heater 

J-201/208 

Furnace Fuel: Hydrogen gas (H2) 

MOC: Cr-Mo alloy steel 

J-201 Duty: 1459.62 MJ/hr 

J-202 Duty: 4533.96 MJ/hr 

J-203 Duty: 4533.95 MJ/hr 

J-204 Duty: 10608.61 MJ/hr 

J-205 Duty: 461.85 MJ/hr 
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J-206 Duty: 3363.76 MJ/hr 

J-207 Duty: 3826.608 MJ/hr 

J-208 Duty: 461.85 MJ/hr 

Decanter/settling tanks 

D-201 

Type: Cone roof tank 

Height: 13.03 m 

Diameter: 4.34 m 

V: 193.2 m3 

Residence time: 1 hr 

Decanter/settling tanks 

D-202 

Type: Cone roof tank 

Height: 9.95 m 

Diameter: 3.31 m 

V: 86.09 m3 

Residence time: 1 hr 

Storage Unit 

S-201 

Type: Cone roof tank 

Height: 17.61 m 

Diameter: 5.87 m 

V: 476.22 m3 

Storage capacity: 8 hr 
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Pumps (Assuming all the same) 

P-201/208 

Driver type: Centrifugal 

Flow: 132 

  m^3/hr 

Suction 

  pressure: 1 ATM 

Discharge 

  Pressure:237 ATM 

Temperature: 

  175°C 

Shaft 

  Power: 1693.6 hp 

MOC: 

  Carbon Steel 

Table 2.3.2-Hydrodeoxygenation Equipment Table 

 

Equipment Type Required Specifications 

Flash Drum (T-301) Height: 0.63 meters 

Diameter: 2.52 meters 

Orientation: Vertical 

Pressure: 1 atm 



18 
 

Temperature: 45°C 

MOC: Carbon steel 

Distillation Column I (T-302) Height: 32 meters 

Diameter: 1.35 meters 

Orientation: Vertical 

Pressure: 1 atm 

Temperature: 100 °C  

Tray number: 50 trays; 2 in spacing 

MOC: Carbon steel 

Distillation Column II (T-303) Height: 32 meters 

Diameter: 0.76 meters 

Orientation: Vertical 

Pressure: 1 atm 

Temperature: 220 °C 

Tray number: 50 trays; 2 in spacing 

MOC: Carbon steel 

Decanter (D-301) Height: 1.88 meters 

Diameter: 9.42 meters 
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Orientation: Horizontal 

Pressure: 1 atm 

Temperature: 0°C 

MOC: Carbon steel 

Pumps 301 Driver type: Centrifugal 

Flow: 67.25 m^3/min  

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: 45°C 

Shaft Power: 0.0639 hp 

MOC: Carbon Steel 

Pumps 302 Driver type: Centrifugal 

Flow: 0.41  m^3/min 

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: 100°C 

Shaft Power: 1.84 hp 

MOC: Carbon Steel 
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Pumps 303 Driver type: Centrifugal 

Flow: 0.12 m^3/min 

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: -3 °C 

Shaft Power: 1.65 hp 

MOC: Carbon Steel 

Pumps 304 Driver type: Centrifugal 

Flow: 0.37 m^3/min 

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: 229°C 

Shaft Power: 1.45 hp 

MOC: Carbon Steel 

Pumps 305 

 

 

 

 

Driver type: Centrifugal 

Flow: 0.24 m^3/min 

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: 216 °C 
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__________________________________

___ 

Pump 306 

 

Shaft Power: 2.1 hp 

MOC: Carbon Steel 

 

__________________________________

___ 

Driver type: Centrifugal 

Flow: 0.137 m^3/min 

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: 316 °C 

Shaft Power: 0.445 hp 

MOC: Carbon Steel 

Storage Tank: Gasoline Diameter: 4.95 meters 

Length: 9.89 meters 

MOC: Carbon steel 

Storage Tank: Biofuel  Diameter: 6.15 meters 

Length: 12.29 meters 

MOC: Carbon steel 

Storage Tank: Diesel Diameter: 5.15 meters 

Length: 10.31 meters 
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MOC: Carbon steel 

Table 2.3.3-Distillation Equipment Table 

 

Equipment Type Required Specifications 

Vessel (V-401) Height: 6.4 m 

Diameter: 6.4 m 

Orientation: spherical 

Pressure: 1 ATM 

Temperature: 45 °C 

MOC: Carbon steel 

Blower (B-401) Driver type: Centrifugal straight radial 

Flow: 24.7 m^3/min 

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: 40°C 

Shaft Power: 13.9 hp 

MOC: Carbon steel 

Pump (P-401) Driver type: Centrifugal 
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Flow: 165 tonne/hr 

Suction pressure: 1 ATM 

Discharge Pressure: 1.1 ATM 

Temperature: 45°C 

Shaft Power: 382 hp 

MOC: Carbon Steel 

Heat Exchanger (E-401) Type: Shell and tube 

Area: 0.95 m^2 

Duty: 42132 kJ/hr 

Number of passes: 2 

Temperature in: 45°C 

Temperature out: 200°C 

Pressure: 1.1 ATM 

MOC: Carbon steel 

Steam Reformer (R-401) Height: 8.6 m 

Diameter: 1.8 m 

Orientation: Vertical 

Pressure: 1.1 ATM 

Temperature: 200 °C – 500°C 
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MOC: Carbon steel 

Table  2.3.4-Steam Reformer Equipment Table 

 

2.4  Stream Tables 

 

Table 2.4.1-Fast Pyrolysis Stream Table 
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Table 2.4.2-Hydrodeoxygenation Stream Table 

 

Table 2.4.3-Distillation Stream Table 
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Table 2.4.4 Steam Reformer stream table 

2.5  Utility Tables 

 

Table 2.5.1-Fast Pyrolysis Utility Table 

 

Table 2.5.2-Hydrodeoxygenation Utility Table 
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Table 2.5.3-Distillation Utility Table 

 

Table 2.5.4 Steam Reformer Utility Table 

 

2.6  Written Description of Overall Process  

 150,000 tonne/hr of guayule bagasse enters the plant by conveyor and is 

subsequently into the fast pyrolysis process the bagasse is rapidly heated to produce bio 

oil and biochar. The biochar product is sold at market while the bio-oil is transported to 

be upgraded through hydrodeoxygenation (HDO).  After HDO the refined bio oil is 

pumped into a distillation column where it is separated into gasoline, diesel, and jet 

biofuels.  Waste products, including light hydrocarbons and off gasses, are pumped into a 

steam reformer reactor where they are converted into hydrogen gas to offset utility costs 

and environmental impact. 
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Figure 2.6.1: Overall Process Diagram 

 

2.7  Rationale for Overall Process Choice 

 While examining options for separation and refining of bio oil it was found that, 

while there are several options for initial processing, the upgrading and separation of the 

fuel have only one currently feasible method.  The methods for large scale initial 

processing available today are pyrolysis, hydrothermal liquefaction, and fast pyrolysis.  

Pyrolysis is a well known method that is very efficient at create large yields of biochar 

that can be used as a coal replacement however yield very little in the way of bio oil.  

Hydrothermal liquefaction is similar to pyrolysis only the feedstock is soaked in water to 

maintain biochar yields while increasing bio oil production, however this process uses a 

large amount of water and is poorly suited for a desert operation.  Fast pyrolysis increases 

the rate at which heat is added to the reaction which yields large amounts of bio oil at the 
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cost of biochar yields.  Fast pyrolysis was chosen due to it’s higher bio oil yields to feed 

more jet fuel production while keeping water requirements for the process to a minimum.   

 Hydrodeoxygenation and distillation were chosen for upgrading and distillation 

because they are industry standards and no new technology that has gone significant 

testing is available.   

 A large amount of hydrocarbons are lost in a aqueous layer and off gassing during 

all three phases of the process.  To reclaim some of the lost energy in the process a steam 

reformer reactor was added to recycle these waste streams to extract hydrogen gas to 

offset utility costs and break down compounds such as methane to lower environmental 

impacts. 

 

3.0  Equipment Description, Rationale, and Optimization 

3.1 Fast Pyrolysis 

 In order for the guayule bagasse to be converted into a potential biofuel, it must 

first pass through a pyrolysis reactor operating at 500 ℃, where the lignin, cellulose, and 

hemicellulose contained within the bagasse can be broken down into a myriad of organic 

molecules, including aromatic hydrocarbons, olefins, and various oxygenated 

hydrocarbons (Boateng et. al.). The yield of upgradeable bio-oil is highly contingent 

upon the temperature of the pyrolysis reactor. As demonstrated by fig. 3.1.1, the 

maximum liquid yield is observed between 700-800 K. Any substantial deviation from 

this temperature range will decrease the yield of upgradeable bio-oil significantly. As a 

result of the high temperature requirement of the pyrolysis reactor, the yield of bio-oil is 

also a strong function of reactor residence time. If pyrolysis vapor is allowed to remain 

inside the reactor for too long, additional cracking reactions will occur, producing light 
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hydrocarbons and reducing the total liquid yield of bio-oil. The effect of residence time 

on bio-oil yield can be seen in Fig. 3.1.2. 

 

Fig. 3.1.1 - Pyrolysis product yield vs. Reactor Temperature 

In order to maintain a short residence time in the pyrolysis reactor, the guayule 

bagasse must be quickly vaporized and transported through the system. To accomplish 

this, high temperature sand is fed into the reactor at a ratio of 20 parts sand per 1 part 

bagasse (Bridgwater) and subsequently fluidized by a tail gas recycle stream. In addition 

to fluidizing the pyrolysis reactor, the recycled tail gas also creates a reaction atmosphere 

that is less oxidizing than air, resulting in a bio-oil product that contains less oxygen, 

which allows the bio-oil upgrading process to be more efficient and less resource 

intensive (Mullen et. al.). 
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Fig. 3.1.2 - Pyrolysis oil yield at various residence times vs. reactor temperature 

 

 To accomplish separation of the reactor effluent, a cyclone will be used to remove 

the sand medium and char byproduct from the bio-oil vapor and other gases. The 

removed solids are then transported back to the sand fired heater, where a blower expels 

the ash so that it may be completely separated from the sand in a second cyclone. The 

remaining gaseous stream is immediately sent to a condenser to be quenched at a rate of 

50 ℃/s (McMahan et. al.) to a final temperature of 175 ℃. This rapid temperature 

decrease is necessary to preclude secondary cracking reactions that occur at high 

temperatures. The condensed bio-oil is transported to the Hydrodeoxygenation (HDO) 

process, and 70% of the remaining non-condensable gas is recycled back into the 

pyrolysis reactor. The remaining 30% of the non-condensable gas is released to the 

atmosphere. 

3.2 Hydrodeoxygenation 

The bio-oil from the fast pyrolysis process contains high percentage of oxygen; 

figure 3.2.1 represent the most common chemical compound present in bio-oils where 
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each compound have 1-2 oxygen atoms. Therefore, the HDO process removes oxygen by 

a chemical reaction with Hydrogen gas over a  Pt/ɣ-Al2O3 catalyst (Figure 3.2.2). The 

pyrolytic oil enters the system at 175°C. Then, it passes through the first stage of bio-oil 

upgrading (mild HDO). The first stage of bio-oil upgrading have four identical fixed-bed 

reactors packed with  19.44 tonnes Pt/ɣ-Al2O3 (Subramanyam); also, jacketed heaters 

(furnace) are installed to maintain the temperatures for the four reactors at 175, 225, 375, 

and 400°C, respectively, at 237.8 atm pressure to achieve a high conversion of the 

hydroprocessing and phase separation where an aqueous layer floats on the top 

(Venderbosch). The catalyst weight is calculated based on the weight hourly space 

velocity (WHSV) which is 5.4kg-oil/kg-cat/hr. However, the reactor’s pressure is very 

high and energy intensive; another experiment uses 103 atm for the packed bed reactor 

pressure, and high conversion is achieved (Subramanyam), so the reactor’s pressure can 

be reduced to achieve lower utilities cost. After the first stage of HDO, the effluent 

stream leaves at 400°C and passes through series of heat exchangers to capture the excess 

heat and cool the stream temperature to 40°C before it enters the decanter. The decanter 

separates the effluent stream into three streams. Aqueous bio-oil separates from the 

organic insoluble bio-oil. The organic bio-oil leaves the decanter from the bottom while 

the aqueous solution leaves from the top since it had lower density (Venderbosch), and 

the non-condensable gases leave from the upper section. The residence time for the 

decanter is one hour as recommended by Perry’s Chemical Engineers’ Handbook (Perry) 

for oil separation.  

 The second stage of HDO is similar to the first stage but with lower WHSV (2.2 

kgoil/kgcat-hr) and higher temperatures, 350, 375, 400, and 400°C, respectively for the 

four reactors where the pressure is held at 227 atm. WHSV of 2.2 is equivalent to 21.35 

tonnes per reactor for the current flow rate of the second stage (46.18 tonne/hr). The first 

stage upgraded bio-oil passes through a heat exchanger to be heated by the effluent of the 

fourth reactor of the second stage to capture as much heat as possible. The heat exchanger 
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process heats the influent to 350°C and cools the effluent to 69°C. The influent enters the 

series of the fixed-bed reactors at 350°C and leaves at 400°C. Then, the effluent gets 

cooled to 40°C and separated in a decanter. Differently, the bio-oil leaves from the top of 

the decanter while the aqueous solution leaves from the bottom (Venderbosch.). Figure 

3.2.3 shows the difference between the Pyrolysis oil, mild HDO (first stage HDO), and 

the second stage HDO. Overall, 91% of the oxygen is removed from the bio-oil yielding 

a reduction of the oxygen mass fraction from 0.53 (stream 8) to 0.14 (stream 35). The 

bio-oil is then sent to distillation to produce the different types of fuel while the aqueous 

and no condensable gases streams are sent to steam reforming to recover and produce H2 

gas.  

 

Figure 3.2.1- Derived bio-oil compounds (Saidi, 108). 
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Figure 3.2.2-Some of the expected chemical reactions in HDO using Pt/Al2O3 catalyst 

where the oxygen leaves mostly as water and methanol (Saidi, 111). 
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Figure 3.2.3- “Pyrolysis oil (left), mild HDO (middle), second stage HDO (right)”   

(Venderbosch et al.) 

 

3.3 Distillation 

The upgraded bio-oil now enters the separation process. The separation process 

was modeled in ASPEN PLUS and consists of a flash drum followed by a decanter and 

two fractionalization distillation columns. Approximately 36.284 tonnes/hr of upgraded 

bio-oil enter the flash drum at 0°C and 1 bar. The column heats the feed to 45°C in order 

to separate as much ethane as possible from the oil. 92.3% of the ethane is removed to the 

top which is sent to to a surge tank for the steam reforming process. The remainder of the 

upgraded oil leaves the bottom of the column and enters a horizontal gravity decanter to 

remove as much water as possible. After decantation, 99% of water is removed from the 

oil. After removing the water all that is essentially left is n-Octane, n-Dodecane, and n-

Octadecane. The goal is to separate the three compounds as much as possible from each 

other to then sell and redistribute. To do so, the feed is sent into a fractionalization 

column operating at 100 C and 1 bar. 100% of the n-Octane is separated from the n-
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Dodecane and n-Octadecane and is pumped to the top of column going straight into a 

storage tank. All that is left now is n-Dodecane and n-Octadecane in the oil. The oil is 

sent to a second fractionalization column operating at 229 C and 1 bar. 100% of the n-

Dodecane is separated and sent to the top of column where it is pumped into a storage 

tank. The remainder n-Octadecane leaves the bottoms and is pumped into a third storage. 

Out of the 36.284 tonnes/hr entering the feed from the begging, 5.23 tonnes/hr of n-

Octane, 8.52 tonnes/hr of n-Dodecane, and 4.65 tonnes/hr of n-Octadecane is achieved. 

This process results in a 23.48% yield of bio-jet fuel for our product.  

The rationale for why this process was chosen came down to cost and separation. 

According to most papers there are two common methods of separating upgraded bio-oil 

into light hydrocarbons, gasoline, bio-jet fuel, and diesel. The most common used by 

Honeywell and other companies is having one giant vacuumed batch distillation column 

such as the one in Figure 3.3.1. The issues found with this process is that it can be 

extremely expensive and harder to separate them all at once especially because n-

Dodecane and n-Octadecane have such close boiling points. The second method found is 

using triple distillation as seen in Figure 3.3.2 This process is more efficient in separating 

the components however it is still expensive. The separation process used in this project 

is based off the second method however instead of three distillation columns only the last 

two are used and a flash drum and decanter are used instead of the first column. Having a 

flash column and decanter is significantly cheaper than a distillation column both in 
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equipment and utility cost while still efficient in separation. 

 

Figure 3.3.1- Honeywell jet-fuel production process 

 

Figure 3.3.2 Alcohol to Jet Fuel Process 
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3.4 Steam Reformer 

 This piece of equipment takes 117 tonne/hr of light hydrocarbons in a aqueous 

mixture from both the HDO and distillation process and mixes it with 0.000016 tonne/hr 

of water in a surge tank to achieve a 2.5 ratio of steam to carbon (Basagiannis, 2).  This 

mixture is then pumped to a heat exchanger that raises the temperature from 45°C to 

200°C before it pumps into the steam reformer reactor.  Here it is mixed with 10.9 

tonne/hr of hydrogen rich exhaust gas and air to achieve a 13.5 ratio of air to fuel 

(Molburg,4) before it enters the reactor.  The mixture is then heated as it passes through a 

internal chamber from 200°C at the top to 800°C at the bottom along with a palladium 

doped zinc oxide catalyst where the steam and hydrocarbons react (reaction formula in 

reactor calculations) to create pure hydrogen which diffuses through a central membrane 

(Edlund,2).  Lighter hydrocarbons react at the top at lower temperatures while the 

heaviest of the light hydrocarbons react towards the bottom (Vagia,3).  The hot exiting 

stream of hydrogen gas it used to heat up the incoming bio-oil stream in a coiled heat 

exchanger configuration (Edlund,1).  The 99% pure hydrogen stream (Edlund,4) exits the 

bottom of the reactor at a rate of 9.8 tonne/hr where it is either recycled to the HDO 

process of used to produce energy for the plant.  The catalyst heated to 800°C+ and is de-

coked as it is recirculated through the outer shell of the reactor before it is again mixture 

with the incoming stream of bio-oil, steam, and gas (Edlund,4).  The waste gas stream of 

111 tonne/hr from the process is vented through ports at the top of the reactor as the 

catalyst is recirculated (Edlund,4).   
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Figure 3.4.1: Diagram of steam reformer reactor (Edlund,1) 

The rationale for the addition of this equipment to the project comes from the 

difficulty of separating light hydrocarbons from water there are aqueous stages produced 

in both the HDO and distillation stages.  In order to lower the environmental impact of 

waste streams and supplement utility costs of the overall process, the extraction of 

useable fuel from these aqueous stages was added to increase the feasibility of the 

project.  Steam reforming is relatively new technology however its ability to extract 99% 

pure hydrogen gas with 60% efficiency with the aqueous stage of bio oil give promise to 

the incorporation of this technology (Basagiannis,1).  The following chart shows the 

selectivity for hydrogen gas compared to other products. 

 



40 
 

Figure 3.4.2: Selectivity as a function of temperature 

 

Due to the internal membrane of the reactor only the hydrogen gas is allowed to 

escape to the product stream.  Palladium doped zinc oxide monolith catalyst was selected 

due to it’s high selectivity towards light hydrocarbons such as ethylene. 

   

Figure 3.4.3: Selectivity of different catalyst shapes 

 This combination of catalyst selection and reactor design allows for the production 

of 9.8 tonne/hr of hydrogen gas recycled into the HDO process. 

 

4.0  Safety Issues  

Fast Pyrolysis 

 Hazards for the fast pyrolysis process include high temperatures in excess of 500 

℃ which can eventuate in severe burns and ignition of improperly placed materials, 

including the bio-oil being produced on site. In addition to the high temperatures, most of 

the vapors produced by the fast pyrolysis process are heavier than air, which can result in 
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asphyxiation of personnel. Despite the high temperatures involved, equipment pressures 

never exceed atmospheric. However, the high temperature vapors can easily cause a 

unintentional build-up of pressure if unregulated. Lastly, many of the chemical products 

of fast pyrolysis are toxic to humans in the concentrations present, requiring proper air 

quality control. 

Hydrodeoxygenation 

Hazards for the HDO process include burn hazards due to the high operating 

temperatures, rupture and explosion hazards due to the high operating pressure, ignition 

hazards since the operating temperature (400°C) is near the autoignition temperature 

(500°C), and health hazards due to the exposure of the bio-oil. 

 

Distillation 

 Hazards for the distillation process include the potential of ignition or fire either 

due to pressure or temperature of process. Components of the oil also contain carcinogens 

which can be a health issue if not using proper ventilation.  

Steam Reformer 

Hazards for steam reformer include burn hazards due to hot equipment and off 

gases, toxic exposure hazards from toxic bio-oil fumes, explosion hazards from hydrogen 

gas and vaporized pyrolysis oil, asphyxiation hazards from off gases that are heavier than 

oxygen, and noise exposure hazards from the loud nature of the equipment. 

Required safety gear for all personnel include a hard hat, safety boots, flame 

retardant uniform/gloves, safety glasses, hearing protection, and a portable gas monitors.  

Below is a picture of a worker in a full set of safety gear. 
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Figure 4.1.1: Required safety gear 

 

5.0  Environmental Impact Statement  

Fast Pyrolysis 

 The environmental impact of the fast pyrolysis process is designed to be 

substantially less than alternative processes. To provide energy for the pyrolysis reactor, 

hydrogen from the steam reforming process is recycled and burned, producing negligible 

emissions. Additionally, 70% of the tail gas from the pyrolysis reactor is recycled back 

into the reactor after separation from the bio-oil to increase the yield of liquid product. 
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The remaining unrecycled gas is released to the atmosphere, and contains non-

condensable gases including hydrogen, carbon dioxide, and methane. The only use of 

water is to provide cooling for the condenser, as the bio-oil must be rapidly quenched to 

prevent additional reactions. 

Hydrodeoxygenation 

 The main environmental impact in the HDO process is the amount of energy used 

to pump and pressurize the pyrolysis oil which can be reduced by reducing the required 

pressure for the HDO process. Also, in the heat exchangers, H-204 and H-208, water is 

used to cool the bio-oil temperatures, the water leaves at high temperatures (~100°C), but 

it can be cooled down using a non-insulated storage tank and reuse it for further cooling. 

In addition, the source of energy used to heat the oil is combustion of the hydrogen gas in 

the furnaces where the side product is water which is environmental friendly as long as it 

is not released to the environment at high temperatures. Finally, regenerating the fixed-

bed reactors can have a high impact on the environment because during the regenerating 

process the coke is heated and burnt which is then released as greenhouse gas, CO2. The 

regenerating process and the amount of CO2 have not been finalized and requires more 

research.  

Distillation 

 The environmental impact from the distillation process is very limited. Out of the 

5 exit streams the light hydrocarbon stream is recycled to the steam reforming process. 

Three of the streams are product streams that are directly stored into tanks for 

distribution. The last stream is water leaving the decanter however some oil leaves with 

the water and so a solution to this could be to send the water stream to a wastewater 

treatment facility. The only other environmental impact that could occur is if there was an 

oil spill or explosion that would affect the wildlife surrounding the plant. 

Steam Reformer 
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 The steam reforming process takes in 126.4 tonne/hr of waste from HDO and the 

distillation process and converts 60% of available hydrogen into pure hydrogen gas.  The 

gases and vapors that are not converted are combusted breaking them down into 67.7 

tonne/hr of CO and CO2 which is significantly less harmful than the greenhouse gases 

that would be produced without the process.  This lowers the environmental impact of the 

plant and provides a clean burning fuel to offset the costs of utilities and the 

environmental impact of the process as a whole. 

5.1 Gaseous, Aqueous and Solid Discharges 

● 67.7 tonne/hr CO2 gas 

5.2 Utilities Impact 

5.2.1 Electricity 

Fast Pyrolysis 

● 6 million kWh/year of electricity to transport gaseous streams. 

● 132,100 kWh/year of electricity to operate screw conveyor.  

Hydrodeoxygenation 

● 81 million kWh/year of electricity used to pump and pressurize the bio-oil. 

Steam reformer 

● 2.5 million kWh/year of electricity used in pump, blower, heat exchange, and 

reactor. 

● Hydrogen gas not returned to HDO process could be used in furnaces offsetting 

energy costs of the plant. 

5.2.2 Water 

Fast Pyrolysis 
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● 229,200 tonne/year of water is required to quench the bio-oil vapor in the fast 

pyrolysis process. 

 

Hydrodeoxygenation 

● 1,767,536 tonne/year of water is needed to cool the bio-oil. If the water were to be 

recycled and reused, only 221 tonne would be needed.  

● Water will be generated as a side product of H2 combustion; further research is 

needed to determine the amount of water would be produced.  

Distillation 

● 11.73 tonne/hr of water is separated from oil in decanter. Water contains some oil 

and can be sent to steam reformer. 

 

Steam reformer 

● 0.000016 tonne/hr of water could be used from fast pyrolysis so that no additional 

water would be needed for the process. 

● 43.4 tonne/hr of water vapor will be lost in the exhaust 

○ Water recycle is possible improvement for future 

 

5.3 Potential Accidental Hazards (Spills, explosions, etc) 

For all stages of this process we are dealing with bio-oil vapor which can leak 

causing leakage of toxic materials into the air and ground.  These leaks when combined 

with high temperatures or pressures could cause a explosion leading to major air 

pollution increases. 
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5.4 Regulations 

● All reactors must be inspected for cracks or fractures during regenerating. 

● Lock out tag out method for all equipment. 

● Emission for plant must comply with EPA’s clean power plan. 

 

 

 

 

 

5.5 LCA 

 

Figure 5.5.1 - Life Cycle Analysis for production of jet fuel from biomass  

6.0.  Economic Analysis including economic hazards 
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Using equipment costing calculations from the textbook (Seider) and the economic 

analysis from ASPEN PLUS. Analysis of from tables  for each process shows that the 

hydrodeoxygenation reactors are the most expensive equipment followed by the sand-

reheater and distillation columns. 

6.1 Costing tables 

Fast Pyrolysis 

Equipment Capital Cost ($) Utility Cost ($/year) 

Pyrolysis Reactor (R-101) 1,288,100 - 

Feed Bin (V-101) 80,800 - 

Screw Conveyor (S-101) 34,500 9,240 

Char Blower  (B-101 A/B) 42,700 134,700 

Recycle Blower (B-102 

A/B) 

88,600 286,500 

Oil Separation Cyclone (C-

101) 

2,344,100 - 

Char Separation Cyclone 

(C-102) 

472,800 - 

Sand Reheater (H-101) 8,590,500 - 
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Condenser (E-101) 418,300 - 

 

Table 6.1.1-Fast Pyrolysis Equipment Costs 

Hydrodeoxygenation 

Equipment Capital Cost ($) Utility Cost ($/year) 

1st Stage 

Hydrodeoxygenation 

Reactors including the 

catalyst R-201/204 

(duplicate) 

$9,369,760 0 

2nd Stage 

Hydrodeoxygenation 

Reactors  including the 

catalyst R-205/208 

(duplicate) 

$9,730,961 0 

Heat Exchangers 

H-201/208 

  

H-201 $181,257 0 

H-202 $181,196 0 



49 
 

H-204 $221,932 $5 - $39,000* 

H-205 $107,724 0 

H-208 $106,392 $1 - $7,000* 

Furnace/Jacketed heater   

J-201 $78,432 0** 

J-202 $190,928 0** 

J-203 $190,928 0** 

J-204 $372,115 0** 

J-205 $31,781 0** 

J-206 $167,092 0** 

J-207 $167,126 0** 

J-208 $31,781 0** 

Decanter/settling tanks 

D-201 

$68,920 0 

Decanter/settling tanks $45,531 0 



50 
 

D-202 

Storage Unit 

S-201 

$109,494 0 

Pumps (Assuming all the 

same) 

P-201/208 

$6,967,061 $5,650,348 

Total $28,320,414 $5,697,000 

Table 6.1.2-Hydrodeoxygenation Equipment Cost 

*H-204 and H-208 have utility cost range for whether the water used for the heat 

exchanger would be recycled or not; in the total utility cost, the water is assumed to be 

new water (no recycling).  

**J-201/208 doesn’t have utility cost because they use H2 gas from the steam reformer to 

produce heat. 

 

Distillation 

Equipment Capital Cost ($) Utility Cost ($/year) 

Flash Drum/Decanter 

(T-301/ D-301) 

2,397,540 35,544 
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Column I (T-302) 4,410,780 78,207 

Column II (T-303) 4,484,430 53,960 

Pump 301 19,705 26 

Pump 302 7,064 769 

Pump 303 4,982 687 

Pump 304 4,701 603 

Pump 305 7,089 877 

Pump 306 5,276 186 

Table 6.1.3 -Distillation Equipment Cost 

Storage 

Product Capital Cost ($) Utility Cost ($/year) 

Gasoline 28,144 0 

JetFuel 43,492 0 

Diesel 40,716 0 

Table 6.1.4- Storage Equipment Cost 

Steam Reformer 
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Equipment Capital Cost ($) Utility Cost ($/year) 

Surge tank (V-401) 126,554 0 

Blower (B-401 A/B) 18,475 3,219 

Pump (P-401 A/B) 262,912 159,556 

Heat Exchanger (E-401) 172,418 6,606 

Stream Reformer (R-401) 526,400 0 

Total 1,106,761 169,382 

Table 6.1.5-Steam Reformer Equipment Cost 

Revenue 

 Gasoline JetFuel Diesel 

$/gallon 2.82 2.70 2.84 

gallon/hour 1909.62 3793.84 2186.92 

gallon/year         

(8000 hrs) 

15,276,960 30,350,720 17,495,360 

$/year 43,081,027 81,945,944 49,686,822 
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Total Revenue/year $174,714,793   

Table 6.1.6-Total Revenue Economic Analysis  

 

 

 

6.2 Components of Total Capital Investment 

 

Table 6.2.1- Total Capital Investment (TCI) Economics Analysis 
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Table 6.2.2a-Cost Factor Economics Analysis 
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Table 6.2.2b-Cost Factor Economics Analysis 
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Table 6.2.3-Net Present Value 

 

 All calculations, tables 6.2.1-6.2.3 are based on chapter 16 & 17 of Seider et al. 

According to table 6.2.1 the total capital investment required to create the plant exceeds 

total annual revenue from plant by almost 200 million USD. This shows that the plant 

will not be feasible in the short run. However, after the plant is set up and paid for annual 

revenue should exceed annual utility costs making it economically feasible in the long 

run. Although the plant will be economically feasible there are still economic hazards that 

exist. The biggest one is the future of oil. With electric now on the rise, the price of oils 

could potentially plumet therefore significantly reducing revenue. Less demand for oil 

would lead to having a bunch of unsold product. Once it reaches a point where demand is 

no longer meeting the market this could lead the plant to become economically infeasible 

and could even lead to something as extreme as bankruptcy. 

 

7.0  Conclusions and Recommendations 

In conclusion, fast pyrolysis was determined to be the most efficient process based 

off the location of the plant and yield achieved from the process. From 150 tonnes 

bagasse / hr, 8.5 tonne jet fuel, 4.65 tonne diesel, and 5.23 tonne gasoline are produced / 

hr on the basis of 8000 hours of continuous operation per year. Using the current market 

info to determine cost per gallon of each product and the total volume of each product 

produced annually leads to $174,714,793/year profit. However, the total capital 

investment for the process come to  $345, 519,239.  When starting up the plant, capital 

investment and utility costs will exceed total revenue the first year. This means the plant 

is not economically feasible in the short run.  In the long run however, revenue will 

exceed annual utility costs making the plant economically viable. 
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  Some recommendations that could improve plant feasibility is to distribute less 

often, increased recycling of wastewater streams, and improved heat exchange.  Currently 

the plant is scaled to deliver product every 24 hours.  While this is a standard practice in 

industry, most of these refineries are located as part of a pipeline or near a railway 

making daily transportation economical.  However, if this refinery were to be a add on to 

the research facility in its current location, barreling the fuel everyday but shipping it less 

often would lower transportation costs.  Other recommendations would involve the 

capture of water vapor from all exhaust so that it could be recycled into the process.  The 

final recommendation would be to improve the heat exchanger network of the facility.  

Each part of the overall process includes significant changes in temperature.  If a heat 

exchanger network could be designed on the plant as a whole it could save energy costs. 
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9.0  Appendices (24 pt) 

·         A. All final Calculations - Printed 

Fast Pyrolysis 

C-101 Sizing + Costing 

 

C-102 Sizing + Costing 
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B-101 Sizing + Costing 

 

 

B-102 Sizing + Costing 
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S-101 Sizing + Costing 

 

R-101 Sizing + Costing 
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H-101 Sizing + Costing 

 

V-101 Sizing + Costing 
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E-101 Sizing + Costing 
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Hydrodeoxygenation (All costing calculations are based on Seider) 

R-201/208 & catalyst: sizing + costing 
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J-201 Sizing+Costing+Energy Balance 
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H-201, J-202 Sizing+Costing+Energy Balance 
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H-202/J-203 Sizing+Costing+Energy Balance 
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J-204 Sizing+Costing+Energy Balance 
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H-204 Sizing+Costing+Energy Balance 
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H-205/J-205 Sizing+Costing+Energy Balance 
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J-206/207 Sizing+Costing+Energy Balance 
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H-208/J-208 Sizing+Costing+Energy Balance 

 



82 
 

 

 



83 
 

 

P-201/208 A/B 
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D-201/202 
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Bio-oil physical properties 
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Distillation 

Atomic mass balance 

 

Flash Drum sizing 

 

Decanter Sizing 
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Column I sizing 

 

Column II sizing 

 

Storage Tank sizing 
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Example Pump calculation for P-302 (leaving decanter to feed tray of column I) 

 

Tank Costing 

 

Pump Utility costs 
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Steam Reformer 

V-401 

 

B-401 A/B 
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P-401 A/B 
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E-401 
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R-401 
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Overall Mass and Energy Balances 

Fast Pyrolysis 

Mass 

 

 

Energy 
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HDO 

Mass 
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HDO mass balance are based on Venderbosch table 5: 
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Distillation 

Mass 

 

Flash/Decanter Mass/Energy from ASPEN 

 

Column I Mass/Energy from ASPEN 
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Column II Mass/Energy from ASPEN 

 

Steam Reformer 

Mass 
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Energy 

 

 


