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ABSTRACT 
 

A production plant was designed to produce 14.5 metric tons of activated carbon per day 

from coconut shells, in order to capture 2% of the projected market for activated carbon in air 

purification applications by 2014. The production process consists of a pyrolysis stage and an 

activation stage. A downdraft gasifier was utilized as the pyrolysis reactor in order to maximize 

the energy efficiency of the process, and a separate cyclone and condenser were added to capture 

and purify the valuable byproducts of the pyrolysis reaction. A fluidized bed reactor was utilized 

as the activation reactor, due to its superior heat and mass transfer properties over conventional 

reactors currently used in industry. An extensive heat exchanger network was implemented to 

capture and recycle the heat and water produced by the activation reaction, in order to minimize 

the plant’s thermal and water footprint. With an interest rate of 20%, the plant is expected to 

have a net present value of $43.8 million at the end of its ten-year lifetime. Due to the expected 

high product demand and anticipated profits, construction of the plant is strongly recommended. 



STATEMENT OF ROLES AND RESPONSIBILITIES 

 This thesis project was the combined effort of a group of chemical engineering seniors, consisting 

of Jessica Hung (the author of this thesis), Karla Montemayor, Heriberto Cadena, and Ningxin Wang. The 
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culminating in the creation of the process flow diagrams, block flow diagrams and stream tables for the 

report. Karla focused on the pyrolysis stage, while Jessica focused on the activation stage. Both took full 

ownership of their respective plant stages, including preparing the written process description and 

rationale of their stages, as well as the appendix of calculations used to design the process. Karla also 

wrote the majority of the general report sections, such as the introduction and equipment description, 

while Jessica provided a more in-depth discussion of the fluidized bed reactor (with the help of Heriberto 

Cadena), as well as wrote the process improvement recommendations and conclusions for the report. 

 Ningxin Wang was responsible for the majority of the background market research on activated 

carbon, and contacted several companies to learn more about the pricing and specification of activated 

carbon products currently produced by and used in industry. Ningxin was also responsible for performing 

the economic analysis of the plant design, including calculating the cost of the equipment and plant 

facility based on chemical engineering heuristics. Ningxin also performed the cash flow analysis for the 

proposed plant, and determined that the plant would be very profitable, with a net present value of $43.8 

million at the end of the plant’s ten-year life. 

 Heriberto Cadena was responsible for the design of the fluidized bed reactor, due to his extensive 

practical and theoretical knowledge on equipment design. While Jessica was responsible for the higher-

level design of the fluidized bed reactor (including flow rates of reactant and cooling water, as well as 

energy balances), Heriberto was responsible for the precise sizing of the reactor as well as the 

determination of the fluidization velocities, based on design equations from classical engineering texts. 



Heriberto was also responsible for assessing the environmental impact of the process, as well as preparing 

an extensive gate-to-gate life cycle assessment of the production plant. 

 Jessica took an active role in optimizing the plant design by suggesting and implementing process 

changes to minimize the plant’s water and energy footprint. A significant amount of heat is generated by 

the fluidized bed reactor, while a large amount of heat is consumed by the production of high-temperature 

steam for feeding the activation reaction. Jessica implemented a heat exchanger network to recycle the 

heat between the reactor and the steam to conserve as much energy as possible, minimizing the heat 

ejected to the environment as well as the energy that must be provided to the boiler from outside of the 

system. In addition, Jessica designed a recycle system utilizing the heat exchangers and a condenser to 

recapture as much of the water formed by the activation reaction as possible, allowing the majority of the 

water to be recycled through the plant indefinitely and drastically reducing the plant’s water consumption. 

Finally, Jessica actively collaborated with Heriberto to brainstorm innovative designs for the fluidized bed 

reactor to maximize energy retention and recycling, since the fluidized bed reactor was responsible for 

generating all the excess heat in the activation stage of the plant. Based on suggestions found in literature, 

Jessica proposed a reactor design that would facilitate the combustion of the gaseous byproducts formed 

in the reactor, without adversely affecting the yield of activated carbon. The combustion reaction allows 

the reactor to harness the high energy content of the byproducts and power the endothermic activation 

reaction. The combustion process also has the added benefit of converting the dangerous byproducts (CO 

and H2) into more benign chemicals (CO2 and H2O), which are then recycled throughout the process to 

drastically lower the plant’s utility and material costs. 

 Through her continual efforts to redesign and optimize process streams and equipment, Jessica 

was able to play a significant role in improving the energy and material efficiency of the plant, turning the 

plant into a more environmentally friendly and financially viable design. 
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Summary 

 New regulations passed by the Environmental Protection Agency require coal and oil-

fired power plants to reduce their mercury and other toxic emissions by 2015. Current mercury 

control technologies include the use of activated carbon injections. The Freedonia Group reports 

that the U.S. demand for activated carbon used in industrial air purification applications is 

expected to increase to 235 million metric tons. 

 The goal of this project is to capture 2% of the industrial air purification market by 

producing 5.3 million metric tons of powdered activated carbon. The activated carbon is 

prepared from coconut shells, which are purchased as waste products from coconut processing 

facilities. Due to their low ash content, high carbon content, and natural pore structure, coconut 

shells are ideal for producing high quality activated carbon.  

 The plant is located in the coastal state of Guerrero, Mexico. This location is chosen 

because of Mexico’s proximity to the United States, the high coconut production, and the 

availability of ocean water for plant use. Although Guerrero experiences earthquakes, the plant is 

designed to withstand earthquakes. The plant operates all 365 days of the year. A typical 

working days last for 18 hours and consists of 5 shifts. The process is semi-continuous. Five 

batches of activated carbon are made per day, with each batch lasting about 5 hours. 

 The production process consists of two sub-processes: pyrolysis of the coconut shells and 

activation of the coconut char. A detailed analysis of each process is found in section 2 of the 

report. In the pyrolysis process, the shells are crushed and sent to a pyrolysis unit. The shells are 

held in the unit for two hours at 600 °C and 6 bar while recycled carbon dioxide flows through 

the unit at a rate of 6 m3/min. During that period, the shells are carbonized. Carbonization is the 

removal of volatiles and other impurities by thermal decomposition, which results in carbon-rich 

char. Pyrolization of the coconut shells yields char, syngas, bio-oils, and water. The bio-oils and 

syngas by-products are captured and sold in their crude state. 

 In the activation process, the char is further reduced in size and sent to a fluidized bed 

reactor (FBR). The char is activated by steam activation at 900 °C and 1.5 bar for one hour. 

Steam activation is chosen over chemical activation because of the issues of corrosion, 

wastewater treatment, and high production costs associated with chemical activation. The FBR is 

the ideal reactor for activation because of its mixing capabilities and superior heat distribution. 

 Oxygen is also fed to the reactor to fuel the combustion of the carbon monoxide and 

hydrogen formed during activation. The combustion reactions will convert these dangerous 



species to steam and carbon dioxide. The steam is condensed and recycled back to the FBR. 

Thirty seven percent of the carbon dioxide is recycled to the pyrolysis process and the rest is 

released into the atmosphere. The excess heat from the reactions is used to generate steam that is 

sold to the utility grid. 

 Heat exchanger networks are utilized to mitigate the high energy consumption of the 

process, particularly in the pyrolysis unit. Whenever possible, hot streams are used to heat up 

cold streams in order to reduce the amount of cooling water and energy input required. The plant 

uses large amounts of ocean water to cool streams and then returns it back to the ocean. Even 

though the plant emits carbon dioxide and uses municipal and ocean water, the amounts are 

significantly less than  that of other U.S. companies.  

 Detailed analysis of the equipment is found in section 3. ChemCAD is used to simulate 

certain reactions and pieces of equipment to obtain heat duties, power requirements, product 

compositions, and temperatures. Heuristics from Seider and Turton are followed throughout 

most of the equipment design. Assumptions are made in sizing the equipment when design 

equations and data are not available. The main contributing assumptions to the overall design are 

that 15% of the coconut shells in converted to activated carbon; the ideal gas law applies for any 

situation; conversion in the FBR is 100%; and the flow rates are constant. These assumptions 

affect the sizing of the equipment and the product yields. The calculations are fairly accurate but 

strictly provide estimates for the economic analysis.  

 From the economic calculations, the net present value (NPV) of the project, with a 20% 

interest rate, is $43.8 million. Detailed calculations are found in section 6 of the report. The NPV 

is highly dependent on the sales of activated carbon and by-products. Any incidents that reduce 

productivity will have a direct impact on the profits. Given this high NPV, construction of this 

plant is strongly recommended. 
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Section 1 – Introduction 

1.1 – Overall Goal 

 On December 21, 2011, the Environmental Protection Agency (EPA) finalized new 

regulations that aim to reduce the mercury and other toxic emissions from coal and oil-fired 

power plants. The standards set by the Mercury and Toxic Standard (MATS) will reduce 

mercury emissions by 90%, acid gas emissions by 88%, and sulfur dioxide emissions by 41% 

(EPA). MATS will be applied to the 1,400 electric generating units at 600 power plant sites 

across the United States, regardless of whether they are new or old facilities. Although newer 

plants have taken actions to control their emissions, the EPA approximates that 40% of the 600 

plants do not have the advanced pollution controls to fulfill the standards. Power plants have 

until 2015 to meet these regulations; otherwise, they will be shut down. 

 The use of activated carbon (AC) injections is one method of reducing mercury emissions 

(EPA). With the implementation of MATS, the demand of activated carbon is expected to rise 

dramatically. In order to meet this demand and take advantage of the growing activated carbon 

market, the plant produces 5,307,000 kg of activated carbon per year.  

 Typically, activated carbon is made from coal. But given the non-renewable nature of this 

material, manufacturers are looking for other resources of carbon, such as carbonaceous 

agricultural by-products, to prepare activated carbon. This plant will utilize coconut shells to 

produce activated carbon. Coconut shells are a good resource because they have a high carbon 

content, a low ash content and their natural structure is compatible for producing microporous 

activated carbon (Li 191). Coconut shells are usually the waste products of coconut processing 

plants such those who produce coconut oils and coconut flakes. Their disposal is costly and may 

cause environmental problems (Li 191). By using the shells to make activated carbon, the plant 

is not only using an abundant and renewable resource, it is also saving on raw material costs by 

purchasing the waste shells from coconut plants. 

 In order to produce activated carbon from coconut shells, the overall process utilizes the 

pyrolysis of coconut shells into char, followed by steam activation in a fluidized bed reactor 

(FBR). The resulting activated carbon is 97% pure. The pyrolysis process generates bio-oil and 

syngas. These by-products are marketable and sold in their crude state. The steam activation 

process is highly exothermic. Thus, the excess energy is utilized to produce steam, which is sold 

back to the energy grid. Aside from just selling the activated carbon, the plant is able to profit 

from the recycled by-products and energy. 
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1.2 – Current Market Information  

 The Freedonia Group reports that the worldwide demand for activated carbon is expected 

to grow at a rate of 9.9% per year to 1.7 billion metric tons by 2014. In the United States, the 

predicted annual growth rate is 15% to 544 million metric tons by 2014. Table 1 provides the 

activated carbon demand as predicted by the Freedonia Group. As seen in table 1, the industrial 

air purification sector will become the largest consumer of activated carbon by 2014 as it has the 

highest growth rate of 31% per year. This is due to MATS and the 2015 deadline for power 

plants to meet the standards.  Mercury control applications alone will consume 236 million 

metric tons of activated carbon (The Freedonia Group, Inc.). 

 Activated carbon comes in forms such as granular, powdered, and pellets (Calgon 

Carbon). The type of activated carbon used for mercury control applications is powdered 

activated carbon (PAC) (The Freedonia Group, Inc.). The price for powdered activated carbon at 

97% purity is $9 per kilogram (Calgon Carbon).  

 Along with the activated carbon, the plant sells steam and crude syngas and bio-oils. The 

syngas can be used to produce electricity or as a fuel source (Biofuel). It is priced at $2.50 per GJ 

(Yun 823). Since the bio-oils are in their crude state, they are sold at $1 per kg (Ogden). Bio-oils 

can be used as a fuel source or can be further purified to recover chemicals such as phenol, 

cresol, and benzene (Zhang 2,383). The steam is sold as a utility at $6.60 per 1,000 kg (Seider 

604). After a 10-year plant life, the net present value (NPV) of the company with a 20% interest 

rate is 43.8 million dollars. Because of this positive NPV, construction of this plant is highly 

recommended. 
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Table 1 Demand for activated carbon in the United States (The Freedonia Group, Inc.) 

 

1.3 – Project Premises and Assumptions 

 The plant is targeting the United States’ industrial air purification sector as the primary 

customer. Coconut production is the highest in Southeast Asian countries (Faostat). Mexico is 

the 8th largest coconut producer, with a production rate of 983,000 tonnes per year as of 2010 

(Faostat). Although Southeast Asia surpasses Mexico in coconut production, the plant is located 

in Mexico because of its proximity to the United States. Specifically, the plant is located in the 

coastal state of Guerrero, Mexico. Even though the plant is not in the United States, economic 

calculations are done according to U.S. pricing methods and applied to Mexico. The plant also 

follows EPA regulations for the environmental analysis.  

 The state of Guerrero produces the highest amount of coconuts, accounting for 34% of 

Mexico’s entire coconut production (Villareal 70). This state is an ideal location for the plant 

because of its coconut shell resources, the availability of ocean water for plant use, and its mild, 

tropical weather (GuideMexico). Furthermore, the Port of Acapulco is located in Guerrero 

(Cruise Reviews). In order to get the product inside the United States, the activated carbon will 

ship from the Port of Acapulco to the Port of San Diego in California. Although Guerrero 

experiences frequent earthquakes, the plant is taking precautions by designing the equipment to 

withstand earthquakes.  

 The goal of this project is to capture 2% of air purification market, which amounts to a 

production level of 5,307 tonnes per year. Calculations for the production level are available in 
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Appendix A.1. The price of coconuts in Mexico is $146 per tonne (Faostat). Since the shells are 

considered waste products, the cost to purchase the shells is assumed to be 10% of the original 

price of the coconut, which is $15 per tonne.  

 Not all of the coconut shells in Guerrero are available for the specific project at hand; 

therefore, this production level is chosen in order to have sufficient shell material. To meet the 

production level, the plant requires 98 tonnes of shells per day as only 15% of the shell mass is 

converted to activated carbon (Fagbemi 300; Li et al. 194). Although most of the shells will 

come from Guerrero, the plant will likely have to truck in shells from other high coconut 

producing states. These states are the neighboring states of Colima, Michoacan, Tabasco and 

Jalisco and can be found in figure 1 (Villareal 70).  

 The production of activated carbon involves two major processes, the pyrolysis of 

coconut shells and the activation of char. Pyrolysis is essentially carbonizing biomass under 

anaerobic conditions (Reed and Das 21). Pyrolization is the ideal method to prepare char because 

it results in a high yield of char. Other methods such as gasification and combustion produce 

gases with little or no char (Reed and Das 21). In the pyrolysis process, recycled CO2 is used as 

the carrier gas because it is a by-product of the activation process. There are five reversible 

reactions that occur during pyrolysis and are further discussed in section 2.6. Chemcad is used to 

simulate these reactions. It is assumed that the percent yield by mass of char, bio-oils, gas, and 

water are 27%, 19%, 19%, and 35% respectively (Fagbemi 300). Since the actual composition of 

bio-oil is unknown, Olontsev et al. reports that bio-oil is 69% phenol, so for calculation 

purposes, the bio-oils are assumed to be 100% phenol (48).  

The activation process occurs in a fluidized bed reactor (FBR). The FBR is chosen 

because of its superior abilities in distributing heat, mixing, and reacting materials. The 

activation process uses physical activation with steam instead of chemical activation. Even 

though chemical activation has a higher yield of activated carbon, there are issues with corrosion, 

wastewater treatment, and high production costs (Wei 266). During steam activation, there are 

two irreversible reactions that occur and are further discussed in section 2.6. The char is assumed 

to be pure carbon. The activation process yields activated carbon, char and steam. 

 The plant is designed to operate all 365 days of the year in order to meet the annual 

production rate. The overall process is a semi-continuous because of the holding times in the 

pyrolysis and activation process. An operating day is approcximately18 hours long and is divided 

into 5 batches. Figure 2 provides a complete schedule for a typical working day. A batch 
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comprises of transporting the material, crushing, pyrolysis, and activation. Moving and crushing 

the materials take 5 minutes for each equipment. The pyrolysis and activation process last 3.25 

hours and 1.5 hours respectively. A complete batch requires 4.75 hours but the subsequent batch 

can begin after the completion of the previous pyrolysis process. 

 The pyrolysis and activation are transient processes. The mass flow rates are varying with 

time throughout the duration of the processes. In pyrolysis, the exiting gas flow rate varies as 

reactions occur between the carbon and CO2 and as volatiles escape from the coconut shells. In 

the activation process, the gas flow rate varies as reactions occur between the carbon, steam and 

oxygen. In order to model the pyrolysis and activation processes, the mass flow rates are 

assumed to be constant and are estimated by dividing the mass by the process time. 

Throughout the process design, heuristics from Seider and Turton are applied to each 

equipment whenever possible. Examples of these heuristics include pressure drops, minimum 

temperature approaches, and how to choose the appropriate unit operation for a particular task. 

The process also integrates heat exchanger networks to minimize energy consumption. Overall, 

the project strives to be environmentally mindful by using waste coconut shells, recycling 

streams, capturing by-products, and minimizing utility consumption. 

 

 
Figure 1 – Political map of Mexico (Whereig) 
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Pyrolysis Time – 3.25 hours 

Activation Time – 1.5 hours 

Batch – B1, B2, B3, B4, B5 

Start 6 a.m. B1  End 10:45 a.m.                  

 9:25 a.m. B2  2:00 p.m.               

       12:30 p.m. B3  5:15 p.m.         

             3:45 p.m. B4  8:30 p.m.   

                   7:00 p.m. B5  11:45 p.m. 

Figure 2 – Working day batch schedule
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Section 2 - Process Description, Rationale, and Optimization 

2.1 – Block Flow Diagrams 

Figure 3 – BFD of the pyrolysis process 
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Figure 4 – BFD of the activation process 
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2.2 – Process Flow Diagrams 

 
Figure 5 – PFD of the pyrolysis process 
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Figure 6 – PFD of the activation process 
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2.3 – Stream Tables 

Table 2 Flow summary accompanying figures 5 and 6 

Stream Number 1 2 3 4 5 6 7 8 9 10 

Temperature (°C) 40 250 250 250 600 25 25 600 25 600 

Pressure (bar) 1 6.2 6.2 6.2 6 1 1 1 1 6 

Vapor Fraction 1 1 1 1 1 0 0 0 0 0.91 

Mass Flow (kg/batch) 9,015 9,015 5,776 3,239 3,239 19,529 19,529 5,273 5,273 17,496 
Component  Flow 
(kg/batch)            

Coconut Shells 0 0 0 0 0 18,166 18,166 0 0 0 

Coconut Char 0 0 0 0 0 0 0 5,273 5,273 0 

Carbon 0 0 0 0 0 0 0 0 0 1,533 

Activated Carbon 0 0 0 0 0 0 0 0 0 0 

Water 315 315 315 0 0 1,363 1,363 0 0 7,817 

Bio-Oils 0 0 0 0 0 0 0 0 0 3,711 

CO2 8,700 8,700 5,461 3,239 3,239 0 0 0 0 704 

CO 0 0 0 0 0 0 0 0 0 3,697 

H2 0 0 0 0 0 0 0 0 0 34 

O2 0 0 0 0 0 0 0 0 0 0 



14 
 

Stream Number 11 12 13 14 15 16 17 18 19 20 

Temperature (°C) 600 600 653 620 95 95 95 331 25 25 

Pressure (bar) 1 1 1.3 1.1 1 1 1 4 1 1.1 

Vapor Fraction 0 1 1 1 0.28 0 1 1 1 1 

Mass Flow (kg/batch) 1,533 15,963 15,963 15,963 15,963 11,528 4,435 4,435 6,327 6,327 
Component  Flow 
(kg/batch)            

Coconut Shells 0 0 0 0 0 0 0 0 0 0 

Coconut Char 0 0 0 0 0 0 0 0 0 0 

Carbon 1,533 0 0 0 0 0 0 0 0 0 

Activated Carbon 0 0 0 0 0 0 0 0 0 0 

Water 0 7,817 7,817 7,817 7,817 7,817 0 0 0 0 

Bio-Oils 0 3,711 3,711 3,711 3,711 3,711 0 0 0 0 

CO2 0 704 704 704 704 0 704 704 0 0 

CO 0 3,697 3,697 3,697 3,697 0 3,697 3,697 0 0 

H2 0 34 34 34 34 0 34 34 0 0 

O2 0 0 0 0 0 0 0 0 6,327 6,327 
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Stream Number 21 22 23 24 25 26 27 28 29 30 

Temperature (°C) 900 120 100 40 40 40 40 812 25 25 

Pressure (bar) 1.5 1.3 1.1 1 1 1 4 1.5 1 4 

Vapor Fraction 1 1 1 0.74 1 0 0 1 0 0 

Mass Flow (kg/batch) 12,259 12,259 12,259 12,259 9,015 3,224 3,224 3,224 315 315 
Component  Flow 
(kg/batch)            

Coconut Shells 0 0 0 0 0 0 0 0 0 0 

Coconut Char 0 0 0 0 0 0 0 0 0 0 

Carbon 0 0 0 0 0 0 0 0 0   

Activated Carbon 0 0 0 0 0 0 0 0 0 0 

Water 3,559 3,559 3,559 3,559 315 3,224 3,224 3,224 315 315 

Bio-Oils 0 0 0 0 0 0 0 0 0 0 

CO2 8,700 8,700 8,700 8,700 8,700 0 0 0 0 0 

CO 0 0 0 0 0 0 0 0 0 0 

H2 0 0 0 0 0 0 0 0 0 0 

O2 0 0 0 0 0 0 0 0 0 0 
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Stream Number 31 32 33 34 35 36 
    

Temperature (°C) 812 812 900 25 25 110 
    Pressure (bar) 1.5 1.5 1 1 4 1 
    Vapor Fraction 1 1 0 0 0 1 
    Mass Flow (kg/batch) 315 3,539 2,900 7,661 7,661 7,661 
    Component  Flow 

(kg/batch)        

    Coconut Shells 0 0 0 0 0 0 
    Coconut Char 0 0 0 0 0 0 
    Carbon 0 0 0 0 0 0    

 Activated Carbon 0 0 2,900 0 0 0 
    Water 315 3,539 0 7,661 7,661 7,661 
    Bio-Oils 0 0 0 0 0 0 
    CO2 0  0 0 0 0 
    CO 0 0 0 0 0 0 
    H2 0 0 0 0 0 0 
    O2 0 0 0 0 0 0 
     

 



17 
 

2.4 – Equipment Tables 

Table 3 Heat exchanger specifications 

Heat Exchanger E-101 E-102 E-201 E-202 E-203 

Type F.H. F.H. F.H. F.H. F.H. 

Total Area (m2) 64 10 852 20 62 

Duty (kW) 378 2,139 3,861 99 2,408 

Shell      
Inlet Temp. (°C) 40 4 40 4 4 

Outlet Temp. (°C) 600 32 812 30 30 

Inlet Pressure (bar) 6.2 1.1 4 1.1 1.1 

Outlet Pressure (bar) 6 1 1.5 1 1 

Phase V L L L L 

MOC C.S. C.S. C.S. C.S. C.S. 

Tube      
Inlet Temp. (°C) 653 620 900 120 100 

Outlet Temp. (°C) 545 95 120 100 40 

Inlet Pressure (bar) 1.3 1.1 1.5 1.3 1.1 

Outlet Pressure (bar) 1.1 1 1.3 1.1 1 

Phase V Cond. V V Cond. 

MOC S.S. S.S. C.S. C.S. C.S. 
 

Table 4 Vessel specifications 

Vessels V-101 V-102 V-103 a/b 

Temperature (°C) 600 95 331 

Pressure (bar) 1 1 77 

Orientation Vertical Horizn’l Horizn’l 

Volume (m3) 1.3 32 55 

Length (m) 1.4 4.4 6.1 

Diameter (m) 2.4 3 3.4 

MOC C.S. S.S. L.A.S 
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Table 5 Reactor and heater specifications 

Reactors/Heaters H-101 H-201 H-202 R-201 

Heat Duty (kW) 21,226 294 4,620 - 4,200 

Temperature (°C) 600 25 25 900 

Pressure (bar) 6 1.5 1.5 1.5 

Type Fired Heater FBR Boiler Cooling 
Jacket FBR 

Orientation Vertical — — Vertical 

Volume (m3) 15.2 — — 113.2 

Diameter (m) 1.5 — — 2.3 

Length (m) 8.6 — — 27.6 

MOC S.S. C.S. C.S. C.S. 
 

Table 6 Separator specifications 

 

 

 

 

 

Separators S-101  S-102 S-201 

Gas Flow (m3/min) 52  34 37 

Temperature (°C) 600  95 40 

Pressure (bar) 1  1 1 

Type Cyclone  Vertical 
KD 

Vertical 
KD 

Body Diameter (m) 0.30 Volume (m3) 5.6 6.2 
Gas Outlet Diameter 
(m) 0.23 Diameter (m) 1.5 1.5 

Dust Outlet Diameter 
(m) 0.12 Length (m) 3.1 3.4 

Body Length (m) 0.52 MOC L.A.S. C.S. 

Cone Length (m) 0.61 Plates   
Inlet Height 0.24 Number 5 5 

Inlet Width 0.11 Type Sieve Sieve 

MOC S.S. MOC  S.S. C.S. 
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Table 7 Pumps, blowers, and compressor specifications 

Pumps/Blowers/ 
Compressors 

P-201 
a/b 

P-202 
a/b 

P-203 
a/b 

C-101 
a/b 

C-102 
a/b 

C-103 
a/b 

C-201 
a/b 

Flow (kg/min) 59 129 54 58 106 30 70 

Actual Power (kW) 1.4 2.0 1.4 169 184 126 12 

Type/Drive Centr. / 
Electric 

Centr. / 
Electric 

Centr. / 
Electric 

Centr. / 
Electric 

Centr. / 
Electric 

Centr. / 
Electric 

Centr. / 
Electric 

Efficiency 0.17 0.32 0.17 0.75 0.75 0.75 0.75 

Pump Head (m) 31 31 31 N.A. N.A. N.A. N.A. 

Inlet Pressure (bar) 1 1 1 1 1 1 1 

Outlet Pressure (bar) 4 4 4 6.2 1.3 4 1.1 

Inlet Temp. (°C) 25 25 40 40 600 95 25 

Outlet Temp. (°C) 25 25 40 250 653 331 36 

MOC C.I. C.I. C.I. C.S. S.S. S.S. S.S. 
 

Table 8 Conveyor specifications 

Conveyors B-101 a/b B-102  a/b B-103  a/b B-201  a/b B-202  a/b 

Flow (kg/min) 3906 3906 1055 1055 193 

Power (kW) 0.25 0.25 0.60 0.76 0.18 

Type Belt Belt Screw Screw Screw 

Width/Diameter (m) 0.5 0.5 0.4 0.4 0.25 

Length (m) 3 3 3 3 3 
Change in Elevation 
(m) 0 0 -1 0 0 

MOC Rubber Rubber C.S. C.S. C.S. 

Temperature (°C) 25 25 600 25 900 

Pressure (bar) 1 1 1 1 1 
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Table 9 Size reducer specifications 

Size Reducers K-101 K-102 

Flow (kg/min) 3906 1015 

Power (kW) 15 11 

Type Jaw 
Crusher 

Cone 
Crusher 

Temperature (°C) 25 600 

Pressure (bar) 1 1 
Average Feed Size 
(mm) 100 25 

Average Product 
Size (mm) 50 10 

MOC C.S. C.S. 
 

Key:    
MOC Material of Content F.H. Floating Head 
C.I. Cast Iron Cond.  Stream being condensed 
C.S.  Carbon Steel L Liquid 
S.S. Stainless Steel V Vapor 
L.A.S. Low Alloy Steel FBR Fluidized Bed Reactor 
Centr. Centrifugal KB Knockback Drum 

 

2.5 – Raw Materials and Utility Tables 

Table 10 Raw material requirement  

Raw Material Flow Rate Base Cost Annual Cost Reference 

Coconut Shells 19,529/batch $15/tonne $534,606 faostat.org 

CO2 3,239 kg/batch $1.52/kg $1,791,897 Stoodyind.com 

O2 6,327 kg/batch $0.31/kg $3,581,854       NASA 
 

Table 11 Utility requirement 

Material Requirement Base Cost Annual Cost Reference 

Electricity 40,782 MW/year $0.06/kW-hr $2,447,000 Seider, 2010 
Ocean Cooling 
Water 474,020 m3/yr $0 $0 Seider, 2010 

Process Water 14,442 m3/yr $0.50/m3 $7,221 Seider, 2010 

Steam 2,911,240 kg/yr $6.60/1000 kg $19,214 Seider, 2010 
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2.6 – Process Description 

 This plant produces activated carbon from raw coconut shells in a process consisting of 

two major steps, each of which takes place in a separate section of the production plant. In the 

first section, a pyrolysis process converts the raw coconut shells to char. In the second section, a 

physical activation process converts the char to activated carbon. Figures 3 and 4 illustrate the 

block flow diagrams of the pyrolysis and activation steps, respectively. Figures 5 and 6 illustrate 

the process flow diagrams of the pyrolysis and activation steps. The following process 

description accompanies figures 5 and 6 above. Additional stream information can be found in 

table 2. 

At the start of the pyrolysis stage as seen in figure 5, the compressor C-101 a/b 

compresses the CO2 in stream 1 from 1 bar to 6.2 bar. A valve splits the CO2 in stream 2 into 

streams 3 and 4. Stream 3 is emitted to the atmosphere while stream 4 enters a heat exchanger, 

E-101, and leaves at 600 °C as stream 5. The CO2 flows through a furnace, H-101, for 30 

minutes to flush out all the air. 

 The conveyor belt B-101 a/b transports the coconut shells at STP in stream 6 to a jaw 

crusher, K-101, which reduces the shell size from an average of 100 mm to 50 mm fragments. 

The conveyor belt B-102 a/b transports the fragments to H-101, which heats them up to 600 °C 

for 30 minutes at a rate of 20 °C/min. The shells remain in H-101 for two hours at 600 °C with a 

continuous flow of CO2 from stream 5.   

 Pyrolization of the coconut shells at 600 °C and 6 bar produces char with bio-oil vapors, 

steam, and incondensable gases as by-products. As seen in figure 2, the incondensable gases 

consist of high amounts CO and small amounts of H2 and CO2, which form syngas. The 

following reactions occur in H-101 between the carbon, CO2, and moisture from the shells to 

produce the syngas and some of the water (Zhang 2376).  

3H2 (g) + CO (g) ↔ CH4 (g) + H2O(g) (1) 

H2O(g) + CO (g) ↔ CO2 (g) + H2 (g) (2) 

C (s) + 2H2 (g) ↔ CH4 (g) (3) 

C (s) + CO2 (g) ↔ 2CO (g) (4) 

C (s) + H2O(g) ↔ CO (g) + H2 (g) (5) 

During the two and a half hour process, the unreacted carbon, bio-oil vapors, steam, and syngas 

in stream 10 flow through a cyclone, S-101, which separates the unreacted carbon solids from 

the gases. A vessel, V-101, collects the unreacted carbon solids in stream 11.  
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 The bio-oil vapors, steam, and syngas in stream 12 pass through a blower, C-102, and 

exit as stream 13, which enters a heat exchanger, E-101, and leaves as stream 14 at 620 °C. The 

energy from stream 13 is used to heat the CO2 in stream 4. A condenser, E-102, uses ocean 

water to cool and condense the bio-oil vapors and steam in stream 14 to 95 °C. The liquids and 

syngas in stream 15 enter a gravity separator, S-102, which separates the gases from the liquids. 

Bio-oil and water in stream 16 are collected in a vessel, V-102. A compressor, C-103 a/b, 

compresses the syngas in stream 17 to 4 bar and 331 °C. A vessel, V-103 a/b, collects the syngas 

in stream 18. When the pressure of V-103 a/b reaches 76 bar, a second identical vessel collects 

the remaining syngas. 

 When the pyrolysis reaction is completed, a screw conveyor, B-103 a/b, moves the 

coconut char in stream 8 to a cone crusher, K-102. The crusher reduces the char size from 25 mm 

to 10 mm. A conveyor belt, B-201 a/b, transports the coconut char in stream 9 to the fluidized 

bed reactor, R-201, in the activation stage of the production plant.  

In the second stage of the plant as seen in figure 6, the coconut char in R-201 is heated to 

900 °C at a rate of 50 °C/min for 17.5 minutes. The char then reacts with steam for one hour to 

produce activated carbon. At this point, the coconut char consists entirely of elemental carbon, 

and some of the carbon reacts with water to produce carbon monoxide and hydrogen gas. The 

gas escapes from the solid char, leaving behind pores in the carbon solid. The endothermic 

carbon-steam reaction takes place in the reactor. 

C (s) + H2O (g)  CO (g) + H2 (g) (6) 
     

 The carbon monoxide gas and hydrogen gas auto-combust to make water and carbon 

dioxide gas by the following exothermic reactions: 

CO (g) + 0.5 O2 (g)  CO2 (g) (7) 

H2 (g) + 0.5 O2 (g)  H2O (g)          (8) 

The blower C-201 a/b delivers pure oxygen in stream 19 to combust the carbon monoxide and 

hydrogen by-products. The oxygen in stream 20 enters from the top of R-201 and reacts with the 

hot, gaseous by-products escaping through the top. 

To provide the water needed for the carbon-steam reaction, pump P-201 a/b pressurizes 

water to 4 bar and pumps it as stream 30 into R-201. The water passes through a metal coil, H-

201, that surrounds and feeds into R-201. The water absorbs some of the heat produced by the 

combustion reactions in the reactor, and vaporizes into steam at 812 °C as stream 31. The steam 
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combines with recycled steam in stream 28 to form stream 32. The combined steam flows into 

the reactor, where it reacts with the coconut char.   

A cooling jacket removes the remaining excess heat produced inside the R-201. A pump, 

P-202 a/b, pressurizes municipal water in stream to 4 bar. The water flows through a cooling 

jacket, H-202, surrounding the reactor. The water vaporizes into steam at 100 °C and leaves the 

cooling jacket as stream 36. The steam is then sold back to the utility grid. 

 The conveyer belt B-202 a/b transports the activated carbon out of the reactor at 900 °C 

as stream 33. The activated carbon cools down in transit to the storage location and releases its 

heat to the surrounding air, which can be maintained at a cool temperature by fans and air 

refrigeration units. Workers package the cooled activated carbon in airtight steel barrels and the 

barrels are then shipped to the United States. 

 In addition to activated carbon, the R-201 produces CO2 and steam at 900 °C. The CO2 

and steam leave the reactor in stream 21 and pass through a heat exchanger, E-201, 

countercurrent to liquid water in stream 27. The carbon dioxide and steam exit E-201 in stream 

22 at 120 °C. The hot gas stream passes through a second heat exchanger, E-202, countercurrent 

to a utility cooling stream of ocean water at 4 °C. The gas exits E-201 as stream 23 at 100 °C and 

the ocean water returns to the ocean at 30 °C. 

The CO2 and steam flow into the condenser E-203, where most of the steam condenses 

out at 40 °C. The liquid and vapor mixture leaves the condenser as stream 24, which is a mixed-

phase stream. Ocean water serves as the utility cooling stream for the condenser. The mixed-

phase stream enters a gravity separator, S-201, which separates the liquid water from the gaseous 

CO2-water phase. The liquid phase leaves the separator as stream 26 and travels back to R-201 

as a recycle stream. On the way back to the reactor, the pump P-203 a/b pressurizes the water in 

stream 27 to 4 bar and pumps the water through E-201. The water absorbs heat from the hot CO2 

and steam in stream 22 and turns into steam at 812 °C and 1.5 bar. The steam leaves the heat 

exchanger as stream 28 and combines with steam in stream 31. The steam cycle is completed 

when the combined steam as stream 32 feeds into R-201. 

Back at the separator S-201, the gas phase leaves as stream 25 at 40 °C. The stream 

consists mostly of CO2, but also carries a bit of residual water vapor. The CO2 stream returns to 

the compressor C-101 a/b at the pyrolysis stage, which completes the CO2 cycle.   

 Although the CO2 and steam produced in the activation stage are recycled to the 

pyrolyzer and fluidized bed reactor, an initial charge is needed every day, assuming that the 



24 
 

process shuts down at the end of each day. When the reactors first start up at the beginning of the 

work day, CO2 or water is not available since no reactions have taken place yet. After CO2 and 

steam for the first batch are provided from outside sources, the CO2 and steam produced by the 

first batch can be recycled for use in subsequent batches.  

2.7 – Process Rationale 

 The production process for making activated carbon from steam and coconut shells is 

designed to minimize energy and utility requirements. The reaction conditions are chosen to 

minimize the reaction time and temperature to save energy, and the heat produced by the 

pyrolyzer and fluidized bed reactor is recaptured and recycled as much as possible to further 

reduce the overall heat duty. The steam and carbon dioxide by-product streams are also recycled 

as inputs to the two reactors to reduce both utility and material costs. Calculations for the process 

can be found in Appendix A.1 and Chemcad simulations are located in Appendix D. 

 The raw coconut shells are reduced in size in order to prevent excessive void space 

within the furnace. Reducing the size also allows for a faster and more even heat transfer since 

the particle’s surface area increases.  However, the shell fragments should not be so small that 

they will burn instead of carbonizing, which will result in less char production and higher gas 

yields (Sundaram and Natarajan 36). 

 After determining the volume of H-101, the CO2 volumetric flow rate is assumed to be 

directly proportional to a gas flow rate of 100 cm3/min and a furnace volume of 256.6 cm3 as 

reported in Sundaram and Natarajan (34-35). The furnace is flushed with CO2 for 30 minutes to 

remove any air and avoid carbon oxidation (Zhang 2375). If air is present, the shells will burn 

and cause the char yield to decrease. Nitrogen or helium can be used as the inert carrier gas (Li et 

al. 191; Fagbemi et al. 295). However, CO2 is chosen as the carrier gas because it is a by-product 

of the activation process. Recycling the CO2 saves money on raw material costs and reduces the 

CO2 emissions of the plant. The recycled CO2 also participates in reactions 2, 3, and 5 to form 

syngas, which is a marketable by-product of the pyrolysis process. Calculations for the 

productions of syngas are in Appendix A.1 and Chemcad simulations are in Appendix D. 

Since the volumetric flow rate and temperature are fixed, the mass flow rate of CO2 is 

dependent on the pyrolysis pressure. According to Tam and Antal, the pyrolysis process should 

occur at 6 bar in order to have a higher char yield (4269). Chemcad simulations show that higher 

pressures also increase the conversion of carbon and CO2 to CO and H2. The pressure could 

have been set to a higher values but 6 bar is chosen as recommended by Tan and Antal.  
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 According to Zhang et al, reactions 1 through 5 occur along with the Sabatier reaction 

(2376). 

4H2 (g) + CO2 (g) ↔ CH4 (g) + 

2H2O(g) 
(9) 

After further research, the Sabatier reaction is found to usually proceed when a catalyst is present 

(Brooks 1161). Since no catalyst is used in pyrolysis, it is assumed that reaction 6 does not occur 

and is therefore excluded from the Chemcad reactor simulations.  

 Given that the pyrolysis process requires a high energy input, a heat exchanger network is 

utilized to reduce further energy consumption. Stream 13 functions as a hot stream that heats the 

CO2 in stream 4. Ocean water is used to condense stream 14 because the plant’s location allows 

for easy access of ocean water. This reduces the cost of utilities since ocean water is essentially 

free. Stream 13 could also be used as a heating jacket for H-101, similar to a downdraft gasifier. 

However, gasification produces syngas, whereas pyrolysis produces both syngas and bio-oil 

vapors (Reed and Das 21). When using the syngas as a heating jacket, the appropriate furnace 

MOC would prevent the Syngas from corroding the walls of the furnace. Since bio-oil vapors 

usually contain acids and other corrosive chemicals, a pilot scale pyrolysis furnace designed with 

a heating jacket must first be analyzed to determine the effects of the bio-oil vapors.   

The bio-oil and syngas are recovered because they are sellable products and their capture 

would reduce the plant’s environmental impact. Currently, they are left as crude by-products. 

Lab tests must be performed in order to determine their true compositions before any purification 

processes can be designed. Unreacted carbon is also recovered but must be analyzed to see if it 

can be recycled to the pyrolysis process.  

The coconut char can be converted to activated carbon by physical or chemical 

activation. In chemical activation, the raw coconut shells are doped with a chemical agent such 

as ZnCl2 and H3PO4, and then heated to a moderate temperature between 400 and 800 °C (Sai et 

al. 3625). The pyrolysis and activation steps occur at the same time, and produce an activated 

carbon with an open, macroporous structure (Apelsa Carbones). In physical activation, the 

coconut shells are first pyrolyzed, as described earlier, and reacted with an oxidizing gas stream 

such as H2O or CO2 at 900 °C or higher (Sai et al. 3625). The resulting activated carbon has a 

finer structure and smaller pores, making it better suited for absorbing small particles in liquid 

and gas streams (Apelsa Carbones). 
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Physical activation is chosen over chemical activation for this process. While chemical 

activation requires lower reaction temperatures and less energy to produce the steam, the harsh 

doping agents are hard to remove at the end of the process and remain trapped in the activated 

carbon. However, these agents can later desorb, releasing the chemicals into the liquid or gas that 

is being purified with activated carbon (Sai et al. 3625). Physical activation only uses steam, so 

no chemicals are trapped in the final product. In addition, the macropores produced by chemical 

activation have a low surface-area to volume ratio and are too large to trap contaminants 

selectively (Sai et al. 3627). Only physical activation generates the smaller pores needed to 

remove the contaminants from flue gas. Because chemical activation does not produce the right 

grade of activated carbon for flue gas treatment, physical activation was chosen despite its higher 

temperature and energy requirements. Water is chosen over CO2 as the oxidizing gas because of 

its lower cost and environmental impact. 

A stoichiometric amount of O2 is fed to the FBR to combust the CO and H2 formed 

during the carbon activation reaction. The O2 must be fed to the top of the reactor to avoid 

contact with the coconut char, since the O2 and the char would combust (Reed and Das 24). The 

steam activation reaction is endothermic and requires a large heat input to the FBR. However, 

this energy can be provided entirely by the complete combustion of CO and H2, which generates 

twice the amount of energy needed to drive the activation reaction. In addition, combustion 

transforms the byproducts into CO2 and H2O, which can be recycled to the pyrolyzer and FBR. 

The water that is consumed in the activation reaction is therefore regenerated by the combustion 

reaction, drastically reducing the net water consumption in the process. The calculations for the 

energy consumption and generation inside the FBR can be found in Appendix A.1.  

The steam in stream 23 is condensed to separate the water from the CO2 produced. The 

water is recycled to minimize utility costs, while the CO2 is sent to the pyrolysis stage to feed the 

pyrolyzer and reduce CO2 costs. The steam is condensed at 40 °C to remove most of the water 

from the vapor stream, in accordance with Raoult’s law.  

𝑥𝑖𝑃∗ =  𝑦𝑖𝑃           (10) 

As the condensation temperature decreases, the water vapor fraction decreases, so that more 

water is removed from the vapor stream. However, more cooling water is needed to run the 

condenser at lower temperatures, so an intermediate temperature of 40 °C is chosen to achieve a 

high degree of water condensation with a reasonable amount of cooling water use. The 

condenser calculations can be found in Appendix A.2. 
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Due to the amount of energy needed to produce steam at 900 °C as well as the large 

amount of heat released by the FBR, a heat exchanger network is used to recycle heat as much as 

possible. The recycled water in stream 27 is used to cool the hot steam and CO2 leaving the FBR 

in stream 21. The water evaporates and is fed into the FBR as steam in stream 28. Because the 

steam is colder than 900 °C, it is rapidly heated near the FBR inlet to 900 °C before it enters the 

reactor center. Make-up water in stream 30 is fed through a cooling jacket around the FBR to 

remove heat from the FBR and preheat the water to make steam for the reaction. The remaining 

heat from the FBR is captured by a third water stream, which is converted to steam that can be 

sold to the utility grid or used to generate power. Because the steam needed for the process can 

be produced with no net input of energy and only a small input of make-up water, this heat 

exchanger network drastically decreases the utility and raw material requirements. Detailed heat 

integration and water flow rate calculations can be found in Appendix A1. 

Overall, the process is designed be efficient and reduces utility consumption. Much of the 

design involves making reasonable assumptions that are supported by literature as well as 

creating Chemcad simulations that are deemed to accurately model the system. To make the 

process as practical as possible, data from scientific papers is used for the design parameters if 

they are available. Certain assumptions in the process may not be realistic, but at this stage of the 

project, the overall design provides a good direction as to where the project should be headed in 

the future.  

Section 3 – Equipment Description, Rationale, and Optimization 

 This plant utilizes a variety of equipment to produce activated carbon. The unit 

operations are chosen and designed according to heuristics from Seider and Turton. This section 

explains the design of each equipment and provides reason as to why certain heuristics are not 

followed. Calculations for the equipment are in Appendix A.2 and Chemcad simulations are in 

Appendix D. Specifications of the equipment are found in tables 4 through 10. 

3.1 – Heat Exchangers 

 The heat duties for E-101, E-102, and E-203 are obtained from Chemcad. All the heat 

duties and other specification are listed in table 3.  Following a heuristic in Seider, the heat 

exchangers are external shell-and-tube with countercurrent flow (Seider 175). They have 

floating-heads in order to eliminate the differential expansion between the shell and tubes caused 

by the large temperature differences of the inlet streams (Seider 480). The tube side contains the 
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corrosive, fouling, and high-pressured fluids and the shell side contains the viscous and 

condensing fluids (Turton 381). All the heat exchangers, with the exception of E-101, obey this 

heuristic. Stream 4 is at a higher pressure than stream 13, but stream 13 holds the more corrosive 

gases. Therefore, stream 4 is on the shell side since it is more important for the corrosive fluid to 

be in the tube side. 

 The minimum temperature approach is 28 °C for E-101, E-102, and E-201 because at 

least one of their inlet streams is greater than 149 °C. The minimum temperature approach is  

11 °C for E-101 and E-201 since none of their streams exceed 149 °C (Seider 175). The pressure 

drop for E-102 and E-203 is 0.1 bar because they are condensing streams 14 and 23 respectively. 

The pressure drop for E-101, E-201, and E-202 is 0.2 bar because the process streams are gases 

(Seider 176). The total surface area of each heat exchanger is estimated from the following 

equation:  

𝑞 = 𝑈𝐴𝐹∆𝑇𝐿𝑀 (11) 

Turton suggests using F = 0.9 for conservative estimates, U = 850 W/m2°C for condensing 

streams, U = 60 W/m2°C for liquid to gas streams, and U = 30 W/m2°C for gas to gas streams 

(Turton 381).  

 Bothe the shell and tubes of E-201, E-202, and E-203 are made out of carbon steel. The 

shells contain water and the tubes contain CO2 and water. These species are not expected to do 

much damage to the shell and tubes. The shells of E-101 and E-102 are made of carbon steel 

since CO2 passes through E-101’s shell and water passes through E-102’s shell. The tubes of E-

101 and E-102 are made of stainless steel because the bio-oil vapors and syngas are corrosive 

(Asia Industrial Gases Association).   

3.2 – Vessels 

  The specifications for the vessels are in table 4. V-101 stores solid unreacted carbon. It is 

made out of carbon steel because the solids are stable and will not damage the vessel. It is 

oriented vertically so that it can hold the carbon. Using the daily production of unreacted carbon 

and its density, the vessel has the capacity to hold one day’s worth of solids as its fate is 

currently unknown. The vessel is 1.4 meters tall and has a diameter of 2.4 m. It is designed to be 

short so that the solids would be easily accessible. As stated in Section 1.3, Guerrero, Mexico has 

earthquakes; therefore, it is safer to have a short vessel since a taller one has a higher risk of 

collapsing during an earthquake. 
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 Vessel V-102 stores liquid bio-oil and water. It is designed to have the capacity to hold 

one day’s worth of bio-oil before it is sold to market. It is made out of stainless steel since the 

bio-oil has corrosive species. The vessel is oriented horizontally for the same earthquake safety 

reason as V-101.  

 Vessel V-103 a/b stores Syngas. It is designed to handle a pressure of 77 bar, which is 

similar to the pressure of CO2 tanks (National Rifle Association). V-103 a/b has the capacity to 

hold one batch’s amount of syngas. The syngas is expected to be processed after the completion 

of one batch in order to minimize the number of vessels on site. Since the syngas enters V-103 at  

331 °C, the necessary volume is 109 m3. Even though the gas will cool down and the volume 

will decrease, it is safer to have a higher volume than to exceed the operating pressure. 

  The syngas is stored in two vessels, each with a volume of 55 m3, to avoid having one 

gigantic vessel. Having two vessels on site will also allow for one vessel to be processed while 

the other vessel is being filled up. The vessels are made out of low alloy steel because the syngas 

contains hydrogen (Seider 575). The vessels are horizontally oriented for the same safety reason 

as V-101 and V-102. The internal diameter is assumed to be 3.4 m to fall in the range of 0.9 < Di 

< 3.6 ft provided in Seider (574). Given the volume and, the length is 6.1 m.  

3.3 – Reactors and Heaters 

 Specifications for the reactor and heaters are available in table 5. According to Seider, 

fired heaters are used as reactors and for pyrolysis of organic chemicals (Seider 583). H-101 is a 

fired heater tower used to pyrolyze the coconut shells to char. It also functions as a reactor since 

reactions 1-5 occur inside it. H-101 has a volume of 15.2 m3. The volume consists of 11.2 m3 for 

the coconut shells and an additional 4 m3 shared between the top and bottom of the tower for the 

incoming and outgoing gases. The CO2 stream enters from the bottom and the bio-oil vapors, 

steam, and syngas leave from the top of the tower. It is made out of stainless steel to account for 

the corrosive nature of the gases. The fired tower is vertically oriented and has a thicker wall to 

withstand earthquakes.    

Low pyrolysis temperatures increase char yield but also leave higher amounts of 

volatiles, and high temperatures reduce char yield (Sundaram and Natarajan 36). A temperature 

of 600 °C results in stronger char with low amounts of volatiles and an average char yield of 

27% (Olontsev et al 48). Higher strength in char will increase the activated carbon yield since the 

char will retain its structure during the activation process. Low volatile content in char requires 
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less energy during the activation process. Following the methods in Li et al., the coconut shells 

are held at 600 °C for 2 hours (191). 

The shells are heated to 600 °C at a rate of 20 °C/min. For slow pyrolysis, a lower 

heating rate is required for higher char yield. Faster heating rates result in higher gas yields and 

lower char yields (Sundaram and Natarajan 36). However, the heating rate should not be too 

slow that it would just waste time when a higher heating rate would have also resulted in the 

same char yield. For a final temperature of 600 °C, a heating rate of 10 °C/min had a char yield 

indistinguishable from that of the 20 °C/min heating rate (Li et al. 193). Therefore, a heating rate 

of 20 °C/min is chosen because it is two times faster than the 10 °C/min. 

 H-101 is currently designed without a heating jacket. A heating jacket is an outside 

container encompassing H-101 in which the outgoing gases exit through the opposite end of the 

tower. This utilizes the energy of gas to heat the inner walls of H-101. A bench-scale jacketed 

heater must first be tested before installing a heating jacket to H-101.  

The activation reaction is done in a fluidized bed reactor, R-201. The FBR is chosen over 

other reactors because of its high energy efficiency and better product quality. Traditionally, the 

activation process has been done in packed bed reactors (PBR’s) and rotary kilns, which are 

“energy intensive with poor gas-solid contact,” (Sai et al. 3625). The reactants of the activation 

reaction are in different phases, so good solid-gas contact is crucial for the activation step. 

Fluidized bed reactors are known to achieve a high level of solid-gas contact through fluidization 

and mixing, as well as excellent mass and heat transfer properties, resulting in high level of gas 

reactivity (Sai et al. 3625).  

Fluidized bed reactors are also much more consistent in their product quality than rotary 

kilns and PBR’s. Because the char inside a rotary kiln is not well-mixed and is completely 

stationary in a PBR, it will likely experience cold and hot spots, especially near the kiln walls 

and flame dispersion area. The hot spots will ruin the structural strength of the product and over-

expand the pore size from the desired diameter. The cold spots in the kiln will produce carbon 

with a mediocre level of activation. In contrast, the high degree of fluidization in the FBR 

ensures that the steam and char particles are evenly mixed, ensuring a consistent product quality. 

The steam activation time is set at one hour to balance the trade-off between yield and 

product quality. For short reaction times, the yield of activated carbon (as a percent of the mass 

of coconut char fed into the reactor) is high, but the carbon oxidized by the process is burned 

away so quickly that large macropores develop (Li et al. 196). As a result, the activated carbon 
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might be unsuitable for use in gas treatment if the pores are too large. As the reaction time 

increases, the pore size decreases, at the cost of a reduced yield (Li et al. 194 – 196). An 

intermediate activation time of one hour is chosen, as it results in a decent yield of 55%, an 

average pore size of 3 nm and a surface area density of 1000 m2/g when the reaction is run at  

900 °C (Li et al. 196), which matches the specifications of commercial activated carbon that is 

currently used in gas treatment (Calgon Carbon).  

The reaction temperature is set at 900 °C because activated carbon produced below 900 

°C has a very low surface area density, which is considered poor quality. The surface area 

density slowly increases with temperature, and then suddenly jumps to a much higher value at 

900 °C, comparable to that of commercial activated carbon (Sai et. al. 3629). The reaction is not 

run at temperatures above 900 °C because the additional gain in surface area density does not 

justify the extra energy that would be needed to heat steam beyond 900 °C. The grade of 

activated carbon produced by steam activation at 900 °C is sufficient for gas treatment 

applications, and using reaction temperatures higher than 900 °C would be a waste of energy. 

Two cooling coils, H-201 and H-202, are wrapped around the FBR to transfer excess heat 

from the reactor to the water flowing in the cooling coils. Although the coils are treated as 

boilers in figure 6, they are actually metal tubes coiled around the reactor. The ‘boiler’ H-201 is 

an open-ended pipe that is fed into and coiled around the inside of the reactor before terminating 

inside the FBR. The cooling water flowing in H-201 is transformed into steam, and the steam is 

driven to flow into the large FBR by the sudden volume increase, providing some of the steam 

needed for the activation reaction. The second ‘boiler’ H-202 is a coil wrapped around the 

outside of the FBR and connected to the steam grid, since excess steam is produced by the heat 

transfer from the FBR to the coil, which can be sold for profits. 

The FBR is designed to make optimal use of the byproducts while preventing them from 

poisoning the reactant streams. As seen in figure 7, the FBR is split into four stages. Steam is fed 

into the FBR at stage 1 and passed through the suspended char in stage 2, allowing it to react 

with the char while fluidizing the char. The CO and H2 gas evolved by the activation reaction 

naturally rise to the top of the reactor. CO auto-ignites at 609 °C and H2 at 500 °C (Engineering 

Toolbox), far below the reactor temperature of 900 °C. Since O2 is needed to ignite CO and H2, 

O2 is fed into the reactor at stage 3 to drive the combustion of the gases to form H2O and CO2. 

The hot H2O and CO2 are driven upwards by the density gradient through stage 4 and out of the 

FBR through the outlet at the top, carrying any residual O2 upwards and away from the carbon 
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char below. This prevents the O2 and CO2 from falling to stage 2 and causing a mixed activation, 

since O2 and CO2 also activate the carbon but produce poorer product quality. The combustion 

reaction also converts the more dangerous CO and H2 into the more benign H2O and CO2, both 

of which can also be recycled to minimize material and utility costs. The FBR size calculations 

can be found in Appendix A2. 

 

 
Figure 7 – Schematic of the fluidized bed reactor stages. 

3.4 – Separators 

 Specifications for the cyclone and gravity separators are available in table 6. According 

to Seider, a cyclone is used to remove particulates with diameters greater than 0.01 mm from 

gases (178). A vertical knock-out drum with mesh pads is used to separate liquids from gases 

(Seider 178). Since stream 10 consists of gases carrying small solids, the cyclone S-101 is used 
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to remove the solids. If particulates less than 0.01 mm in diameter must also be removed, the 

stream composition must first be analyzed in order to determine the particle size and separation 

method. S-101 is made out of stainless steel because of the corrosive nature of the gas. 

 The vertical knock-out drum is assumed to be a vertical vessel with sieve plates 

functioning as mesh pads. As the gas flows up through the vessel, gravity separates the liquid 

from the gas. The purpose of the sieve plates is to help coalesce the droplets in the gas (Seider 

178). The number of plates is assumed to be five. There is a safety risk with the separators being 

vertically oriented, but they are designed to have a wall thickness that can withstand earthquakes. 

The vessel of S-102 is made out of low alloy steel because the syngas contains hydrogen. The 

plates are made out of stainless steel since the gas is corrosive. S-201 is made out of carbon steel 

since the gas and fluid are just CO2 and water. 

3.5 – Pumps, Blowers, and Compressors  

 Specifications for the pumps, blowers, and conveyors are available in table 7. Seider 

recommends a centrifugal pump for heads up to 975 m and flow rates in the range of 0.038 

m3/min and 19 m3/min (Seider 176). It is assumed that there are 4 control valves for each pump 

with a pressure drop of 0.69 bar for each valve (Ogden; Seider 177). There are also pressure 

drops ranging from 0.14 bar to 0.28 bar for pipe flow and elevation changes (Seider 177). Since 

the length of the pipe and the elevation changes are unknown, the total pressure drop is assumed 

to be 3 bars. The pump head of P-201 a/b, P-202 a/b and P-203 a/b is calculated to be 31 m. 

 The flow rates of P-202 a/b and P-203 a/b are in the range of flow rates for centrifugal 

pumps. The flow rate of P-201 a/b varies between 0.0053 m3/min and 0.059 m3/min. It is the 

highest for the first batch and decreases when the recycled water is available. Even though the 

lowest flow rate is out of range, P-201 must be capable of pumping 0.059 m3/min and is 

therefore designed for this flow rate. Since the flow rate and pump heads of P-201 a/b, P-202 a/b 

and P-203 a/b meet the criteria, these pumps are centrifugal pumps. The pumps have electric 

motors as centrifugal pumps are usually driven by electric motor (Seider 561). The power 

requirement depends solely on the motor’s efficiency and power consumption. The pumps are all 

made out of carbon steel since they are only pumping water. 

 The power requirement and exit temperatures of the blowers and compressors are 

obtained from Chemcad. Blowers are used when the gas pressure is raised up to 3 bar and 

compressors are used for gas pressures higher than 3 bar (Seider 176). C-102 a/b raises the 

pressure of stream 12 to 1.3 bar in order to overcome the combined pressure drop of 0.3 bar from 
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E-101 and E-102. B-201 a/b raises the oxygen pressure to 1.1 bar in order to transport it to the 

FBR. A fan could also be used for the oxygen; however, the discharge pressure of fans decreases 

as input flow rates increase (Seider 566). This would affect the flow rate of oxygen to the FBR. 

Blowers are more capable of delivering the oxygen at a constant flow rate. Both C-102 a/b and 

C-201 a/b are centrifugal blowers with electric motors because this type of blower is more 

commonly used in plants. They are made out of stainless steel because syngas, bio-oil vapors, 

and oxygen are corrosive.   

 Compressors are used to compress streams 1 and 17 because their discharge pressures are 

greater than 3 bar. C-101 a/b compresses stream 1 to 6.2 bar so that it can overcome the pressure 

drop in E-101 and enter H-101 at the desired 6 bar. C-103 a/b compresses stream 17 to 4 bar in 

order to fill V-103 with the syngas. Even though Seider recommends using two compressors for 

a compression ratio of 4 to 16, only one compressor is used for C-101 a/b and C-102 a/b (176). 

The reason for this is that compressors are so expensive that the cost to purchase four 

compressors, since each compressor must have a back-up, does not justify following Seider’s 

heuristic when two compressors are perfectly capable of doing the task at hand.  

 The centrifugal compressors are assumed to have an efficiency of 75% (Seider 75). Even 

though centrifugal compressors are less efficient and more expensive than other types of 

compressors, the fact that they can handle higher discharge pressures outweighs their costs since 

these compressors will save the plant from having to buy two extra compressors. Furthermore, 

centrifugal compressors are easier to control, have a smaller foundation, lower maintenance, and 

can deliver smoother flow rates (Seider 569). Therefore, all the compressors are centrifugal. 

They all have an electric motor since these types of motors can handle a wider range of power 

(Seider 569). C-101 a/b is made of carbon steel since the only gas is CO2. C-103 a/b is made out 

of stainless steel since syngas is corrosive. 

3.6 – Conveyors 

 Specifications for the conveyors are available in table 8. Belt conveyors are used to 

transport the coconut shells because the shells are not sticky and are larger in size (Seider 177). 

B-101 a/b and B-102 a/b are designed to transport 19,529 kg of shells to their destination within 

5 minutes. In order to fulfill this flow rate, the belts are 0.5 m wide.  

Screw conveyors are used to transport the char and activated carbon because they can 

tolerate higher temperatures than belt conveyors and they can protect the materials from dust and 

moisture (Seider 587). B-103 a/b and B-201 a/b are designed to transport 5,273 kg of char to 
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their destination within 5 minutes. To do so, the conveyors must have a diameter of 0.4 m. B-203 

a/b must have a diameter of 0.1 m to move 2,900 kg of activated carbon in 5 minutes. 

3.7 – Size Reducers 

 Specifications for the size reducers are available in table 9. Coconut shells are hard and 

abrasive as the shell fragments can have rough edges and sharp points. Following a heuristic in 

Seider, a jaw crusher is chosen to crush the shells because it is suitable for hard and abrasive 

materials (Seider 177). The jaw crusher has a higher crushing capacity and is capable of reducing 

the shell fragments to the desired size of 5 cm (Seider 585). K-101 requires 15 kW of power to 

crush 19.5 tonnes of coconut shells in 5 minutes. 

 A cone crusher is used to crush the char because the char is softer than the coconut shells 

(Seider 177). While the cone and jaw crushers have the same crushing capacity, the cone crusher 

is the only one that is capable of reducing the char to a smaller particle size of 1 cm (Seider 585). 

K-102 requires 11 kW to crush 5.7 tonnes of char in 5 minutes. 

Section 4 – Safety Issues 

4.1 – Safety Statement  

 Safety is always an important factor when dealing with machinery and chemicals. It is 

vital to identify all potential hazards in order to protect employees and prevent accidents from 

occurring. Exposure to hazardous chemicals, extreme high pressures and temperatures should 

always be a main priority when dealing with an industrial process. There should always be a 

safety protocol in case of accidents, such as explosions or exposure to toxic chemicals. A well 

written protocol will enhance the effectiveness with which people respond to accidents, reducing 

the amount of mistakes made in dealing with the accident. Although the activated carbon 

produced at the plant is relatively harmless, the process itself has some inherent dangers. First 

and foremost, the high temperatures present hazards to the equipment and workers. The materials 

of construction (MOC) become a serious consideration in everything from the piping to the 

reactors and heaters. The proposed design requires twenty nine distinct pieces of equipment, 

each with their own unique hazards. These pieces of equipment can be grouped into nine main 

categories of heat exchangers, pumps, reactors, physical separators, compressors, vessels, size 

reducers, conveyors, and blowers. 

 The heat exchangers deal with temperatures between 25°C and 900°C. The condensers, 

cooling jacket and other cooling apparatus fall in to non-hazardous temperature ranges. On the 
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other hand, the boiler and any pipe transporting the steam are under extreme temperatures that 

could easily scald a worker.  Because of this, thick kaowool insulation is strongly recommended 

for all of these hot spots. Furthermore, the material of construction is almost exclusively carbon 

steel, since brass and copper piping is more susceptible to rupturing from high temperatures up to 

900°C. In addition, any materials exposed to the hot streams over a long period of time can 

experience thermal aging, where the decomposition of the material is hastened by the high 

temperatures that increase reaction rates, and undergo mechanical failure prematurely. The 

biggest hazard from these pieces of equipment is in the form of leaks, which could release hot 

fluids. Operators should exercise caution when working around the heat exchangers and should 

perform regular maintenance to check for signs of fatigue and potential leaks. 

 The pumps have risks associated to their rotating shafts, which are usually exposed 

because of clearance between the actual pump and its motor. If any loose clothing were to 

contact these moving shafts, there is a huge potential for injury. The pumps can overheat and can 

cause severe burns if they are used for extended periods of time and are not properly maintained. 

If overheating occurs, the pumps should be temporarily turned off and allowed to cool back to 

the proper operating temperature. In addition, the pump material should be checked for fatigue 

and thermal aging, and replaced if there are signs that the pump has become too weak or fatigued 

to operate safely. 

There is a possibility of injury while workers are operating the process equipment. 

Because of the safety hazards associated with handling machinery, such as the physical 

separators, conveyors, and size reducers, all employees should be properly trained before 

operating any of the equipment in the facility. Examples of specific training should include 

lockout/tag-out procedures in order to avoid injury from all of the energized equipment.  

Operators should assume that the equipment retains energy in the form of electricity, 

momentum, pressure, or heat even while the equipment is not actively functioning.  Locking 

the operator controls enables workers to safely work on equipment without the risk of someone 

else starting up the device while it is being serviced. Fall prevention skills should be developed 

because of the numerous pumps and industrial equipment onsite. Workers should become 

familiar with using respirators since it is likely that the activated carbon dust will contaminate 

the work area.   

During normal operation, the compressor can get very hot and will cause burns at these 

temperatures when contacted with exposed skin. Operators should therefore take care to avoid 
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contact with the compressor while it is in operation. Because of the high pressures the 

compressors are subjected to, safety valves and silencers for these safety valves should be 

requested upon ordering the compressors. No compressor, even with extra safety features, is 

immune to malfunction, particularly surging. Instances such as these can over stress the 

plumbing and solder joints leading to failures and leaks. The rotating impeller inside the 

centrifugal pumps to be used should be sealed, but can still be hazardous when the compressors 

are taken apart for overhauls. Explosion-proof material or shielding can also be considered to 

further minimize the risk of a catastrophic mechanical failure of the compressors.    

Even after the products have been successfully created, storage of the syngas and bio-oil 

poses some risk. If there is a reaction with the bio-oil and the vessel container wall, corrosion 

could occur and fuel may leak out, which poses a large fire hazard (Cloutier and Cushmac 252). 

Because of this risk, it is recommended the inside of the vessel wall be lined with polyethylene. 

Storing the syngas also poses some obvious risk, as any leak would pose an immediate 

explosion hazard for the facility. It is recommended the syngas vessel be stored at a safe 

distance away from the workers. 

In addition to the physical hazards, the multiple chemicals present in the process must 

also be considered, as seen in table 12. Tables 12 and 13 address species of interest in the 

process. The pyrolyzer releases chemical volatiles, which are securely captured, but a leak of 

these volatiles would increase the risks of fire or explosions (Cloutier and Cushmac 200). Inside 

the FBR, hydrogen is generated, which poses an immediate risk for explosion if there is any leak 

in the reactor vessel wall. Because of this, a reinforced reactor wall is recommended.   

An important thing to note about the activated carbon is that it likes to absorb oxygen 

from the air, hence the reason as to why storage in an air-tight container is highly recommended 

(table 12). The product also has an amazing ability to hold oxidizing agents in its pores, such as 

ozone, so it should be kept away from these substances. Even in the powdered form of the 

product, there is no risk of an elevated dust explosion because the carbon particles have an 

extremely high ignition temperature (Envirotrol Inc.).   
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Table 12 Safety considerations for activated carbon and hydrogen (Envirotrol Inc.; Praxair) 

Name Activated Carbon Hydrogen 

Description Black, Odorless, Pelletized, 
Powder Colorless gas 

Health 
Hazards 

 Inhalation risk in powdered 
form Asphyxiant 

First Aid 

Inhalation: Remove to fresh air. 
Skin Contact: Wash away 
Eye Contact: Flush eyes 

thoroughly with warm water for 
15 minutes. 

Call a physician. 

Inhalation: Remove to fresh air. 
Ingestion: Not a typical route of 

exposure for a gas. 

Flammability Not flammable. Extremely Flammable 

Reactivity Stable compound; No elevated 
dust explosion risk 

Stable. Reactive with oxidizing 
materials. 

Personal 
Protective 
Equipment 

(PPE) 

Safety glasses, 
 Use air supplied respirators if 

ventilation is inadequate. 

Respirator. 
 

Storage & 
Handling 

Store in sealed, air-tight 
containers 

Keep away from elevated 
temperatures. 

Disposal No special disposal required.  
Option to recycle material.  Aeration 

Accidental 
Release 

Use self-contained respirators if 
needed. Ventilate the area or 
move container to ventilated 

area. Test for sufficient oxygen 
before reentry. 

Use self-contained respirators if 
needed. Ventilate the area or 
move container to ventilated 
area.  Call Fire Department 

Transportation Transport in well sealed 
containers. 

Transport in well sealed 
containers. 

Reference MSDS Activated Carbon MSDS Hydrogen 
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Table 13 Safety considerations for carbon monoxide and carbon dioxide (Praxair) 

Name Carbon Monoxide Carbon Dioxide 
Description Colorless Gas Colorless gas 

Health 
Hazards Asphyxiant, Flammable Asphyxiant 

First Aid 

Inhalation: Remove to fresh air. 
Skin Contact: Wash away 
Eye Contact: Flush eyes 

thoroughly with warm water for 
15 minutes. 

Call a physician. 

Inhalation: Remove to fresh air. 
Ingestion: Not a typical route of 

exposure for a gas. 

Flammability Flammable. Not Flammable 

Reactivity Stable compound, reactive with 
oxidizing material Stable 

Personal 
Protective 
Equipment 

(PPE) 

Air supplied respirator. Respirator. 
 

Storage & 
Handling 

Store in sealed, air-tight 
containers 

Store in sealed, air-tight 
containers 

Disposal                        Aeration Aeration 

Accidental 
Release 

Use self-contained respirators if 
needed. Ventilate the area or 
move container to ventilated 
area. Call Fire Department 

Use self-contained respirators if 
needed. Ventilate the area or 
move container to ventilated 

area.  Test for sufficient oxygen 
before reentry. 

Transportation Transport in well sealed 
containers. 

Transport in well sealed 
containers. 

Reference MSDS Carbon Monoxide MSDS Carbon Dioxide 
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4.2 – Select Equipment HAZOPS 

Table 14 Fired heater HAZOP 

Project Name: Activated Carbon from Coconut Shells Date: 4/12/12  Page      1   of    2 
 Process Equipment (PFD #): Fired Heater H-101         
 Section: Pyrolysis  Reference Drawing: PFD Area 100   

Item 
Study 
Node 

Process 
Parameters Deviations  Possible Causes Possible Consequences  Action Required Assigned To:    

1 
Interior 
Chamber 

Temperature None 1. No power *No char for activated carbon 1. Check heat source Operator 

  
   High  1. Exothermic Reaction. Too 

much power 
*Char is burnt to ash, cannot make 
activated carbon 

1. Turn off heat source. Let it cool down Engineer 

  
   Low 1. Endothermic reaction. Not 

enough power 
*No char for activated carbon 1. Increase power Engineer 

               

  
 Pressure High 1. Outlet is blocked Gas exits 

slowly. 
*Chamber may rupture, no char for 
activated carbon 

1. Check that exit streams are not 
blocked. Reduce incoming gas flow rate 

Operator 

  
CO2 Inlet Flow None 1. Blower not working *Not removing volatiles from char, 

affects quality of activated carbon.  
1. Check blower is on Operator 

       2. No CO2   2. Check amount of CO2 Operator 

  
   High 1. Blower set to high flow rate *Increase pressure in vessel. Char 

may leave vessel.  
1. Decrease flow rate Operator 

  
   Low 1. Blower set to low flow rate *Not removing volatiles from char, 

affects quality of activated carbon 
1. Increase flow rate Operator 

  
 

            

  
 Temperature High 1. Heat exchanger hot stream too 

hot 
*Burned char, affects quality of 
activated carbon. 

1. Check heat exchanger hot stream Operator 

  
   Low 1. Heat exchanger hot stream not 

hot enough 
*Increase heat requirement in 
chamber. 

1. Check heat exchanger hot stream Operator 

  

Coconut 
Shells 
Inlet 

Flow None 1. Screw conveyor not working *No char production 1. Check conveyor is working Operator 

  
   High 1. Screw conveyor set to high 

flow rate 
*May damage screw conveyor 1. Decrease flow rate Operator 

  
   Low 1. Screw conveyor set to low 

flow rate 
*Wasting time 1. Increase flow rate Operator 

               

  
 Temperature High 1. Unknown heat source, crusher 

is transferring heat  
*Affect char quality for activated 
carbon 

1. Check temperature of crusher Operator 
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Project Name: Activated Carbon from Coconut Shells Date: 4/12/12  Page      2  of    2 
 Process Equipment (PFD #): Fired Heater H-101 

 Section: Pyrolysis  Reference Drawing: PFD Area 100   

Item 
Study 
Node 

Process 
Parameters Deviations  Possible Causes Possible Consequences  Action Required Assigned To:    

1 
Gas 
Outlet 

Temperature None 1. Chamber heat source not 
working 

*Not heat for heat exchanger 1. Check heat source Operator 

  

   High 1. Heat source providing too 
much heat. Exothermic reaction 
in chamber 

*Heat exchanger hot stream will be 
too hot, make CO2 inlet stream too 
hot 

1. Check heat source Engineer 

  

   Less 1. Heat source providing too 
little heat. Endothermic reaction 
in chamber. 

*Heat exchanger hot stream will not 
be hot enough to heat CO2 stream. 

1. Check heat source Engineer 

               

  

 Pressure High 1. CO2 flow rate too high. Gas 
reaction runway, too much gas 
production. Outlet blocked or 
hindered. 

*Different Syngas product ratios 1. Decrease CO2 flow rate Engineer 

               

  

 Flow None 1. CO2 not flowing, outlet 
blocked 

*Chamber may rupture, no syngas 
production, no heat source for heat 
exchanger 

1. Check outlet and CO2 flow rate Engineer 

  
   High 1. CO2 flow rate too high.  *Too much heat for heat exchanger. 

CO2 inlet too hot. 
1. Decrease CO2 flow rate Operator 

  
   Low 1. Low CO2 flow rate.  *Not enough heat for heat exchanger. 

CO2 inlet not hot enough. 
1. Increase CO2 flow rate Operator 

               

  
Char 
Outlet 

Temperature None 1. No heat in chamber *No char for activated carbon 1. Check chamber heat source Operator 

  
   High 1. Chamber too hot *Burnt char, affect quality of 

activated carbon 
1. Check chamber heat source Operator 

  
   Low 1. Chamber not hot enough *Poor char quality for activated 

carbon 
1. Check chamber heat source Operator 
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Table 15 Condenser HAZOP 

Project Name: Production of Activated Carbon   Date: April 06, 2012 Page: 1 of 3   
Process Equipment (PFD #): Condenser E-203         
Section: 200       Reference Drawing: PFD of Production of Activated Carbon   

Item 
Study 
Node 

Process 
Parameters Deviation Possible Causes Possible Consequences Action Required Assigned To 

2 Feed  Flow of CO2  No 1. Closed outlet valve on FBR * No water condensed or recycled, 1. Consider a valve that fails open. Engineer 
  Stream and H2O   2. No reaction/material in FBR leading to a steam shortage in      
   (inlet)     3. Vapor steam condensing in subsequent reactions. 2. Install alarm/sensor to Engineer 
        previous heat exchanger. * Excess heat retained in system, indicate if there is material   
          damaging equipment. inside the reactor.   
      Less 1. Valve on FBR partly closed * Not enough water recycled; 1. Consider a valve that fails open. Engineer 
        2. Some vapor condensing in leading to steam shortage. 2. Install a flow meter to   
        previous heat exchanger. * Previous HX damaged by regulate flow of cooling Engineer 
          condensation. water in previous HX.   
      More 1. More raw material in FBR  * More water condensed and recycled 1. Install a flow regulator and flow Engineer 
        than expected; more gases than needed; extra energy must be splitter to accommodate overflow.   
        evolved as byproducts. supplied by FBR to heat and vaporize     
          all incoming water to form steam. 2. Design condenser using stronger Engineer 
        2. Higher temperatures lead to * Condenser can experience a higher materials that can withstand higher   
        volume expansion of the gases. pressure to accommodate more gas at pressures and temperatures.   
          a fixed volume, and can be damaged or     
          experience a gas leak.     
    Temperature High 1. Not enough cooling water for * Less water will be condensed 1. Consider valves that fail open Engineer 
        previous heat exchanger (flow for the same amount of cooling and more powerful pumps.   
        rate of CW too low). water, causing a steam shortage. 2. Install flow meter to regulate Engineer 
        2. Gas products leaving FBR  * More water vapor entrained in cooling water flow rate.   
        hotter than expected. CO2 stream leaving condenser, 3. Install O2 flowmeter and  Engineer 
        3. Trace amounts of alternative which can affect the yield of the regulate T, P to ensure stoichio-   
        byproducts with higher heat pyrolyzer (which uses the metric feed of O2 to FBR to fully   
        capacities than H2O and CO2. recycled CO2). react byproducts.   
      Low 1. Too much cooling water in  * More water condensed and 1. Insulate pipe between previous Engineer 
        previous heat exchanger. recycled than needed; extra steam heat exchanger and condenser.   
        2. High heat loss rates in piping results in higher pressures in pipes. 2. Provide stoichiometric amount Engineer 
        between HX and condenser. * Condensed water leaves  of O2 to fully react byproducts.   
        3. Trace amounts of byproducts condenser at lower temperatures 3. Install flow regulator for cooling Engineer 
        with lower heat capacities. than expected; need more energy  water in previous heat exchanger.   
          to revaporize water to form steam. 4. Design larger steam pipes to Engineer 
            reduce pressurization.   
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Project Name: Production of Activated Carbon   Date: April 06, 2012 Page: 2 of 3   
Process Equipment (PFD #): Condenser E-203         
Section: 200       Reference Drawing: PFD of Production of Activated Carbon   

Item 
Study 
Node 

Process 
Parameters Deviation Possible Causes Possible Consequences Action Required Assigned To 

2 Condenser  Flow of CO2  No 1. Valve on FBR closed. * No water recycled to FBR 1. Consider a valve that fails open. Engineer 
  Coil and H2O   2. No reaction/material in FBR. * Excess heat not removed from FBR 2. Install flow regulator for CW. Engineer 
        3. All vapor condensing in HX. *HX damaged by condensation. 3. Install alarm for reactor. Engineer 
      Less 1. Valve on FBR partly closed. * Not enough water recycled to FBR. 1. Insulate condenser inlet. Engineer 
        2. Vapor condensing in HX. * Previous HX damaged by 2. Consider a valve that fails open. Engineer 
        3. Vapor condensing at inlet. condensation. 3. Install flow regulator for CW in Engineer 
            previous heat exchanger.   
      More 1. More raw material in FBR * More water recycled than needed; 1. Design condenser with stronger Engineer 
        than expected --> more gas extra energy needed to vaporize water material to withstand higher P.   
        produced as byproducts. to produce steam (to feed into FBR). 2. Maintain condenser column and Engineer 
        2. Cooling water leaking into * Condenser might experience higher check for leaks.   
        condenser and mixing with gas pressure to accommodate increased 3. Install relief valve to release Engineer 
        stream. mass of steam at constant volume. excess steam and reduce pressure.   
    Temperature High 1. Not enough cooling water * Too much water remains in vapor 1. Increase cooling water flow. Operator 
        fed to condenser. phase; not enough is condensed and 2. Install flow meter for CW. Engineer 
        2. Gas stream coming in too hot. recycled to FBR to provide steam. 3. Design evaporative cooling  Engineer 
        3. Too much gas coming in. * Condenser can experience higher system for incoming CW.   
        4. CW coming in too hot. pressure; weakening and cracking. 4. Design condenser with material Engineer 
            with higher thermal conductivity.   
      Low 1. Too much CW to condenser. * Low pressure in condenser; may  1. Decrease cooling water flow. Operator 
        2. CW coming in too cold. draw a vacuum.     
        3. Low gas flow into condenser. * Too much water condensed and  2. Install a flow meter to regulate Engineer 
        4. Gas coming in too cold. recycled to FBR; more energy needed the flow of cooling water.   
        5. Heat lost to surroundings. to vaporize all the water to form steam.     
    Pressure Low 1. Too little gas entering. * Too much water remains in vapor 1. Install pressure gauge/alarm. Engineer 
          phase; not enough recycled to FBR. 2. Add flow regulators. Engineer 
        2. Temperature too low.   3. Add inert gas feed to pressurize Engineer 
            condenser.   
      High 1. Temperature too high. * Too much water condensed and  1. Increase CW to decrease T. Engineer 
          recycled to FBR; more energy needed 2. Install pressure gauge/alarm. Engineer 
        2. Too much gas entering. to vaporize all the water to form steam. 3. Install flow regulator for CW. Engineer 
          * Gas leaks may develop. 4. Build condenser out of stronger Engineer 
            materials.   
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Project Name: Production of Activated Carbon   Date: April 06, 2012 Page: 3 of 3   
Process Equipment (PFD #): Condenser E-203         
Section: 200       Reference Drawing: PFD of Production of Activated Carbon   

Item 
Study 
Node 

Process 
Parameters Deviation Possible Causes Possible Consequences Action Required Assigned To 

2 
Exit 

Stream Flow (Liquid) No 1. No condensation of gas stream * Too much water in CO2 stream 1. Replace cooling water pump in Operator/ 
        (no CW fed to condenser). recycled to pyrolyzer; reduced yield. case of pump failure. Engineer 
        2. No entering gas stream. * No water recycled to FBR. 2. Consider valve that fails open. Engineer 
      Less 1. Not enough CW for condenser. * Not enough water recycled to FBR. 1. Adjust cooling water flow. Operator 

        
2. Too little gas entering 
condenser. * Too much water fed to pyrolyzer. 2 Install flow meter to regulate CW. Engineer 

      More 1. Condenser too cold. * Too much water recycled to FBR. 1. Install a temperature sensor. Engineer 
        2. Too much cooling water. More energy needed to vaporize water. 2. Install flow meter to regulate CW. Engineer 
            3. Adjust cooling water flow. Operator 
    Flow (Gas) No 1. FBR valve closed. * No CO2 supplied to pyrolyzer; no 1. Consider a valve that fails open. Engineer 
        2. No product stream from FBR. pyrolysis will occur 2. Install a sensor/alarm to indicate Engineer 
            if there is material inside the FBR.   
      Less 1. CO2 leaking from condenser. * Gas leak can asphyxiate workers. 1. Maintain condenser; check for leaks Engineer 

        2. Too little gas entering. 
* Not enough CO2 supplied to 
pyrolyzer 2. Consider FBR valve that fails open. Engineer 

      More 1. Not enough CW fed to  * Exit pipe/tube can be pressurized; 1. Install relief valve to vent extra gas. Engineer 
        condenser; too little condensation. condenser can burst. 2. Design wider exit pipe to decrease Engineer 
        2. High incoming gas flow rate. * Not enough water recycled to FBR. pressure.   
    Temperature High 1. Not enough CW to condenser. * Higher gas volume can stress piping. 1. Install flow regulator for CW. Engineer 
          * Outgoing water too hot to absorb all 2. Design exit pipe with material with Engineer 
        2. Inlet gas flow rate too high. excess heat from FBR; potential to  higher thermal conductivity.   

          
overcook char and form NOX near 
FBR 3. Install fan near condenser exit. Engineer 

      Low 1. Too much cooling water. * More energy needed to evaporate all 
1. Install flow meter to regulate flow of 
cooling water. Engineer 

        2. Excessive heat loss at exit. 
the outgoing water to form steam at 
800 °C (to feed into FBR as steam).   Engineer  

        
3. Inlet gas flow too low for fixed 
cooling water flow rate.   

2. Insulate the piping exiting the 
condenser.   
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Table 16 Fluidized bed reactor HAZOP 

Project Name: Production of Activated Carbon   Date: 4/13/12 Page: 1 of 3   
Process Equipment (PFD #): Fluidized Bed Reactor R-201        
Section: 200       Reference Drawing: PFD for Production of Activated Carbon (Area 200)   

Item Study Node Process Parameters Deviation Possible Causes Possible Consequences Action Required 
Assigned 

To 

3 Feed Stream Flow rate of Steam None 1. Faulty Boiler * Excess oxygen and no product 
1. Install flow-meter for steam 
inlet Engineer 

  (inlet)     2. Closed Steam Valve    With alarm for loss of flow.   
        3. Leak in the line   2. Emergency shut off for boiler Engineer 

          * Damage/Injuries from leaking 
If producing steam yet not 
reaching   

          Super-heated steam. Aforementioned flow-meter.   
      Low 1. Partially closed steam valve * Excess oxygen and bad yield. 1. Automated Steam valve Engineer 
        2. Peak City Water Usage time   2. Invest in a water tower that   
          * Overheated water supply in boiler. Can supply make-up water during Engineer 
            Peak water usage times.   
      High 1. Water supply surge from * Abnormal rise in pressure. 1. Install emergency pressure Engineer 
        Hydrostatic tank or city * Under-heated steam with Relief valve.   
        2. Faulty boiler exit valve Insufficient energy to effectively 2. Install thermocouple at boiler   
          Carry out reaction. Exit as a means to monitor Engineer 
            Correct steam output, since   

            
 Flow rate of water should be 
fixed   

                
                
    Temperature High 1. Insufficient city water * Overheated equipment, steam is 1. On-site backup water supply Engineer 

        Supply. 
Already at 800 Celsius, further 
heating Suitable for boiler standards.   

          This steam could weaken the piping 2. Install fuel regulator for boiler Engineer 
        2. Excess Boiler Fuel  * The generation of super-critical     
          Steam would lead to much higher     
          Pressures in the line.     
                
                

      Low 
1. Poor insulation on piping 
and * Increased fuel flow rate 1. Thick insulation for piping and Contractor 

        Boiler.   Boiler.   
        2. Low fuel supply   2. Ample Fuel supply at all times Engineer 



46 
 

Project Name: Production of Activated Carbon   Date: 4/13/12 Page: 2 of 3   
Process Equipment (PFD #):Fluidized Bed Reactor R-201         
Section: 200       Reference Drawing: PFD for Production of Activated Carbon (Area 200)   

Item Study Node Process Parameters Deviation Possible Causes Possible Consequences Action Required 
Assigned 

To 

3 
Reactor 
Vessel  Flow of effluent None 1. Valve on FBR inlet closed. 

* Loss of function for most major 
equipment 1 Install GFCI outlets Electrician 

    
And fluidizing 

medium   2. Tripped circuit breaker *Loss of control and automation 
2. Install automated valve for 
vessel Engineer 

                

      Low 1. Valve on FBR partly closed. 
* Unsuccessful batch run, needs to be 
restarted  1. Install mesh screens to cover  Contractor 

        2. Clog in reactor valve from   Vessel inlet and outlet   
        Activated carbon pieces       
                

      High 1. Surge of Steam * Explosion 
1. Outfit reactor vessel to 
withstand Contractor 

            High pressures and install   
            Emergency relief valve   
                
                
                
    Temperature High 1. Runaway reaction,  * Explosion 1. Increase cooling water capacity Engineer 

        
Self-sustaining heat rate 

  
1. Outfit reactor vessel to 
withstand Engineer Greater than cooling rate 

            High pressures and install   
        2. Lack of cooling water in    Emergency relief valve   
        Cooling jacket.       
                
      Low 1. Excess Cooling water in  * H2 and CO gases not combusting,  1. Decrease cooling water flow. Operator 
        Cooling jacket. Leading to flammable gas exhaust     
        2. Cooling jacket water   2. Install a flow meter to regulate Engineer 
        Entering too cold   the flow of cooling water.   
                
    Pressure Low 1. Ruptured Vessel * Leaking of flammable gases 1. Retrofit vessel with secondary  Engineer 
            Containment.   
        2. Temperature too low.       
                
      High 1. Clogged exhaust valve * Explosion 1. Increase CW flow rate Engineer 
            2. Install pressure gauge/alarm. Engineer 
        2. Temperature too high   3. Install emergency relief valve   
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Project Name: Production of Activated Carbon   Date: 4/13/12 Page: 3 of 3   
Process Equipment (PFD #):Fluidized Bed Reactor         
Section: 200       Reference Drawing: PFD of Production of Activated Carbon (Area 200)   

Item 
Study 
Node 

Process 
Parameters Deviation Possible Causes Possible Consequences Action Required Assigned To 

3 
Exit 

Stream Flow (Liquid) No 1. No condensation of gas stream * Too much water in CO2 stream 1. Replace cooling water pump in Operator/ 
        (no CW fed to condenser). recycled to pyrolyzer; reduced yield. case of pump failure. Engineer 
        2. No entering gas stream. * No water recycled to FBR. 2. Consider valve that fails open. Engineer 

      Less 
1. Not enough CW for 
condenser. * Not enough water recycled to FBR. 1. Adjust cooling water flow. Operator 

        
2. Too little gas entering 
condenser. * Too much water fed to pyrolyzer. 2 Install flow meter to regulate CW. Engineer 

      More 1. Condenser too cold. * Too much water recycled to FBR. 1. Install a temperature sensor. Engineer 

        2. Too much cooling water. 
More energy needed to vaporize 
water. 2. Install flow meter to regulate CW. Engineer 

            3. Adjust cooling water flow. Operator 
    Flow (Gas) No 1. FBR valve closed. * No CO2 supplied to pyrolyzer; no 1. Consider a valve that fails open. Engineer 
        2. No product stream from FBR. pyrolysis will occur 2. Install a sensor/alarm to indicate Engineer 
            if there is material inside the FBR.   
      Less 1. CO2 leaking from condenser. * Gas leak can asphyxiate workers. 1. Maintain condenser; check for leaks Engineer 

        2. Too little gas entering. 
* Not enough CO2 supplied to 
pyrolyzer 2. Consider FBR valve that fails open. Engineer 

      More 1. Not enough CW fed to  * Exit pipe/tube can be pressurized; 1. Install relief valve to vent extra gas. Engineer 

        
condenser; too little 
condensation. condenser can burst. 2. Design wider exit pipe to decrease Engineer 

        2. High incoming gas flow rate. * Not enough water recycled to FBR. pressure.   

    Temperature High 1. Not enough CW to condenser. 
* Higher gas volume can stress 
piping. 1. Install flow regulator for CW. Engineer 

          
* Outgoing water too hot to absorb 
all 2. Design exit pipe with material with Engineer 

        2. Inlet gas flow rate too high. excess heat from FBR; potential to  higher thermal conductivity.   

          
overcook char and form NOX near 
FBR 3. Install fan near condenser exit. Engineer 

        
* More energy needed to evaporate 
all 

1. Install flow meter to regulate flow of 
cooling water. Engineer 
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Section 5 – Environmental Impact Statement 

Although activated carbon is used to remove harmful pollutants and toxins from the air, 

the process used to make it will release CO2, which is a greenhouse gas. One of the major 

benefits of this project is the significant mercury removal that will result from power plants using 

the product. The removal of mercury from the environment will lead to a significant increase in 

the quality of human and animal life.  

Mercury is a naturally occurring element in coal. After coal is burned in power plants, 

mercury is released in vapor form and eventually condenses, ending up in the soil or surface 

water. Once solubilized in water, microorganisms convert the mercury into methyl mercury, 

which can easily bio-accumulate. Mercury is a harmful toxin and is difficult for any organism to 

dispel after ingestion. About 50 tons of elemental mercury is released each year from coal 

burning in U.S. (EPA). The new regulations require a 90% percent reduction of mercury from 

these power plants.  

Because of the new MATS standards, the demand for activated carbon will increase as 

coal and oil-fired power plants fight to stay in compliance. There is a small risk for these new 

mandates to be minimized if it is not practical for the power plants to come into compliance and 

the pollution reduction technology supply is over-strained. By providing the market with a boost 

in activated carbon production, this operation will help minimize the risk of low sorbent supply. 

The study outlined herein is a life cycle assessment (LCA) for the mass production of 

high-quality activated carbon. The ultimate aim of the process is to be profitable and provide 

benefits to the environment with the products’ aftermarket use. With such goals in mind, the 

negative impacts of the energy, water, and resource consumption must be evaluated in addition 

to the pollutants the process emits, such as CO2. Only then can it be determined if the overall 

project positively impacts the environment.  

 This process produces multiple products and thus multiple functional units that will leave 

the facility. The main product is 5.3 million kg/yr of activated carbon, 6.77 million kg/yr of bio-

oils, and 8.1 million kg/yr of syngas. The activated carbon is for sorption purposes while the 

remaining two products are used as fuels. 

 There are two system boundaries for this gate-to-gate LCA denoted by the solid line box 

and dashed line box as seen in figure 8. The solid line box is the “Cumulative System 

Boundary”, which encapsulates both on- and off-site materials, energy consumed, and air/water 

emissions. The dashed boundary box encapsulates the on-site boundary accounting for raw 
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materials and energy. For this project, only the on-site boundary will be considered for the 

analysis since it is the focus of the project. 

 Overall, the yield of activated carbon from raw coconut shells is 15%., with the 

remaining components of the shell being extracted in the form of syngas and bio-oil. The only 

species not fully captured is the residual water and carbon dioxide. Transportation of this product 

will be through ships, semi-trucks and trains due to the large barrel size packaging and high 

volume of customers. The transportation details will not be covered because as mentioned, this is 

the on-site boundary analysis.  

Much care has been taken to make this process as efficient as possible. Power 

consumption is kept to a minimum by using the excess heat from the reactors and heaters to pre-

heat other streams and create steam for the power grid. The process uses 41 MW per year. 

Because this process deals with such large amounts of heat, cooling requirements are un-

avoidable. Furthermore, since the activation step requires large amounts of steam and the plant 

produces its own steam, even more water is required. The operation uses 14,442 m3/yr of sea 

water and 474,016 m3/yr of city water. Even though half a million cubic meters of water per year 

may sound alarming, only a small amount is actually wasted. Only 1,500 kg per batch are 

consumed by the reaction and the remaining municipal water is sold as a steam utility. All of the 

ocean cooling water is recycled back to the shore and about 14 million kg/yr of steam are 

produced for the local power grid.   

In terms of the reaction chemistry itself, the process is designed from the stoichiometry to 

make use of every input for the operation. Theoretically, the process can run indefinitely from 

the water supply used from a molecular perspective. The water usage is large but is not 

unprecedented when compared to some other processes. Currently the process requires 362,000 

gallons per day; some Intel plants use 740,000 gallons per day (GreenBiz).  

 Unfortunately, one disadvantage to recycling all of the ocean water is the resulting 

thermal pollution. Fish populations can be adversely affected by temperature changes, as their 

eggs and certain plankton may experience higher mortality rates. The recommended discharge 

temperatures should not exceed 30.6 degrees Celsius (WATERSHEDSS). The ocean water is 

perfect for cooling purposes since it comes in it at 4°C. By the time it is expelled back to the 

ocean, it is at 30°C, which is under the discharge temperature. 

Extensive work has been put into this process to minimize negative air quality impacts.  

For example, the high reactor temperatures in the activation step would normally produce large 
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amounts of NOx emissions because of the nitrogen in the air. Instead, a pure oxygen delivery 

system for the reactor is to be injected along with the steam. Since no nitrogen present in the 

high temperature reactor, the plant completely avoids creating NOx gases, which is a problem 

that even clean burning natural gas plants have not mitigated. Although oxygen is more 

expensive than air, the environment is spared from smog and acid rain.  

 Even though the process recycles 3,239 kg/batch of carbon dioxide back into the 

pyrolyzer, the remaining 5,461 kg/batch of CO2 must be emitted. This translates to 10,000 metric 

tonnes of CO2 emissions per year. This is a substantial level greenhouse gas emission. Since this 

plant recycles 37% of the CO2, it should be viewed in an optimistic note, but must still be 

accounted for in the carbon balance. Table 17 is a comparison of this plant’s CO2 emissions with 

other power plants.  Since the only gas emitted by the process is carbon dioxide, and CO2 is the 

base reference for global warming potential, the GWP is simply 1.  Carbon dioxide has an ozone 

depletion potential of zero (Hanbell Precise Machinery) which means the process does not 

endanger the ozone layer. 

 With 35.3 million kg of raw coconut shell entering the process annually, and 54% of the 

coconut shell being comprised of elemental carbon, a total of 19 million kg of carbon enters the 

process (Sundaram and Natarajan 34). Of this total, 5.9 million kg are converted to fuel in the 

pyrolysis process, 10 million kg of CO2 is emitted, and 5.3 million kg of activated carbon is 

produced. Such large carbon emissions are inherent in these types of processes, but the re-use of 

carbon will make a significant difference in the reduction of mercury emissions.  One last point 

to consider is that for every gram of activated carbon produced, 200 mg of NO2 can be removed 

at temperatures of 200 °C (Rubel and Stencel 303). Activated carbon has also been found to 

capture up to 0.7 mg of NO per gram of activated carbon (Rubel, Stencel and Ahmed 726), 

which means if used properly, the product should easily remove millions of tonnes of harmful 

pollutants from the atmosphere.  The absorption of mercury into the product is even more 

promising, but often requires chemical additives to achieve a high level of mercury capture.  
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Figure 8 – LCA system boundaries and functional unit summary 

Table 17 Comparison of CO2 emissions (ScienceDaily) 

Power Plants CO2 Emissions 

The Scherer plant in Juliet, GA 25.3 million tons 

The Miller plant in Quinton, AL 20.6 million tons 

The Bowen plant in Cartersville, GA 20.5 million tons 

The Gibson plant in Owensville, IN 20.4 million tons 

The W.A. Parish plant in Thompsons, TX 20 million tons 

The Navajo plant in Page, AZ 19.9 million tons 

Current Activated Carbon Process 0.01 million tons 
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Section 6 – Economic Analysis 

6.1 – Economic Analysis  

Economic costs are calculated using equations from Seider et al. The total bare module 

cost CBM for all pieces of equipment and annual costs for raw materials and utilities are 

calculated to determine the total depreciable capital CTDC and the total investment cost CTCI. 

Annual sales and production cost are then calculated to get the net present value (NPV). By 

setting the net present value to zero, the investor’s rate of return (IRR) is found. Table 18 is a 

summary of the important cost factors used in the economic analysis. Calculations related to 

each of these cost factors are discussed later in this section.  

The pieces of equipment required for this activated carbon plant consist of two crushers, 

four tanks, three heaters, two blowers, six compressors, five heat exchangers, ten conveyor belts, 

three separators, two reactors and six pumps. Calculations of each piece of equipment can be 

found in the Detailed Equipment Cost Excel file. The FBR is priced as a pressure vessel while 

the pyrolyzer is priced as a fired heater. The gravity separator is priced as a gas adsorption tower 

which consists of a pressure vessel and five plates. The purchasing, shipping, and installation 

costs are calculated using the bare module cost from the Guthrie Method (Seider 549). The bare 

module cost for each equipment can be found in table 19.  The total CBM is $19,778,000. Note 

that this total CBM is the price in the year 2006.  

 Since the numbers used to calculate the CBM in Seider are based the on the year 2006, the 

calculation requires inflation adjustment. The Chemical Engineering Plant Cost Index is used to 

determine present day cost. The adjusted cost is given as (Seider 542): 

Adjusted Cost = Base Cost ∗
I

IBase
 (12) 

The IBase is the cost index for the year 2006 and has a value of 500. The current cost index, I, is 

from April 2011 and has a value of 582.4 (Chemical Engineering 2011). The total bare module 

cost can be adjusted using equation 12. The adjusted equipment cost is $23,038,000. 

 Components of the total capital investment are shown in table 20 following the manner of 

table 22.9 in Seider (547). Detailed calculations can be found in the NPV Excel file. The cost for 

site preparation is calculated as 5% of the total bare module cost. The allocated costs include the 

costs of steam, process water and electricity. The cost of contingencies and contractors’ fee is 

calculated as 18% of the total direct permanent investment. The cost of land is 2% of the total 
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depreciable capital, while the royalties cost is 5% and the cost of plant startup accounts for 10%. 

The working capital consists of the raw material costs. 

 The annual sales for each product are listed in table 21. Detailed calculations can be 

found in the “Sales” spreadsheet of the NPV Excel file. The total sales for the plant is $55 

million. The annual cost of production is shown table 22. Calculations are made using table 23.1 

from Seider (604). Detailed calculations can be found in the “Production Cost” spreadsheet of 

the NPV Excel file. The total production cost of the plant is $21 million. 

 The direct wages and benefits, DW&B, and technical assistance to manufacturing are 

calculated using four operators. Direct salaries and benefits and operating supplies and services 

are 15% and 6% of the DW&B, respectively. The wages and benefits, MW&B, is calculated as 

4.5% of the total depreciable capital, CTDC, for fluid-solid handling processes. The remaining 

maintenance cost is an additional 130% of the MW&B. The property taxes and insurance is 

calculated as 2% of the CTDC. The depreciation is calculated as the sum of direct plant and 

allocated plant costs. Direct plant cost is calculated as 8% of CTDC – 1.18Calloc), where Calloc is 

allocation capital (Seider 612). Allocated plant cost is calculated as 6% of 1.18Calloc. The cost of 

production is the sum of the raw materials, utilities, operations, maintenance, tax, insurance, and 

depreciation costs. 

 Table 23 shows the cash flow analysis. All the numbers listed are in the millions of 

dollars. Numbers in parenthesis indicate negative values. Using the Modified Accelerated Cost 

Recovery System (MACRS) depreciation method yields a net present value of $43.8 million with 

an interest rate of 20.0% (Seider 634). A class life of ten years and a three-year construction time 

are assumed. An income tax rate of 40% is used. The investor’s rate of return (IRR), which is the 

interest rate that gives an NPV of zero, is calculated to be 48.3% using “Goal Seek” in Excel. 

(Seider 633). Detailed calculations can be found in the “NPV” and “IRR” spreadsheets of the 

NPV Excel file. 
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Table 18 Important cost factors  

 

Table 19 Bare module cost CBM for each piece of equipment and total bare module cost  

 

   Table 20 Components of Total Capital Investment (TCI) 

 

           

Cost Factor Value
Total bare module cost CBM $23,037,864
Total capital investment CTCI $43,282,186
Annual sales $54,953,307
Annual cost of production $20,843,571
NPV (20.0% interest rate) $43,794,078
IRR 48.3%

Equipment CBM Reference (Seider) Equipment CBM Reference (Seider)
K-101 $11,723 S-101 $7,531 Table 22.32 
K-102 $2,815 S-102 $619,327
P-201 a/b $20,989 S-201 $402,631
P-202 a/b $20,073 B-101 a/b $13,413
P-203 a/b $22,783 B-102 a/b $13,413
C-101 a/b $1,854,859 B-103 a/b $13,778
C-102 a/b $1,985,435 B-201 a/b $13,778
C-103 a/b $1,466,554 B-202 a/b $8,612
C-201 a/b $22,333 Eqn 22.30 - 22.32 V-101 $523,128 Eqn 22.54, 56, 59
E-101 $176,882 V-102 $995,377
E-102 $122,446 V-103 a/b $2,995,918
E-201 $233,785 H-101 $4,520,058
E-202 $45,434 H-201 $114,194
E-203 $56,872 H-202 $941,903
R-201 $2,552,341 Eqn 22.54, 56, 59 Total CBM $19,778,386 before inflation adjustment

Eqn 22.13 - 22.15 

Table 22.32 

Eqn 22.35 - 22.36 

Eqn 22.43-22.45, 22.39 

Eqn 22.57-22.59, 22.66-22.68

Table 22.32 

Eqn 22.54, 55, 59

Eqn 22.49-22.51

Total bare-module investment, TBM CTBM $19,778,386
Cost of site preparation Csite $988,919
Allocated costs for utility plants and related facilites Calloc $2,473,355
Total of direct permanent invenstment, DPI CDPI $23,240,660
Cost of contingencies and contractor's fee Ccont $4,183,319
Total depreciable capital, TDC CTDC $27,423,979
Cost of Land Cland $548,480
Cost of royalties Croyal $1,371,199
Cost of plant startup Cstartup $2,742,398
Total permanent investment, TPI CTPI $32,086,056
Working capital CWC $5,908,348
Total capital investment, TCI after applying inflation CTCI After Inflation $43,282,186
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    Table 21 Components of Annual Sales 

 

  Table 22 Components of Annual Cost of Production 

 

 

Product Annual Production Rate Unit Price Reference Annual Sales
Activated Carbon 5307100 kg 9.04 $/kg West Calgon Carbon Cooperation $47,970,569
Bio-oil 6772575 kg 1.00 $/kg Dr. Kimberley Ogden $6,772,575
Syngas 47155 GJ 2.50 $/GJ Cleanglobal energy.com.au $117,886
Steam 13981325 kg 6.60 $/1000kg Seider 2010, Table 22.12 $92,277

Total Annual Sales $54,953,307

Feedstocks
Raw Materials $5,908,348

Utilities
$2,473,355

Operations
DW&B $291,200
Direct Salaries/Benefits $43,680
Operating Supplies/Services $17,472
Tech Assistance to Manufact $240,000
Total $592,352

Maintenance
MW&B $1,234,079
Salries/Benefits $308,520
Materials/Services $1,234,079
Maintenance Overhead $61,704
Total $2,838,382

Property Taxes and Insurance $548,480
Depreciation

Direct Plant $1,960,434
Allocated Plant $175,114
Total $2,135,547

Cost of Manufactoring (per year) $14,496,464
General Expenses

Selling Expense $1,648,599
Direct Research $2,637,759

Allocated Research $274,767
Administrative Expense $1,099,066

Management incentive comp. $686,916
Total $6,347,107

Total Production Cost (per year) $20,843,571
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Table 23 Cash Flow Summary 

 

6.2 – Economic Hazards 

 The NPV of this activated carbon plant is $43.8 million with an interest rate of 20%. The 

investor rate of return (IRR), which is commonly used to evaluate the desirability of investments 

or projects, is 48.3%. The higher a project's IRR, the more desirable it is to undertake the project. 

Both the NPV and IRR values indicate that this project of producing activated carbon from 

coconut shells is very profitable and promising. However, several outstanding economic hazards 

have to be taken into account when evaluating the overall profitability of this plant with a ten-

year class life.  

6.2.1 – Market for Activated Carbon  

 The product sales is the major contributor to the NPV, especially the sale of activated 

carbon. Thus, the plant’s profits depend highly on the market for activated carbon. According to 

the data from the Freedonia group, the world demand for virgin activated carbon will rise 9.9% 

yearly through 2014. The United States is the largest market and will outpace the global growth 

rate due to the mercury emissions control set by MATS. However, this data is for all types of 

activated carbon, not just the coconut-based activated carbon. In the coming ten years, the 

competition for market share between different activated carbons, based either on raw materials 

or grades, is likely to be fierce. In addition, technology that produces products with the same 

function as activated carbon is likely to be developed and will come into play in the competition 

for market share. Due to these reasons, the price of coconut-based activated carbon is likely to 

decrease in the coming ten years, which mitigates the overall profits of the plant. 

End of Year fCTDC CWC D C exl D S Net Earnings Undisc. Cash Flow Disc. Cash Flow (PV) Cumulative PV
0 (9.14) (9.14) (9.14) (9.14)
1 (9.14) (9.14) (7.62) (16.76)
2 (9.14) (5.91) (15.05) (10.45) (27.21)
3 2.74 (18.10) 54.95 20.47 23.21 13.43 (13.78)
4 4.94 (15.91) 54.95 20.47 25.40 12.25 (1.53)
5 3.95 (16.89) 54.95 20.47 24.41 9.81 8.28
6 3.16 (17.68) 54.95 20.47 23.63 7.91 16.19
7 2.53 (18.32) 54.95 20.47 22.99 6.42 22.61
8 2.02 (18.82) 54.95 20.47 22.49 5.23 27.84
9 1.80 (19.05) 54.95 20.47 22.26 4.31 32.16
10 1.80 (19.05) 54.95 20.47 22.26 3.60 35.75
11 1.80 (19.04) 54.95 20.47 22.26 3.00 38.75
12 1.80 (19.05) 54.95 20.47 22.26 2.50 41.24
13 5.91 0.90 (19.94) 54.95 20.47 27.27 2.55 43.79
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6.2.2 – Carbon Tax 

       According to the EPA, carbon dioxide is very likely to be taxed in coming years due to its 

negative social and environmental impacts. The 2011 Carbon Dioxide Price Forecast conducted 

by Synapse shows that the high bound on CO2 price starts at $15/ton in 2015, and will rise to 

approximately $80/ton in 2030 (Johnston 15). This activated carbon plant emits 10 million kg/yr 

of carbon dioxide. If $80/ton is assumed, the plant would need to pay an extra tax of $797,306 

per year, which would mitigate the overall profits. Even though the plant is located in Mexico, 

the carbon tax still needs to be taken into consideration since it is not guaranteed that Mexico 

will not implement the same carbon tax. There is a possibility that Mexico will place a heavier 

tax rate on foreign companies. 

6.2.3 – Machine Repair and Replacement 

         The working lifetime of any piece of equipment is finite. Equipment may malfunction or 

break down, and thus needs to be repaired or replaced. When purchasing equipment, it is 

important to consider its working lifetime. In addition, one must be aware that technology can 

and often does change. Equipment used today may become obsolete or inefficient in the near 

future, requiring the purchase of newer models.  

6.2.4 – Accidents and Disasters 

 There are parts in the production process that operate at elevated temperatures and 

pressures. This may lead to accidents such as explosions if the equipment is not operated 

properly. If an explosion occurs, the piece of equipment or even the entire plant may have to be 

taken offline depending on the severity of the accident. Any unexpected loss in productivity will 

result in lower profits. Furthermore, accidents require cleanup and possibly the purchase and 

installation of new equipment, which will reduce profits. Another example of accidents is the 

leakage of the chemicals, which may generate fines and fees to offset the environmental impacts. 

In addition, it is important for the plant to hire emergency hazard teams to ensure that an accident 

is taken care of effectively. If a worker is injured on site, it is necessary for the company to 

provide compensation and aid for medical expenses.  

 Since the plant is located in Guerrero, Mexico, if an earthquake strikes, the plant may 

have to shut down depending on the severity of damage. The equipment will need to be 

inspected to see if they are functioning properly. If the equipment needs to be replaced or the 

plant has to shut down for a few days or the workers are severely injured, the plant loses 
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productivity and profits. Whether an accident or natural disaster strikes, the cost incurred to get 

the plant back to normal operation needs to be taken into consideration when evaluating the 

overall economics of the plant. 

Section 7 – Conclusions and Recommendations 

 7.1 – Conclusions 

•  The process yields should be fairly accurate, as they were adapted from published 

literature. However, some variability might exist, since the heat and mass transport properties 

of the reactors do not stay the same when the reactor is scaled up. A poorer degree of heat or 

mass transfer typically results in lower reactivity and yields, as well as poorer product 

quality.  

•  The char entering the FBR is assumed to be free of volatiles, so that all of the char mass 

is elemental carbon. In reality, it is likely that a trace amount of volatiles exists in the char, 

but they are easily driven out of the char by the activation reaction. The pyrolysis conditions 

are chosen to eliminate nearly all of the volatile content, so the trace amount of volatiles left 

in the char should have a negligible impact on the composition of the gas by-product. 

•  The sizing of the storage vessels in the pyrolysis stage and the amount of CO2 fed to the 

pyrolyzer might be slightly inaccurate because the CO2 is assumed to be ideal, even at the 

process pressure of 6 bar. In reality, CO2 is not ideal at the pyrolysis conditions, so the 

volume of CO2 required may differ significantly from the calculated value. 

•  The heat integration is not very accurate, since the production process is actually a batch 

process, but is modeled as a continuous process. As a result, the hot gas and liquid streams 

may be held in holding tanks or vessels temporarily while one part of the process, such as the 

fast condensation process, waits for another part of the process, such as the slow reaction in 

the FBR, to “catch up.” During this wait period, some of the heat can dissipate from the hot 

streams through radiation and natural convection if the holding vessel is not well insulated, 

decreasing the actual cooling requirement. 

•  The heat duty of the FBR should be fairly accurate, although some variability may exist 

due to the arbitrarily assumed FBR energy retention of 80%. The by-products CO and H2 are 

almost certain to achieve complete combustion at the reaction temperature of 900 °C, since 

the auto-ignition temperatures of the two gases are far below 900 °C. The variability results 
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from the amount of heat lost by the FBR to radiation and natural convection, which must be 

determined empirically for the individual reactor setup. 

•  The pump, conveyer belt and compressor flow rates may be slightly inaccurate, since a 

constant flow rate of water and other process streams is assumed. Again, the true process is a 

batch process, but it is modeled as a flow process for the Chemcad simulations and process 

flow calculations. Therefore, the true flow rates experienced by some of the equipment is 

much higher than the time-averaged flow rates indicated in the stream tables; but at the same 

time, these equipment would only operate for a small portion of the batch duration. For 

instance, all of the coconut char is fed into the FBR by the conveyer belt in a matter of 

minutes for each batch, instead of spreading out the feed process over one hour, which is the 

average batch time for the activation stage.  

•  The acceptable environmental impact caused by the pumping of warm ocean water back 

into the ocean may be slightly inaccurate due to poor mixing of ocean water near the shore, 

where the water is returned. The ocean is treated as an almost infinite cold reservoir, so that 

all the net heat emitted by the activation stage is absorbed by the ocean with negligible 

impact. However, the heat dumped into the ocean from the warm water is localized, and if 

there is poor mixing, the heat may accumulate and increase the water temperature to higher 

than acceptable levels. 

•  The cost of the equipment may be slightly inaccurate due to the inaccurate pump and 

compressor flows, as explained above. Since the true compressor and pump duties are higher 

than the values calculated by treating the process as a flow process, the equipment costs will 

also typically be higher. 

•  The revenue earned by selling the activated carbon produced is fairly accurate, since it is 

calculated using real current prices of commercially produced activated carbon from Calgon 

Carbon, a large activated carbon manufacturer and supplier in the United States. However, 

some variability in the actual revenue may exist, since the activated carbon was priced using 

the highest quality carbon sold by Calgon Carbon. In reality, the product quality of the 

activated carbon produced in this process may be lower, or may vary with minor fluctuations 

or changes in the process or equipment. 

•  A potential source of error is the process design and calculations, which includes the non-

linear correlation between process parameters during scale-up from laboratory-scale 

equipment to commercial-scale equipment. As explained earlier, the process parameters are 
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obtained from lab-scale experiments, which may not be valid after scale-up. However, data 

for commercial-scale setups is not widely available, so a simple geometric scale-up is used. 

•  Another significant source of error, as explained earlier, is the modeling of the batch 

process as a continuous process. In a true continuous process, the process streams can be 

recycled to maximize heat retention and minimize utility usage. However, in a batch process, 

a lot of the heat will be lost to radiation and convection due to wait times between units, 

while the staggered processes will make it difficult to coordinate the water stream flows to 

effectively recycle the water. 

•  A pyrolysis yield of 27% and an activation yield of 55% (of the pyrolysis yield) are 

assumed. These are fairly accurate assumptions because they are obtained from published 

literature for a specific set of reaction conditions, which are replicated in the process design. 

•  The activated carbon produced by this design is assumed to possess the same physical 

characteristics (pore size, surface area density, etc.) as the activated carbon obtained in 

published literature for the same reaction conditions, despite the difference in reactor size. 

For some reactor types, this is not true if the reactor is scaled up in size inappropriately. 

However, this is assumption should be fairly accurate, since an FBR is used as the reactor in 

this process design. FBR’s offer the advantage of high product consistency and high yields 

even after scale-up, due to the nature of the reactor as explained earlier in the section 3. It is 

important to obtain the same product quality as that reported in published literature, since the 

price for activated carbon is highly dependent on the quality of the carbon. The reaction 

conditions for this process are chosen to produce activated carbon with the same 

specifications as commercial high quality activated carbon. 

7.2 – Recommendations  

 While the proposed plant is designed to make optimal use of heat and waste streams and 

maximize product yield and quality, further investigation and redesigning could potentially 

improve upon the financial and technical viability of the current design. 

 The pyrolyzer in the current design is highly inefficient, with a meager char yield of 27% 

of the raw coconut shells fed into the reactor. Chemcad simulations showed that as the pyrolysis 

pressure is increased, the char yield increases, resulting in less coconut shell waste. However, a 

pressure range of 5 – 7 bar is recommended, so the pyrolysis pressure is set at 6 bar. In the 

future, a pilot-scale study of the effect of pyrolysis pressures above 7 bar on the char yield and 
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quality is recommended to determine if the char yield can be increased without sacrificing 

product quality. This would reduce the amount of raw coconut shells needed to produce the 

desired quantity of activated carbon. The waste can potentially be further reduced by 

investigating if the unreacted char from each pyrolysis batch can be recycled, so that at some 

point, all of the raw coconut shell mass can be converted into activated carbon. 

A small degree of uncertainty exists regarding the composition and quantity of the syngas 

and bio-oil produced in the pyrolyzer. While the values obtained from literature and Chemcad 

simulations match relatively closely, the small differences will affect whether the syngas and 

bio-oil can be further purified and sold as valuable high-energy fuel, or if they should simply be 

sold as low-worth crude material. Since the literature values are obtained from laboratory-scale 

experiments, the quality and quantity may differ significantly when the pyrolyzer is scaled-up by 

a simple volumetric ratio, rather than by keeping the aspect ratio or flow parameter the same. 

Further research on a pilot-scale pyrolyzer is recommended to find the exact composition of the 

bio-oil and syngas obtained by pyrolysis at the reaction conditions. This will determine how the 

two byproducts should be processed and utilized to obtain the maximum economic benefits. 

 A heating jacket around the pyrolyzer can be designed using a different MOC to make it 

more resistant to the corrosive syngas and bio-oil vapors flowing through it. The current MOC of 

the pyrolyis unit is carbon steel, which is susceptible to corrosion from the syngas and bio-oil 

vapors. Replacement of the pyrolyis unit is costly; therefore, it is recommended that the 

degradative effects of the syngas and bio-oil on carbon steel be investigated in order to determine 

if it is necessary to protect the carbon steel with a sacrificial coating, or if it would be worthwhile 

to upgrade to a more costly but corrosion-resistant material such as stainless steel. 

 The current water flow rates for the FBR cooling jackets might not be sufficient to 

remove the heat from the FBR, due to the non-ideality of flow and heat transfer in a large 

reactor. The cooling jacket calculations currently assume a complete and even transfer of heat 

between the hot combustion gases inside the FBR and the water flowing through the cooling 

coils and pipes wrapped around and inside the reactor. However, due to the high volumetric 

flowrates, the flow is likely turbulent and the heat might not be transferred uniformly to the 

separate cooling streams. One stream might absorb more heat than expected, causing less heat to 

be available to the other stream and resulting in overheating and underheating of the respective 

streams. It is also possible for some of the heat to remain trapped inside the FBR, resulting in an 

accumulation of heat in sluggish zones inside the reactor. Although this cannot be easily 
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remedied through a planned design, the heat transfer properties of a pilot-scale FBR can be 

studied, and the flowrates of cooling water can be adjusted empirically to prevent a buildup or 

depletion of excess heat. 

 The heat exchangers used in the activation stage of the production plant are made of 

carbon steel, which are vulnerable to corrosion. In the heat exchanger E-202 and the condenser 

E-203, saltwater from the ocean is used as the cooling medium due to the cold initial temperature 

of the water. Sustained flow of saltwater through these two heat exchangers can cause them to 

corrode and become inoperable before the end of the plant’s ten-year life, resulting in the need 

for frequent heat exchanger replacements. To determine if it is economically viable to install a 

desalination unit or use a costly but more corrosion-resistance material such as stainless steel, it 

is recommended to study the time scale over which the saltwater degradation of carbon steel 

occurs, in order to determine how frequently the exchangers would have to be replaced. If the 

cost of repeatedly replacing the heat exchanger exceeds the cost of using a stainless steel 

exchanger or a desalination unit, then an equipment upgrade is strongly recommended. 

 The CO2 and warm ocean water waste streams are currently vented to the environment 

and pose a negative impact on the environment. The CO2 contributes to global warming and 

acidification of the ocean, while the warm ocean water poses the potential for thermal pollution 

at the volume of ocean water used in this process. These environmental impacts can be mitigated 

by finding alternative disposal methods for the two waste streams. A promising possibility is to 

use the CO2 and the warm ocean water to feed an algae farm for biofuel production. Some 

saltwater species, such as the high lipid-content Nannochloropsis salina, prefer warm saltwater, 

so the ocean water being pumped out of the process at 30 °C would be suitable for algae growth. 

A portion of the CO2 could be vented into the algae ponds to provide the nutrient required for 

algal growth, which also reduces the amount of CO2 released into the atmosphere. By placing 

the production plant near an algae farm, the waste streams emitted to the environment can be 

reduced, while also providing feed material for biofuel production at a much lower cost.    
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Section 9 – Appendices 

Appendix A – Calculations 

 The following calculations are accompanied by the Excel spreadsheets available in D2L. 

Calculation procedures are explained in this section whereas detailed work can be found in the 

spreadsheets. 

A.1 – Process Calculations 

 The following calculations are in the “Coconut and CO2 Requirement” and “Chemcad 

Data” spreadsheets under the Pyrolyis Process Excel file. The air purification sector will use 265 

million kg of activated carbon per year by 2014 (The Freedonia Group, Inc.). The plant must 

produce 5.3 million kg per year to capture 2% of the sector’s market. The daily production rate is 

14.5 tonnes per day. Since 27% of the shell mass becomes char and 55% of the char becomes 

activated carbon, only 15% of the coconut shell is converted into activated carbon (Fagbemi 300; 

Li 194).To meet the production rate of activated carbon, the plant needs 98 tonnes of coconut 

shells per day. The shell accounts for 12% of the mass of the whole coconut fruit (Grimwood 

26). Mexico produces 983,000 tonnes of coconuts per year and the available amount of coconut 

shells is 323 tonnes per day (Faostat). Therefore, the plant will consume 30% of Mexico’s 

coconut shells. 

 Sudaram and Natarajan used a 30 cm tubular reactor with a 3.3 cm inner diameter and a 

carrier gas flow rate of 100 cm3/min for their pyroylsis unit (34-35). Since the H-101 is 15.2 m3, 

the CO2 flow rate is scaled according to the following equation: 
CO2,Project

VolumeProject
=

CO2,Sudaram and Natarajan

VolumeSudaram and Natarajan
 (A1) 

The CO2 flow rate is calculated to be 5.9 m3/min. Using the ideal gas law, 

PV = nRT (A2) 

and a process time of 2.5 hours, the CO2 mass requirement is 3,239 kg. 

 The following calculations for the pyrolysis product yields are in the “Mass Balance” 

spreadsheet of the Pyrolysis Process Excel file. Fagbemi reports that the percent mass yields of 

char, bio-oil, water, and gas are 27%, 19%, 33%, and 21 % respectively (300). The basis of the 

calculation is one batch. Since the mass of coconut shells is 19,529 kg, this amounts to 5,273 kg 

of char and 3,711 kg of bio-oils. The carbon content of coconut shells is 53.73%, which amounts 

to 10,493 kg (Sundaram and Natarajan 34). The char is assumed to be pure carbon and the bio-
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oils are 75.4% carbon (Sundaram and Natarajan 37). The remaining 2,422 kg of carbon is 

assumed to react with the moisture water and CO2 in the following reactions (Zhang 2376): 

3H2 (g) + CO (g) ↔ CH4 (g) + H2O(g) (A3) 

H2O(g) + CO (g) ↔ CO2 (g) + H2 (g) (A4) 

C (s) + 2H2 (g) ↔ CH4 (g) (A5) 

C (s) + CO2 (g) ↔ 2CO (g) (A6) 

C (s) + H2O(g) ↔ CO (g) + H2 (g) (A7) 

The carbon reacts with the moisture in the coconut shells and the CO2 gas. The moisture content 

is 6.98%, or 1,363 kg, and is assumed to be water.  

 The reaction calculations are found in the “Chemcad Data” spreadsheet of the Pyrolysis 

Process Excel file. The heat of reaction (ΔH°298 K) and standard Gibbs free energy (ΔG°298 K) are 

calculated for each reaction using the following equations: 

ΔH𝑟𝑥𝑛,298 𝐾
° = � ΔH𝑓𝑜𝑟𝑚

° − � ΔH𝑓𝑜𝑟𝑚
°

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

 (A8) 

ΔG𝑟𝑥𝑛,298 𝐾
° = � ΔG𝑓𝑜𝑟𝑚° − � ΔG𝑓𝑜𝑟𝑚°

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

 (A9) 

where ΔH°form is the heat of formation and ΔG°form is the standard Gibbs energy of formation for 

each species. Since the reactions occur at 600°C, the reaction rate, k, is calculated at 600°C using 

the Arrhenius equation (Atkins and De Paula 807): 

k =  koe
−EA
RT  (A10) 

where ko is the frequency factor or Arrhenius constant, EA is the activation energy, and R is the 

universal gas constant. 

 Since reactions A3 to A7 are reversible, the backwards reaction rate, kreverse, is required. 

The reactions are assumed to be in equilibrium in order to determine the equilibrium constant, K, 

which is equal to (Atkins and De Paula 804): 

K =  
kforward
kreverse

 (A11) 

Once K is found, then kreverse can be calculated. The reverse rate constant is calculated using the 

following derivation:  

∆Grxn =  ∆GRxn
° + RTln(K) (A12) 

where ΔGrxn=0 since the reactions are in equilibrium (Atkins and De Paula 202). Therefore, 

equation A10 becomes: 
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K =  e
−∆GRxn

°

RT  (A13) 

Combining equation A11 and A13 results in the following equation: 

kreverse =
kforward

e
−∆GRxn

°

RT

 (A14) 

By substituting equation A10 into A14, kreverse can be calculated: 

kreverse =
ko,forwarde

−EA
RT

e
−∆GRxn

°

RT

= ko,forwarde
∆GRxn

° −EA
RT   (A15) 

 The activation energy for the reverse reaction is equal to: 

EA,reverse =  �ΔH𝑟𝑥𝑛,298 𝐾
° � + EA,forward (A16) 

when ΔH°rxn, 298 K is negative. If the forward reaction is exothermic, the reverse reaction must 

overcome both the activation energy and the heat of the reaction. When ΔH°rxn, 298 K is positive, 

then EA, reverse is equal to: 

EA,reverse =  EA,forward − ΔH𝑟𝑥𝑛,298 𝐾
°   (A17) 

The reaction is endothermic so the reverse reaction has a smaller activation energy than the 

forward reaction. The reverse ΔH°rxn, 298 K is just the negation of the forward ΔH°rxn,298 K. 

 The reactions are simulated in Chemcad to determine the energy requirement and output 

gas composition (Appendix D). The simulation uses a kinetic reactor in PFR mode, with a 

temperature of 600 °C and a pressure of 6 bar. Since Chemcad does not simulate reversible 

reactions, the forward and backward reactions are inputted separately. A negative sign is added 

to stoichiometric coefficients of the reactants. The values for ko, EA and ΔH°rxn, 298 K are required 

in the simulation.  Table A.1 list the values of ko,forward and EA,forward found in literature. Once 

ko,forward and EA,forward  are known, then kreverse and EA, reverse can be calculated and ko,reverse is 

determined from equation A10. Lastly, all the parameters must be configured to have units of 

moles, liters, and seconds. 

 A sample calculation is shown for the reverse reaction of equation A3. The reverse form 

is as follows: 

CH4 (g) + H2O(g) ↔ 3H2 (g) + CO (g) (A18) 

From table 1, the heat of reaction for reaction A18 is 206 kJ/mol. Using equations A15 and A16 

respectively, the reverse reaction rate is 3.38 x 1012 M1/2/sec and the EA, reverse is 331 kJ/mol. 

From equation A10, the frequency factor is 2.08 x 102 M1/2/sec. Figure 1 shows how the data is 

entered into Chemcad. 
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 Returning back to the “Carbon Balance” spreadsheet, the output stream from the 

Chemcad simulation is composed of 3,698 kg of CO, 56 kg of CO2, 34 kg of H2, 1,533 kg of 

carbon, and 1,060 kg of water. The energy requirement is 18,333 kW. Assuming that the CO2 

from the output is unreacted CO2, the CO and H2 are gas products of the coconut shells. They 

account for a 19% yield from the shell mass, which is slightly different from Fagbemi’s yield. 

The remaining 35% yield is water. If Fagbemi’s percent yield are used for the output of water 

and gas, the input and output mass balance differ by 300 kg. It is reasonable to assume that the 

gas yield is 19% and the water yield is 35% as these values are very similar to those from 

Fagbemi. 

 For the activation stage, the following calculations are found in the Carbon Activation 

Stage Calculations Excel file. The desired output level is 14.5 tonnes of activated carbon per day, 

as described earlier. Production is split into five batches per day, so 2,900 kg of activated carbon 

must be produced per batch to meet the desired output level. For the reaction conditions of 900 

°C and 1 hour reaction time, the activated carbon yield is 55% of the char feed (Li et al. 194). 

Therefore, 5,272 kg of pyrolyzed char per batch must be fed into the fluidized bed reactor. The 

remaining 45% of the char mass (2,373 kg) is oxidized by the carbon-steam reaction to create a 

porous structure in the remaining carbon solid, which becomes activated carbon. 

 C (s) + H2O (g)  CO (g) + H2 (g)      (A19) 

Since the incoming char is assumed to be pure elemental carbon, the mass of carbon lost 

by the activation process can be converted to the moles of carbon oxidized by the above reaction. 

Moles carbon oxidized =  Mass carbon oxidized
MWcarbon

              (A20) 

Carbon reacts with water in a 1:1 molar ratio to form CO and H2 gas, also in 1:1 ratios. 

The byproduct gases, in turn, can be combusted in the following reactions to generate heat.  

CO (g) + 0.5 O2 (g)  CO2 (g)    (A21) 

H2 (g) + 0.5 O2 (g)  H2O (g)    (A22) 

 Each mole of carbon oxidized produces one mole each of CO and H2. Each mole of by-

product gas reacts with 0.5 mole of O2, so one mole of O2 must be fed into the FBR for each 

mole of carbon oxidized, in order to achieve complete combustion of the byproducts. In total, 

197.7 kmol of carbon is oxidized in each batch, requiring a feed of 197.7 kmol of O2 and 

producing 197.7 kmol of H2O and CO2 each. 

 The energy required to pre-heat the coconut char and oxygen to 900 °C from room 

temperature, with no phase change, is found from equation A23. The variable Q is the heat 
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required, Cp is the molar heat capacity, N is the number of moles, and ΔT is the temperature 

change. The heat capacities of elemental carbon and oxygen were obtained from NIST (U.S. 

Secretary of Commerce). The preheat energies required are 5.71x106 kJ/batch for O2 and 

1.85x106 kJ/batch for carbon. 

Qi =  Cp,i ∗ Ni ∗ ΔT         (A23) 

 The coconut char is fed into the FBR at room temperature, and must be held in the 

loading area of the FBR for a short period of time to allow the char to be heated to 900 °C. Once 

the char reaches the reaction temperature of 900 °C, it is moved into the center of the FBR, 

where the carbon-steam activation reaction occurs. Based on protocol implemented by Li et al., a 

heating rate (dT/dt) of 50 °C/min was chosen (192). The wait time, Δt, required for the pre-

heating step is found from equation A24 to be 17.5 minutes. 

Tfinal =  Tinitial +  dT
dt
Δt           (A24) 

 The energy released by the combustion of CO and H2 near the top of the FBR is partially 

recaptured within the reactor and used to provide the pre-heating and activation energy. Since the 

steam activation reaction is endothermic, the combustion heat is also used to drive the activation 

reaction. The energy released by the combustion of the byproducts is found from equation A25. 

ΔHrxn_combust is the combustion energy released per batch, NCO and NH2 are the moles of CO and 

H2 formed per batch, and ΔĤcombust is the molar enthalpies of combustion of CO and H2. A total 

of 1.03x108 kJ/batch of energy is released from combustion of the byproducts. 

ΔHrxn,combustion = NCOΔĤcombust,CO +  NH2ΔĤcombust,H2        (A25) 

Since the combustion reaction occurs at the top of the FBR, where the O2 is fed into the 

reactor, it is assumed that the O2 stream is able to utilize the combustion energy before energy is 

lost from the reactor by radiation and external convection. However, all the other processes in 

the FBR, such as heating the coconut char, providing the activation energy and enthalpy of 

reaction for the activation step, are assumed to occur near the bottom of the reactor, so that some 

heat loss occurs before the remaining excess heat is made available for these processes. 

Arbitrarily assuming that 80% of the excess heat is retained inside the FBR, the amount of heat 

available for driving the endothermic processes is found from equation A26 to be 7.82x107 

kJ/batch.  

Qavailable = 0.8�ΔHrxn,combustion −  Qpreheating oxygen�     (A26) 

The remaining processes in the FBR are endothermic, and the heat required for the 

processes is found from equation A27. Energy must be provided for both the enthalpy of reaction 
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and the activation energy, since the activation energy is much higher than the enthalpy of 

reaction. The activation energy of the steam carbon reaction is 252.3 kJ/mol (Binford and Eyring 

486). The total energy consumed by the endothermic processes is 7.49x107 kJ/batch. 

Qcons =  ∑Qendotherm process =  Qheat carbon +  Eactivation +  ΔHrxn,activation         (A27) 

The remaining energy inside the FBR that must be removed by a heat exchanger network is the 

difference between the excess available heat and the amount consumed by the endothermic 

processes inside the FBR. A total of 3.29x106 kJ/batch must be removed from the FBR.  

The condenser E-203 is modeled in Chemcad and the heat duty is found to be 8.67x106 

kJ/batch. This heat is removed by a utility cooling stream. Ocean water at 4 °C is chosen as the 

cooling water because the condenser operates at 40 °C. If city water at 25 °C is used, the 

minimum temperature approach requires that the water leave no hotter than 30 °C (Seider 167). 

To absorb the condenser heat, a drastically larger amount of city water would be needed 

compared to ocean water, which can absorb more heat before it reaches 30 °C since it enters the 

condenser at a lower temperature. By matching the heat absorbed to the heat lost by the 

condenser, the required flow rate of ocean cooling water is found from equation A23 to be 4,415 

kmol/batch. 

The remaining four heat exchangers, the two ‘proper’ heat exchangers E-201 and E-202, 

as well as two cooling jacket ‘boilers’ H-201 and H-202, are used to recycle heat within the 

process as much as possible. By matching the heat lost and gained by the hot and cold streams, 

respectively, the required flow rates or exit temperatures can be found from equation A23, 

depending on which parameters in the equation are fixed. 

In E-201, the hot gas stream leaving the FBR is cooled from 900 °C to 120 °C. Recycled 

water at 40 °C from the condenser is used to cool the hot stream. Since the inlet temperature and 

flowrate of the recycled water are fixed, the outlet temperature of the recycled water (which is 

converted into steam) is found from equation A23 to be 812 °C.  

Qlost = �Thot,out −  Thot,in� ∗ (NCO2CP,CO2 + NH2OCP,H2O)         (A28) 

Qgained = Nwater ��Tliq,out − Tliq,in�Cp,liq + ΔHvap + �Tvap,out − Tvap,in�Cp,vap�  (A29) 

In E-202, the hot gas stream is further cooled to 100 °C. Ocean water at 4 °C is used as the 

cooling stream. The required flow rate of cooling water is found to be 181.3 kmol/batch. 

In H-201, 315 kg of make-up city water at 25 °C absorbs enough excess heat from the 

FBR to turn into steam at 812 °C. The heat absorbed by the city water is found from equation 

A23 to be 1.37x106 kJ/batch. Subtracting this amount from the remaining excess heat in the FBR 
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gives the residual heat left in the FBR, which must be removed by a final water stream. After the 

FBR loses heat to H-201, 1.96x106 kJ/batch of heat remains in the FBR. In addition, the heat 

radiated by the FBR, which is 20% of the combustion energy or 1.95x107 kJ/batch, must also be 

captured by the final cooling stream. This results in a total of 2.15x107 of energy that must be 

removed from the FBR to avoid an accumulation of heat inside the reactor. 

The cooling water used in the final cooling stream is converted to steam at 1.4 bar and the 

corresponding saturation temperature of 110 °C, after which it will be sold to the utility grid for a 

profit (U.S. Secretary of Commerce). Since the cooling duty and the inlet and outlet temperatures 

of the water stream are known, the required flow rate is found from equation A29 to be 425.6 

kmol/batch. To convert all flow rates and power requirements to units of kW and kmol/min, 

divide all rates by 60 minutes, since each batch takes 60 minutes to process. 

 

Table A1 Forward Reaction Parameters 

Reaction ΔH0
298K 

(kJ/mol) 
ΔG0

Rxn,298K 
(kJ/mol) 

EA 
(kJ/mol) k0 Units Source 

1 -206.1 -142.12 124.7 31,005 M1/2/sec (Corella and A. Sana 
1034) 

2 -41.16 -28.62 67 1,958,100 M1/2/sec (Xu and Froment 94-95) 

3 -74.81 -50.72 147 1,070,000 1/sec (Hirscha and Steinfelda 
5776) 

4 172.45 120.02 279.5 1.03 x 108 1/sec (DeGroot and Richard 
251) 

5 131.29 91.4 159.4 2,581 1/sec (DeGroot and Richard 
251) 
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Figure A1 – Inputting Reaction Data in Chemcad 

A.2 – Equipment Calculations 

 The following section gives an overview of the equipment calculations. Detailed 

calculations are found in the Equipment Table and Carbon Activation Stage Calculations Excel 

files. Chemcad simulations of the equipment are found in Appendix D. 

 The following calculations are in the “Pump, Blowers, and Compressors” spreadsheet of 

the Equipment Table file. For the pumping equipment, the pump head, H, across the pump from 

the suction, s, to the discharge, d, is calculated from the following equation (Seider 510): 

H = �
Vd2

2g
+ zd +

Pd
ρdg

� −  �
Vs2

2g
+ zs +

Ps
ρdg

� (A30) 

where V is the average velocity of the fluid, z is the elevation, P is the pressure, ρ is the fluid’s 

density and g is the gravitational acceleration. Assuming that Vd and Vs are equal and there is no 

change in elevation, the pump head is reduced to:   

H =
∆P
ρdg

  (A31) 

The power consumption, Pc, in horsepower is found from the following equation (Seider 561): 

 Pc =
QHρ

33,000ηp
 (A32) 
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where PT is the theoretical power, ηp is the pump efficiency, and Q is the flow rate in gallons 

per minute (gpm).  

For a flow rate in the range of 50 to 5,000 gpm, the pump efficiency is equal to (Seider 562)  

 ηp = −0.316 + 0.24015 ln(Q) − 0.01199 ln(Q)2 (A33) 

As a demonstration, the power consumption for P-101 a/b is calculated. Using equation 31, 

the pump head is 31 m as it is pumping water. Given a flow rate of 15.7 gpm of water, the 

ηp is 0.25. From equation A32, the power consumption is calculated to be 1.9 hP or 1.4 kW. 

There are no calculations for the blowers and compressors since they are modeled in 

Chemcad. 

 The conveyor calculations are in the “Conveyors” spreadsheet of the Equipment Table 

file. The volume of material is calculated from its mass flow rate and density. All the conveyors 

are assumed to transport the materials in five minutes. For a belt conveyor, Sieder gives a belt 

width of 14 in. for a flow rate of 660 ft3/hr and a width of 60 in. for 86,600 ft3/min (587). For a 

screw conveyor, Sieder gives a diameter of 6 in. for a flow rate of 75 ft3/hr and a diameter of 20 

in. for 3,000 ft3/min (587). The flow rates are plotted as a function of the belt width and screw 

diameter. Their correlation is assumed to be linear to obtain an equation for the flow rate. From 

Excel, the equations for the belt and screw conveyors are the following: 

Q(ft3) = 18.552 ∗ belt width (in. ) − 25,313 (A34) 

Q(ft3) = 208.93 ∗ screw diameter (in. ) − 1,178.6 (A35) 

 Given the flow rate of material, the belt width or screw diameter can be calculated. As an 

example, the belt width for B-101 a/b is calculated. Belt 101-a/b transports 19,529 kg of coconut 

shells in five minutes. Since the density of coconut shells is 1,738 kg/m3, the flow rate is 11.2 

m3/min (Olanepikun 298). This flow rate requires a 0.5 m wide conveyor belt. 

 The vessel calculations are in the “Vessels” spreadsheet of the Equipment Table file. 

For V-101 and V-102, the volume (V), of the vessels is calculated using the density and mass of 

material that is produced in one day. Once the volumes are known, a diameter, D, is chosen and 

the length, L, is determined from the following equation: 

L =
V

π�D
2�

2 (A36) 
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For V-101, the total char mass produced in one day is 7,665 kg and its density is 1,158 

kg/m3 (Gopakumar 1042). The total volume is 6.6 m3 and the diameter is chosen to be 2.4 

m. Using equation 32, the length of the vessel is 1.4 m. 

 Vessel V-103 is modeled as a pressure vessel. Since the gas temperature is 331 °C, 

the maximum allowable pressure, S, is 15,000 psi (Seider 575). The design pressure, Pd, is 

calculated from equation A37 (Seider 575): 

Pd = e0.60608+0.91615(lnPo)+0.0015655(lnPo)2 (A37) 

where Po is the operating pressure. Using an operating pressure of 1,000 psig, the design 

pressure is 1,107 psig or 77 bar. Given a diameter of 3.4 m and a length of 6.1 m, the 

volume is 55 m3. Using equation A2, the volume of syngas from one batch is 109 m3. 

Therefore, a second vessel of identical size and construction is required to capture all the 

syngas. The shell thickness is determined from the following equation (Seider 575): 

tp =
PdDi

2SE − 1.2Pd
 (A38) 

where E is the weld efficiency and is assumed to be 90%. An additional 3.1 mm is added to 

the thickness for corrosions allowance (Seider 576). The thickness of V-103 is 14.7 cm. 

 Calculations for the size reducers and separators are in the “Crusher, Separator” 

spreadsheet of the Equipment Table file. Table 22.28 in Seider provides a range of power 

requirements for jaw and cone crushers (Seider 585). The power is plotted as a function of the 

crushing capacity, which is the mass of materials crushed per hour. The crushing capacity is 

calculated from the mass of material and a crushing time of 5 minutes. The correlation is 

assumed to be linear to obtain an equation for the power. The following equations for the jaw 

and cone crusher are obtained from Excel: 

P(hP) = 0.22 ∗ Jaw Crushing Capacity �
tonne

hr
� + 3.2 (A39) 

P(hP) = 0.26 ∗ Cone Crushing Capacity �
tonne

hr
� + 17.7 (A40) 

Since Seider gives the power range for a size reduction ratio of 8, the power requirement is 

scaled to the actual size reduction ratio of the material. For example, the cone crusher K-

102 has a crushing capacity of 70 tonnes/hr. The char size is reduced from 2.5 cm to 1 cm, 

therefore, the size reduction ratio is 2.5. The scaling factor, SF, is equal to: 

SF =
2.5
8

= 0.31 (A41) 
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Using equation A40 and the scaling factor, the power requirement is 11 hP.  

 In order to size cyclone S-101, the volumetric flow rates of stream 6 must be known. 

The flow rate of the gases at 600 °C and 6 bar is obtained from the ideal gas law with a 

process time of 150 minutes. The flow rate of the carbon solid is calculated from its density 

and the same process time. Assuming a diameter of 0.3 m, the high throughput ratios of 

column 6 from figure A2 are used to find the other cyclone dimensions.  

 The gravity separators are modeled as pressure vessels with sieve plates. The 

number of sieve plates is assumed to be 5. In order to size the separators, the volumetric 

flow rate of the gas and liquids must be determined. The process time for S-102 and S-201 

are 2 hours and 1.25 hours respectively. Assuming a gas residence time of 10 seconds in 

the separator, the separator volume is calculated. Once the volume is known, the length of 

the vessel is determined using equation A36 and an assumed diameter of 1.5 m.  

 Equation A38 results in a thickness less than the minimum 8 mm thickness for a 

vessel diameter of 1.5 m, therefore, 8 mm is used as the minimum thickness. A corrosion 

allowance of 3.1 mm and an earthquake allowance are added to the minimum thickness. 

The earthquakes allowance, tw, is equal to: 

𝑡𝑤 =
0.22(Do + 18)L2

SD0
2  (A42) 

where Do is the sum of the inner diameter and the minimum wall thickness. As an example,  

S-101 has a flow rate of 34 m3/min; therefore, the separator volume is 199 ft3. From 

equation A36, the length is 3.1 m. Equation A42 results in an earthquake allowance of 0.12 

mm. The total vessel thickness is calculated to be 29 mm. 

 Calculations for the heat exchangers are in the “Heat Exchanger” spreadsheet of the 

Equipment Table file. In order to size the heat exchangers, the heat duties are required. The heat 

duties for E-101, E-102 and E-203 are obtained from Chemcad. The heat duties for E-201 and E-

202 are calculated by the methods discussed in Appendix A1. The total surface area of each heat 

exchanger is estimated from the following equation:  

q = UAF∆TLM (A43) 

where U is the overall heat transfer coefficient, F is the correction factor, and ΔTLM is the log 

mean temperature difference. The log mean temperature is equal to: 
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∆TLM =
∆T2 − ∆T1

ln �T2
T1
�

 (A44) 

where ΔT1 and ΔT2 is the temperature difference between the two streams on the same side of 

heat exchanger. Turton suggests using F = 0.9 for conservative estimates, U = 850 W/m2°C for 

condensing streams, U = 60 W/m2°C for liquid to gas streams, and U = 30 W/m2°C for gas to gas 

streams (Turton 381).  

 As an example calculation, the heat duty of E-101 is 378 kW. Since E-101 is a gas to gas 

stream, U is 30 W/m2°C. The first temperature difference is 580 °C and the second temperature 

difference is 53 °C. From equation A44, the TLM is 220.2530 °C. The surface area is evaluated to 

be 64 m2. 

 Calculations for the pyrolysis unit are in the “Reactors, Heaters” spreadsheet of the 

Pyrolysis Process file. Given the density and mass of coconut shells, the volume of H-101 is 

found to be 11.2 m3. An additional 4 m3 is added to the volume for the top and bottom 

headspace. The diameter is chosen to be 1.5 m. From equation 32, the length is 8.6 m.  

 Aside from the energy required during the pyrolysis period, energy is also needed to heat 

the 19,529 kg of coconut shells from 25 °C to 600 °C. Equation A23 is used to calculate this 

energy. The heating rate is set to 20 °C/min. The heat capacity is estimated to be 1.7 kJ/kgK 

(William and Anton 3-21). From equation A23, the heat required is 2,541 kW per batch. 

 Calculations for the FBR are in the “FBR Sizing” spreadsheet of the Pyrolysis Process 

file. The equations come from Brown and Fogler.  As complex as FBR is, the most important 

parameters for its incorporation into the process are its shear throughput, and the ability to 

suspend the carbon particles to create a fluidization effect. The following procedure is used to 

find the correct sizing for the reactor.  Unfortunately, design equations for the FBR are scarce. 

The conservation equations for a packed bed reactor are used for the packing dimensions. The 

design equation for a packed bed reactor is the following: 

rA =
dF
dW

 (A45) 

where F is the molar flow rate, W is the mass of the packing, and ri is the reaction rate for 

component i. Although the energy balance and fluid mechanics in a fluidized bed reactor would 

be much different from that in a packed bed reactor, the mass balance should essentially remain 

the same, and that is why this design equation is chosen for sizing the reactor. 

 The volume of the reactor is found using the following equation: 
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𝑊𝑠 = ρcAchs(1 −∈s) = ρcAch(1−∈) (A46) 

where 𝐴𝑐 is the cross-sectional area of the batch, ℎ𝑠 is the height of the settled bed, h is the 

height of the bed at any time, 𝜖𝑠 is the porosity of the settled bed, 𝜖 is the porosity of the 

expanded bed, and ρc is the density of the catalyst particles. For the FBR, this is the density of 

the carbon char. In order to find 𝜖𝑠, the following equation is used: 

ϵs = 1 − �
r
6
� (A47) 

where r is the radius of the particles in question.  The char particle size is about 1cm, so r is 

assumed to be 1 cm. 

 Since the char batch size is 5,273 kg, only two variables remain to be found, the cross-

sectional area, and the height.  One way to find these is to use an established aspect ratio of 3.3 

for a similar reactor (Alcocer 18). Then the following equation can be solved in terms of one 

variable: 

Achs =
Ws

ρc(1 − ϵs)
 (A48) 

Notice that Achs is also the volume of the bed, thus the minimum volume required for the reactor 

is found at a value of about 115 m3. 

 Next, the minimum fluidization velocity, umf, needs to be determined so that proper bed 

suspension can be achieved. The umf is calculated from the following equation: 

umf =
(φDp)2

150µ
[g(ρc − ρ]g)](

∈mf
3

1 − ϵmf
) 

 
(A49) 

where µ is a pre-defined constant, g is the gravitational acceleration, ρc is the density of the char 

particle, ρg is the density of the fluidizing gas, and As is defined as: 

As = πDp
2 = π�[

6Vp

π
] 

1/3

 �
2

 (A50) 

 

The variable, ϕ, is a dimensionless parameter defined as: 

φ =
As

Ap
=

π �6Vn π� �

2
3�

Ap
 

(A51) 

and ϵmf is equal to: 
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ϵmf = �
0.071
φ

�
1
3�

 (A52) 

 These are cascading equations where everything is known except the minimum 

fluidization velocity. The fluidizing gas for the process is steam. Plugging in the parameters 

yields a umf of about 803 m
s

.  The proper amount of steam required per batch is 3,244 kg of 

steam. Since the batch has a residence time of 1 hour, this is equivalent to a flow rate of 0.9 kg
s

 of 

steam. With the steam entering at a temperature of 815 °C and a pressure of 1.5 bar, this 

corresponds to a volumetric flow rate of about 3 m3/sec entering the reactor.  Even with a large 5 

cm diameter steam pipe, the linear flow rate is 1455 m
s

, just about twice the minimum fluidization 

velocity.  This means that the char bed should be able to reach slugging regimes at the very least, 

providing excellent bed expansion and fluidization, so long as the steam inlet pipe is not larger 

than 7.6 cm in diameter. 

 
Figure A2 – Ratios of Cyclone Dimensions (Cushman 7)  
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Appendix C – Overall Mass and Energy Balance 

 

 
 

Figure C1 – Overall Mass Balance of Activated Carbon Production Process 
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Table C1 Equipment Energies 
 
 
 
 
 
 
 
 

Equipment Energy (kW)  

P-201 a/b 1.43 

P-202 a/b 2.05 

P-203 a/b 1.40 

C-101 a/b 169 

C-102 a/b 184 

C-103 a/b 126 

C-201 a/b 12 

B-101 a/b 0.25 

B-102  a/b 0.25 

B-103  a/b 0.60 

B-201  a/b 0.76 

B-202  a/b 0.18 

E-101 378 

E-102 2,139 

E-201 3,861 

E-202 99 

E-203 2,408 

H-101 21,226 

H-201 294 

H-202 4,620 

R-201 -4,342 

K-101 15 

K-102 36 

Total Energy:    31,232  kW 



D1 
 

Appendix D – Important Chemcad Results 

Simulations submitted to D2L.  

Basis – 1 batch 

Blowers and Compressors Simulation – Heat Duties of Blowers and Compressors  

CHEMCAD 6.3.0                                              Page 1 
 
Simulation: compressors                  Date: 04/25/2012  Time: 13:41:50 
EQUIPMENT SUMMARIES  
 
                      Compressor Summary 
 
Equip. No.                      1            2            3            4 
       Name               C-101 a/b    C-102 a/b    C-103 a/b    C-201 a/b 
Pressure out  bar            6.2000       1.3000       4.0000       1.1000 
Type of Compressor              1            1            1            1   
Efficiency                   0.7500       0.7500       0.7500       0.7500 
Actual power  kW           168.3617     184.1539     126.3031      11.6865 
Cp/Cv                        1.2853       1.2028       1.3789       1.3971 
Theoretical power  kW      126.2712     138.1154      94.7273       8.7649 
Ideal Cp/Cv                  1.2802       1.2024       1.3781       1.3956 
Calc Pout  bar               6.2000       1.3000       4.0000       1.1000 
Calc. mass flowrate            58          106           29           70   
 (kg/min) 
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Simulation: Blowers and Compressors      Date: 04/26/2012  Time: 09:34:31 
FLOW SUMMARIES:  
 
Stream No.              2             4  6 
Stream Name                            
Temp  C                 249.7102      652.5341 323.0610       
 

E-101 and E-102 Simulation – Heat Exchanger Duties  

CHEMCAD 6.3.0                                              Page 1 
 
Simulation: E-101 and E-102              Date: 04/25/2012  Time: 13:48:27 
EQUIPMENT SUMMARIES  
 
                      Heat Exchanger Summary 
 
Equip. No.                      1            2 
       Name                   E-101        E-102 
1st Stream dp  bar           0.2000       0.1000 
2nd Stream dp  bar           0.2000       0.1000 
1st Stream T Out  C                      95.0000 
2nd Stream T Out  C        600.0000              
Calc Ht Duty  kW           378.1266    2139.4097 
LMTD (End points)  C       140.9776     249.0738 
LMTD Corr Factor             1.0000       1.0000 
1st Stream Pout  bar         1.1000       1.0000 
2nd Stream Pout  bar         6.0000       1.0000 
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E-203 Simulation – Heat Duty of E-203 

CHEMCAD 6.3.0                                              Page 1 
 
Simulation: E-203                        Date: 04/25/2012  Time: 14:18:49 
EQUIPMENT SUMMARIES  
 
                      Heat Exchanger Summary 
 
Equip. No.                      1 
       Name                   E-203 
1st Stream dp  bar           0.1034 
1st Stream T Out  C         40.0000 
Calc Ht Duty  kW         -2405.3323 
LMTD Corr Factor             1.0000 
CHEMCAD 6.3.0                                              Page 1 
 

 
Output Liquid and Gas Streams Compositions 

CHEMCAD 6.3.0                                              Page 1 
 
Simulation: E-203                        Date: 04/25/2012  Time: 14:37:14 
FLOW SUMMARIES:  
 
Stream No.                    2             3 
Stream Name        Liquid Outpu    Gas Output  
Temp  C                 40.0000       40.0000  
Pres  bar                0.9098        0.9098  
Enth  kW                -14254.       -22749.  
Vapor mole frac.        0.00000        1.0000  
Total kmol/h           180.0964      215.1436  
Total kg/h            3245.8251     9013.1754  
Total std L m3/h         3.2463       10.8327  
Total std V m3/h        4036.62       4822.15  
Flowrates in kg/h 
Water                 3243.4729      315.5273  
Carbon Dioxide           2.3521     8697.6479 
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Pyrolysis without Sabatier Simulation – Heat Duty for H-101 

CHEMCAD 6.3.0                                              Page 1 

 
Simulation: reactor without sabatier     Date: 04/25/2012  Time: 13:50:20 
EQUIPMENT SUMMARIES  
 
                      Kinetic Reactor Summary 
 
 
*** Equip.   1 *** 
* KREA, Output stream is mixed phase. 
 
Equip. No.                      1 
       Name                  H-101  
Reactor type                    2   
Reaction phase                  1   
Thermal mode                    1   
Pressure In  bar             6.0000 
Pressure Drop  bar           0.1000 
Tout  C                    600.0000 
Q  MJ/sec               131955.3125 
Reactor volume  m3          15.2328 
Length of Tubes  m           8.6200 
Diameter of Tubes  m         1.5000 
Number of Tubes              1.0000 
No. of Reactions               10   
Molar Flow Unit                 1   
Activ. E/H of Rxn Unit          4   
Volume Unit                     2   
Time Unit                       2   
T ref for HtRcn  C          25.0000 
Overall IG Ht of Rxn        12.1104 
 (MJ/sec) 
Mass unit                       1   
Partial P unit                  5   

 
 
Pyrolysis at 4 bar with output stream compositions 

CHEMCAD 6.3.0                                              Page 1 
 
Simulation: Pyrolysis without Sabatier   Date: 04/25/2012  Time: 14:27:31 
FLOW SUMMARIES:  
 
Stream No.                    2 
Stream Name                      
Temp  C                600.0000  
Pres  bar                4.0000  
Enth  MJ/sec       -2.6989E+005  
Vapor mole frac.        0.59057  
Total kmol/sec         336.5958  
Total kg/sec          6380.9137  
Total std L m3/h     23410.0325  
Total std V m3/h    27159619.98  
Flowrates in kg/sec 
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Carbon                1654.9039  
Carbon Monoxide       3412.5246  
Carbon Dioxide          58.1350  
Water                 1241.7846  
Methane                  0.0000  
Hydrogen                13.5653  

 

Pyrolysis at 6 bar with output stream compositions 

CHEMCAD 6.3.0                                              Page 1 
 
Simulation: Pyrolysis without Sabatier   Date: 04/25/2012  Time: 14:34:43 
FLOW SUMMARIES:  
 
Stream No.                    2 
Stream Name                      
Temp  C                600.0000  
Pres  bar                6.0000  
Enth  MJ/sec       -2.5000E+005  
Vapor mole frac.        0.62151  
Total kmol/sec         336.5897  
Total kg/sec          6380.8336  
Total std L m3/h     24921.5561  
Total std V m3/h    27159128.86  
Flowrates in kg/sec 
Carbon                1529.7170  
Carbon Monoxide       3705.5573  
Carbon Dioxide          56.2744  
Water                 1054.8030  
Methane                  0.0000  
Hydrogen                34.4821 
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