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CHAPTER I. Process Introduction 

1.1 General physical and chemical properties of the process elements 
Styrene is an organic compound consisting of a vinyl group as a substituent for benzene, 

also known as vinylbenzene, ethenylbenzene, cinnamene, or phenylethylene with molecular 
formula C8H8) [1]. It is both a natural and synthetic substance, sometimes occurring naturally in 
foods such as coffee, cinnamon and cheese [2]. 

The industrial production of styrene dramatically increased during and after World War 
II, as it became crucial for producing synthetic rubber (SBR), especially for tyres, and various 
plastic products [3]. Nowadays, it is one of the most commonly used monomers with many 
applications(See Appendix D).  

Styrene monomer is a base of many products ranging from flexible rubbers to plastic 
packaging(see Appendix D: Table D1 for key applications of styrene). It is commercially 
available with a purity of 99.6% to 99.9%, ensuring it meets the high standards required across 
all of its applications [4]. This high purity is crucial for maintaining the desired quality and 
performance of styrene products like polystyrene, ABS, SBR, and other composites. 

The Table A1 (Appendix A) presents data on the physical and thermodynamic properties 
of the pure components (ethylbenzene, styrene, hydrogen, benzene, toluene) involved in the 
system. As can be seen in the table, literature data and that of Aspen Plus are fairly consistent 
with each other. All of the properties have been evaluated under standard conditions, namely, 
25°C and 1 atm. 
​ Furthermore, plots for temperature dependence of these properties are shown in Appendix 
A. Experimental values of properties were compared with Aspen plus simulation values, and 
density (Appendix A: Figures A1-A4), viscosity (Appendix A: Figures A5-A8), saturation pressure 
(Appendix A: Figures A9-A12), heat of vaporization (Appendix A: Figures A13-A16) and ideal 
gas heat capacity (Appendix A: Figures A17-A20) followed the same trend and values were close. 
However, liquid heat capacity values varied a lot from the Aspen Plus values with increasing 
temperature. The deviation from simulation values were between 9 to 15% (Appendix A: Figures 
A21-A24).  
​ The plots of Henry's constant for the hydrogen-water system as a function of temperature, 
are shown in Appendix A: Figure A25. The Aspen Plus data displays a peak in around 310 K, 
followed by a decrease, whereas the experimental values show a consistent increase with 
temperature. The discrepancy between the two sets of data, particularly at higher temperatures, 
may arise due to differences in how the solubility model is handled in Aspen Plus versus the 
empirical data. In addition, at high temperatures, both hydrogen and water can exist in the vapor 
phase, making it challenging to predict their behavior accurately using models designed for 
gas-liquid equilibrium. 

Literature review showed  different root mean square errors for several  theoretical 
models simulated in Aspen. Ideal and NRTL models showed the less mean square error, but 
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since the liquid phase consists of two compounds, ethylbenzene and styrene, the binary mixture 
exhibits non-ideal behavior [5]. Therefore, it is suitable to use the NRTL method for Aspen 
Simulation for modeling phase equilibria. The plots for thermodynamic model validation is 
shown in Appendix B. 

1.1.1 Chemical hazards 
Ethylbenzene is heavily involved in the manufacturing of the styrene monomer as an 

intermediate. According to the National Center for Biotechnology Information [6], human 
exposure to ethylbenzene mostly happens through inhalation. It is mainly toxic to humans in 
regard to their central nervous system, and is also an irritant of mucous membranes and eyes. ​
​ Table 1 illustrates the hazardous profile of ethylbenzene, including the Globally 
Harmonized System of Classification and Labeling of Chemicals (GHS) standards it falls under 
and hazard classification. 

Percentages in brackets next to the standards refer to the purity of a relevant component. 
 

Table 1. Ethylbenzene hazard profile 

GHS standards ​
[6] 

H225 (99.97%)  Highly flammable liquid and vapor 

H304 (16.94%) Might be fatal if swallowed 

H332 (99.91%) Inhaling is harmful 

H373 (19.38%) Repeated exposure may damage vital organs. 

Diamond  Hazard Value Description 

 
[7] 

Health 2 Can cause temporary 
incapacitation or 
residual injury 

Flammability 3 Can be ignited under 
almost all ambient 

temperature 
conditions 

Instability 0 Normally stable even 
under fire 

Special   
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Hazard indicating pictograms ​
[6] 

 

 
Styrene itself, a final product, might pose significant danger if exposed, too. As well as 

ethylbenzene, styrene is mainly exposed to humans through inhalation. According to the 
National Center for Biotechnology Information [8], a 3 hour exposure to styrene can result in 
immediate eye and throat irritation, drowsiness, vertigo and metallic taste. Long-term exposure 
results in more severe consequences such as dermatitis, blistering of the skin, depression, and 
damage to reproductive systems and other vital organs. Table 2 depicts styrene’s hazard profile. 
 

Table 2. Styrene hazard profile 

GHS standards ​
[8] 

H226 (100%) Highly flammable liquid and vapor 

H304 (50.44%) Might be fatal if swallowed 

H315 (100%) Causes skin irritation 

H319 (99.93%) Causes serious eye irritation 

H332 (98%) Inhaling is harmful 

H335(54.02%) May cause respiratory irritation 

H361 (34.93%) Might lead to fertility damage or damage the unborn child 

H372 (75.94%) Repeated exposure might damage organs 

H412 (48.83%) Harmful to aquatic life in a long term fashion 
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Diamond  
[9] 

 
 

Hazard Value Description 

Health 2 Can cause temporary 
incapacitation or 
residual injury 

Flammability 3 Can be ignited under 
almost all ambient 

temperature 
conditions 

Instability 2 Readily undergoes 
violent chemical 

changes at elevated 
temperatures and 

pressures 

Special   

Hazard indicating pictograms​
[8] 

 

 
 
​ Hydrogen might be irritating when inhaled at high concentrations. When in contact in 
confined areas, vapor hydrogen might cause dizziness and asphyxiation [10]. Below, in Table 3, 
is shown the hazard profile of hydrogen. 
 

Table 3. Hydrogen hazard profile 

GHS standards 
[10] 

H220 (99.93%)  Extremely flammable gas 
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H280 (76.76%)  If heated, the gas under pressure might explode 

H281 (13.76%) Contains refrigerated gas, might cause cryogenic burns or injury 

Diamond Hazard Value Description 

 
[11] 

Health 0 No hazard beyond 
that of ordinary 
combustible material 

Flammability 4 Burns readily. 
Rapidly or 
completely vaporizes 
at standard conditions 

Instability 0 Normally stable even 
under fire 

Special   

Hazard indicating pictograms ​
[10] 

 

 
The profiles of other major by-products, namely, Benzene and Toluene, are shown in 

Appendix C. 
1.2 Styrene application and production rate 

While polystyrene and styrene copolymers (ABS, SAN, etc.) have a significant share of 
all styrene uses, both face challenges due to their non-biodegradability and recycling difficulties,  
which makes them less environmentally sustainable. In contrast, Styrene-butadiene rubber 
(SBR), used for tyres and other elastomer applications, can be recycled and repurposed, making 
it less harmful to landfills compared to single-use materials [12]. Moreover, according to Market 
Forecast Analysis, the global SBR market size is predicted to increase from USD 10.2 Billion in 
2022 to USD 16 Billion by 2032, meaning demand for styrene production is also increasing [13]. 
Therefore, considering its critical role in high-demand industries like tyre manufacturing, 
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potential for recycling and cost-effectiveness, SBR was selected as a primary focus application 
for this project. 

For a production of styrene-butadiene rubber (SBR) styrene with a purity level of at least 
99.7% is typically required to ensure high-quality polymerization [14]. This high level of purity 
minimizes unwanted reactions and potential contaminants that could affect the final rubber 
product. Common acceptable impurities include trace amounts of ethylbenzene and other 
hydrocarbons, but are generally kept below 500 ppm [15]. To inhibit premature polymerization 
during shipping, storage and handling, additives like tertiary butyl catechol (TBC) are present at 
a concentration of 10-15 parts per million (ppm) (Table 4).  

Table 4. Styrene monomer requirements [14] 
Property Specification 

Purity, min, weight % 99.7 

Ethylbenzene, max, g/kg 1 

Aldehydes(as benzaldehyde), max, weight % 0.02  

Peroxides(as H2O2), max, mg/kg 100  

Polymer, max, mg/kg 10 

Inhibitor (TBC), mg/kg 10-15  
 

The production rate can be predicted by considering either GDP or population growth. 
GDP can provide information on the level of economic industrial development of a country or a 
region, since GDP is an indicator of all economic activities. This is vital for chemical industries. 
From Figure 1, the average tons of styrene per million people is 2,666.79 and the average tons of 
styrene per billion of GDP is 298.084 in The CIS region. The results of the extrapolation are the 
following: 670 kilotons/year on population basis and 824 kilotons/year on GDP basis. Styrene 
production is more GDP-based than population-based because styrene is primarily used in 
industrial applications, such as plastics, and synthetic rubber, and is closely related to a region’s 
manufacturing and economic activities, thus production of design will be assumed to be 
824,000/4 = 206,000 tons per year. Rounding the value to the nearest integer will be assumed as 
200000 tons/year. 
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Figure 1. Production of styrene per unit variable 

1.3 Review of the selected manufacturing process 
The production route follows the direct dehydrogenation of ethylbenzene, which accounts 

for over 85% of global styrene production in the industry [16]. In this process, EB is mixed with 
high-temperature steam and proceeds with reaction to produce styrene and hydrogen gas under a 
catalyst ( ). Overall, the direct dehydrogenation of ethylbenzene is considered more 𝐹𝑒

2
𝑂

3

beneficial compared to alternative processes such as oxidative dehydrogenation. It offers high 
styrene selectivity of around 90% and conversion rates up to 80%, while the use of steam helps 
prevent coke formation, preheats the feed, and shifts the reaction equilibrium toward products. 
Although it is endothermic and requires a large amount of steam, as well as being susceptible to 
polymerization, it avoids major drawbacks of oxidative dehydrogenation, such as rapid catalyst 
deactivation due to coke build-up and lower styrene selectivity caused by unwanted side 
products. 

The overall reaction of dehydrogenation looks like this: 
                              (1) 𝐶

6
𝐻

5
𝐶𝐻

2
𝐶𝐻

3
(𝑔) ⇔ 𝐶

6
𝐻

5
𝐶𝐻𝐶𝐻

2
(𝑔) + 𝐻

2
(𝑔)

                              (1) 𝐶
6
𝐻

5
𝐶𝐻𝐶𝐻

2
(𝑔) + 2𝐻

2
(𝑔) ⇔ 𝐶

6
𝐻

5
𝐶𝐻

3
(𝑔) + 𝐶𝐻

4
(𝑔) 

 

The reaction begins with liquid ethylbenzene mixed with recycled ethylbenzene from the 
distillation then changes its phase to be gas [17]. The reaction is endothermic, thus requiring high 
operating temperatures and low pressure [18]. Typical operating temperature is about 560−700 
°C, and big temperature variations might lead to undesirable side reactions and equilibrium shifts 
as reaction is reversible [19]. The main side reactions producing methane, toluene, benzene, 
ethylene are listed below: 

                              (2) 𝐶
6
𝐻

5
𝐶𝐻

2
𝐶𝐻

3
(𝑔)⇒𝐶

6
𝐻

6
(𝑔) + 𝐶

2
𝐻

4
(𝑔)         

(3)         𝐶
6
𝐻

5
𝐶𝐻

2
𝐶𝐻

3
(𝑔) + 𝐻

2
(𝑔)⇒  𝐶

6
𝐻

5
𝐶𝐻

3
(𝑔) + 𝐶𝐻

4
(𝑔)                               
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                                       (4) 2𝐻

2
𝑂(𝑔) + 𝐶

2
𝐻

4
(𝑔) ⇒ 2𝐶𝑂 + 4𝐻

2
(𝑔)

                                         (5) 𝐻
2
𝑂(𝑔) + 𝐶𝐻

4
(𝑔) ⇒ 𝐶𝑂 + 3𝐻

2
(𝑔)

                                                (6) 𝐻
2
𝑂(𝑔) + 𝐶𝑂(𝑔) ⇒ 𝐻

2
(𝑔) + 𝐶𝑂

2

Here, the side reaction leading to  and  formation is not taken into account due to 𝐶𝑂 𝐶𝑂
2

its insignificance. 

1.3.1 Catalyst type 
For the majority of styrene plants, potassium carbonate and iron oxide combined with a 

small amount of one or more of the following promoters— , , , CaO, MgO, С𝑟
2
𝑂

3
С𝑒

2
𝑂

3
𝑀𝑜𝑂

3

and —is the preferred commercial catalyst [17]. Potassium carbonate, water, and 𝑉
2
𝑂

5

pigment-grade iron oxide are combined to form a paste that can be pilled or extruded [21]. 
Compared to unpromoted iron oxide, the  promoted catalyst shows greater activity [22]. 𝐾

2
𝑂

Moreover, the Potassium oxide continuously eliminates CO and  acts as an effective 𝐶𝑂
2

water-gas shift catalyst. This feature is responsible for the catalyst's prolonged lifespan, which 
spans one to two years [23].  

By stopping sintering and the consequent loss of surface area, the  promoter in the С𝑟
2
𝑂

3

1-3 wt % range functions as a structural stabilizer [22]. As an alternative, different binders, such 
as cement, might be applied to guarantee structural strength [24]. Other promoters are used: 

, MgO without , and MgO with  and , in that order. 𝑀𝑜
2
𝑂

3
С𝑟

2
𝑂

3
С𝑟

2
𝑂

3
С𝑒

2
𝑂

3

For many years, Shell 105 was the dominant catalyst, and it was the first to use potassium 
as a water-gas reaction promoter. Typically, this catalyst contains 13.3% potassium as , 𝐾

2
𝐶𝑂

3

2.4% chromium in , and 84.3 percent iron as . It produces fair yields and has good 𝐶𝑟
2
𝑂

3
𝐹𝑒

2
𝑂

3

physical qualities and activity [25]. Summary of characteristics of most acceptable catalysts are 
given in Table 5. 

Table 5. Catalyst Characteristics and Composition 

Form Extrudates (Cylinders), macroporous 
[23] 

Size, mm 0.84-1.68 [26] 

Fe2O3, wt%  73.6 [26] 

K2O, wt%  9.7 [26] 
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Ce2O3, wt%  16.7 [26] 

Activation energy, kJ/mol  103.7±8.2 [26] 

Surface area, m2/g  1.5-3 [26] 

Pore volume, cm3g-1  0.1-0.25 [26] 

Pore radius, Å 150 [27] 

Steam/ethylbenzene mole ratio 3-9 [26] 

EB conversion, % 76.9 [26] 

Styrene selectivity, %  91.4 [26] 

 Styrene yield, % 70.3 [26] 

Catalyst deactivation can occur due to poisoning and potassium migration. Halides and 
compounds containing sulfur, phosphorus, and silica act as catalyst poisons by coating active 
sites and deactivating the catalyst [23]. While organic sulfur compounds temporarily poison the 
catalyst—allowing it to regain activity once the sulfur is depleted—halides are permanent 
poisons that cause irreversible damage. Therefore, it is recommended to maintain halide 
concentrations below 1 ppm in the feed, as they react with K₂O and diminish the promoting 
effect of potassium on the catalyst [22]. Over time, potassium promoters may migrate from the 
periphery to the center of the catalyst, leading to uneven distribution—high concentration in the 
core and low concentration at the edges—resulting in confined catalytic activity and inactive 
regions [22]. Additionally, steam treatment exacerbates potassium migration by converting K₂O 
into KOH, further reducing catalyst activity [28].​
​ Endothermic nature of the reaction causes a significant temperature drop in the reactor, 
which in turn limits the conversion of ethylbenzene to styrene. Using multistage reactors with 
heating in between reactors is a very good method to decrease the temperature drop caused by 
the endothermic dehydrogenation reaction. Traditionally, furnaces are used as they offer more 
controlled heating, help to avoid steam-related complications and optimize steam distribution 
across stages [29]. In this production, adiabatic reactors were chosen as 75% of the industry 
uses it for styrene production. Their main advantage is a simpler design and lower capital costs. 
They manage the temperature drop caused by the endothermic reaction by staging the process. 
Most modern reactors operate at low pressures (around 0.5-2 atm) to improve the equilibrium 
conditions for dehydrogenation. This condition enhances conversion and allows for lower steam 
rates, leading to significant energy savings. 
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CHAPTER II. Process Summary 

In Figure 2, the process flow description can be found. Overall process design was based 
on Luyben’s design (Appendix E) [18]. Overall, the system has 20 streams.  

Raw materials used are EB and low-pressure steam. EB enters a pump and is then heated 
(E-101 and E-102) to 500°C. This mixture is combined with a recycle stream heated in the E-107 
unit. The resulting stream is then mixed with heated low-pressure steam (stream 6). After 
reaching 620°C (stream 7), it enters the first plug flow reactor (R-101), which operates at 620°C 
and 1.8 atm. As the reaction is endothermic, it leaves the first reactor at 550°C (stream 8), thus it 
is reheated (stream 9 ) up to operating temperature and enters the second PFR (R-102); it leaves 
R-102 unit at 590°C.  

 
Figure 2. Process flow diagram of the plant for industrial styrene production 

​  
The product stream is then cooled to 40°C (stream 12) and enters the decanter (D-101), 

operating at 40°C and 1.2 atm. Most of the water (stream 13) and light gases (stream 14) are 
removed in the decanter, and the organic liquid (stream 15) is sent to separation units. In the first 
distillation column (T-101), a product containing 99.7% styrene with less than 900 ppm EB is 
collected (stream 16). The top product from T-101 is sent to the second distillation column 
(T-102), where recycled EB (stream 19) is collected as the bottom product, heated and mixed 
with the fresh feed. Benzene and toluene byproducts (stream 18) are removed as top products 
from T-102. The first distillation column operates at 70°C and 0.1 atm, while the second 
distillation column operates at 40°C and 1.2 atm. 
2.1 Process kinetics 

2.1.1 Kinetics model available in literature 
​ The dehydrogenation of ethylbenzene to styrene is a complex industrial process requiring 
accurate kinetic models to capture the reaction mechanism, optimize selectivity and guide 
industrial reactor designs. Various kinetic models have been proposed to simulate this reaction, 
each tailored to specific catalysts and operational conditions. These models range from 
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mechanistically detailed approaches to empirical models suitable for industrial applications. The 
Hougen-Watson (HW) model is among the most widely used for EB dehydrogenation, 
particularly with potassium-promoted iron oxide catalysts. Lee and Forment use the HW kinetic 
model in a tubular reactor system. This model is suitable for high surface coverage conditions 
and allows for the intrinsic rate equations to reflect both the adsorption-desorption dynamics and 
reaction rates. Lee and Froment’s work demonstrates that the HW model is robust in predicting 
conversion and selectivity under varying temperatures, steam-to-EB ratios, and space times in a 
tubular reactor setup​. In addition, Potassium serves multiple roles: it enhances the catalyst's 
selectivity towards styrene by forming an active phase (potassium ferrite, ) and reduces 𝐾𝐹𝑒𝑂

2

coke formation, allowing the process to operate effectively even at moderate steam-to-EB ratios. 
Potassium also aids in the gasification of carbonaceous deposits, thereby extending catalyst life 
under the high-temperature, endothermic conditions typical of industrial EB dehydrogenation 
[30]. 

The Langmuir-Hinshelwood-Hougen-Watson (LHHW) model offers a similar approach, 
focusing on the adsorption and surface reaction dynamics. It is especially effective for iron-based 
catalysts modified with potassium or chromium, which tend to exhibit high surface coverage and 
structure-insensitive behavior. Boudart discusses the relevance of the LHHW model for reactions 
involving catalysts with nonuniform surfaces, where high surface coverage causes uniform 
adsorption heat and reaction rates across sites. This model is particularly useful in simulating EB 
dehydrogenation on iron oxide catalysts, as it captures the adsorptive interactions between EB, 
hydrogen, and the catalyst surface [31]​. Similarly, in the study by Tang et al. a two-dimensional 
quasi-homogeneous steady-state model was designed for a fixed-bed reactor setup. This model 
couples the reaction kinetics with reactor dynamics to simulate the temperature and 
concentration profiles under various operating conditions. The kinetic model is based on the 
Langmuir-Hinshelwood-Hougen-Watson (LHHW) mechanism, which assumes that the 
rate-determining step is the surface reaction of adsorbed ethylbenzene on the catalyst, 
specifically a phosphorus-doped boron nitride (PBN) catalyst supported on cordierite​. The 
researchers found that high temperatures favor the main dehydrogenation reaction but also 
increase the formation of byproducts, particularly benzene and toluene, through secondary 
cracking reactions. Their two-dimensional kinetic model provides accurate predictions for 
optimizing reaction conditions to enhance styrene yield, showing high potential for scaling up 
this reaction in industrial settings [32]. 

For ODH or EB, the Mars-van Krevelen (MvK) mechanism is preferred. This 
redox-based model is applied primarily with reducible oxides like  and , which use 𝑉

2
𝑂

5
𝐶𝑟

2
𝑂

3

lattice oxygen as the oxidant. Sharma et al. investigated EB dehydrogenation over a  𝑉
2
𝑂

5
/𝑇𝑖𝑂

2

catalyst, utilizing the MvK model to explain the catalytic cycle involving lattice oxygen. In this 
model, the catalyst’s lattice oxygen participates in the reaction and is subsequently replenished 
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by molecular oxygen. This cycling of lattice oxygen allows the catalyst to maintain activity 
while minimizing coke formation, an advantage for high-temperature applications​ [33]. 

Lian et al. introduced the Eley-Rideal (ER) mechanism in studies of ODH, where it was 
found particularly suitable for systems involving nanocarbon catalysts. In the ER model, only 
one reactant (often hydrogen) adsorbs on the catalyst surface, and the other reactant (EB) 
remains in the gas phase, directly interacting with the adsorbed species. This model is especially 
relevant for catalytic systems where radical species play a role, or where one reactant absorbs 
weakly. Lian et al. demonstrated that the ER pathway was advantageous for nanocarbon catalysts 
in ODH, as it captures reaction dynamics where only partial adsorption of reactants occurs​ ​ [34].  

Lian et al.also employed microkinetic modeling (MKM) with density functional theory 
(DFT) for ODH studies, capturing complex interactions like adsorption, surface reactions, and 
desorption on nanocarbon catalysts. MKM, particularly when combined with DFT calculations, 
offers a highly detailed approach to understanding the elementary reaction steps in EB 
dehydrogenation. This approach enables researchers to quantify reaction orders and determine 
rate-limiting steps with high accuracy, providing a comprehensive understanding of catalyst 
behavior and interactions. While MKM provides the most detailed insights, it is computationally 
demanding and best suited for catalyst research and development rather than routine industrial 
applications​ [34]. In addition, Elnashaie et al. utilized microkinetic modeling to capture the 
complex reaction network of EB dehydrogenation within different reactor configurations, such as 
fluidized-bed and membrane reactors. These models require extensive data on surface kinetics 
but provide valuable information for optimizing catalyst formulations and understanding reaction 
mechanisms, therefore, microkinetic models are particularly advantageous for catalyst research 
and development [35]. 

2.1.2 Rationale behind choosing a specific model 
The LHHW model was chosen for EB dehydrogenation to ST, due to its ability to 

account for the absorption and reaction processes on active catalytic sites. The model assumes 
that the reaction occurs via a surface mechanism, where adsorbed EB, ST, and hydrogen interact 
at active centers. It successfully describes reactions where the surface reaction is the rate-limiting 
step. This approach aligns well with Fe-based catalysts, as studies have shown the efficacy of 

 with K promoters in enhancing the reaction kinetics [36]. The LHHW model's assumption 𝐹𝑒
2
𝑂

3

of competitive adsorption and surface reaction as the rate-limiting step aligns with the 
characteristics of -based catalysts, where potassium serves as a promoter.  𝐹𝑒

2
𝑂

3

In the context of -  catalysts, this model was selected because it accurately 𝐹𝑒
2
𝑂

3
𝐾

2
𝐶𝑂

3

fits the experimental data through its consideration of associative adsorption and reaction steps 
on a singular type of active site [36]. Additionally, Fe-based oxides, when promoted with K, 
offer active sites beneficial for stabilizing the potassium ferrite ( ) phase, which is crucial 𝐾𝐹𝑒𝑂

2

for effective EB dehydrogenation under high-temperature conditions. The LHHW model’s 
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applicability here is supported by experimental and theoretical evidence showing that the  𝐹𝑒

2
𝑂

3

catalyst, particularly when optimized with K and potentially other promoters like Cr or Ce, yields 
improved catalytic performance for styrene production [37]. For instance, -  𝐹𝑒

2
𝑂

3
𝐾

2
𝐶𝑂

3

catalysts promoted with Cr or Ce showed high stability and performance, achieving EB 
conversions up to 78.2% with selectivity to styrene under industrial reaction conditions 
(temperatures ranging between 540-650ºC and a steam-to-EB ratio of 2:1)​​. The model’s 
assumptions align well with the kinetic data from these systems, capturing both adsorption 
equilibria and reaction kinetics that are crucial for accurately simulating industrial-scale 
reactions  [37]. 

It is widely accepted that the LHHW kinetic model with surface reaction rate-determining 
step can characterize the catalytic reaction kinetics very well. Thus, the -  catalyst system, 𝐹𝑒

2
𝑂

3
𝐾

employing the LHHW model, is appropriate for EB dehydrogenation, offering favorable 
conversion rates and selectivity for styrene production along with catalyst stability and model 
accuracy. 

2.1.3 Parameters for kinetic modeling 
​ The LHHW model was chosen for validation [38]. 
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​ Tables 6 and 7 were used to build kinetic models in the Aspen Plus. Table 6 depicts 
necessary parameters, while Table 7 shows how to implement it. The rate constants for reaction 
and adsorption steps are given by Arrhenius-type equations [38]: 

                                                         (12) 𝑘
𝑖

= 𝐴
𝑖
𝑒𝑥𝑝(−

𝐸
𝑖

𝑅𝑇 )

                                                       (13) 𝐾
𝑖

= 𝐴
𝑖
𝑒𝑥𝑝(−

∆𝐻
𝑎,𝑗
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Table 6. Parameters for the LHHW kinetic model [39] 
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Parameter Symbol Value 

Pre-exponential factor of reaction rate 
constants , [kmol/(kg-cat·s)] 𝑘

𝑖

A1 1.276 ×  106

A2 2.944 ×  1011

A3 3.461 ×  1022

A4 2.229 ×  107

Pre-exponential factor of adsorption constants 

, [ ] 𝐾
𝑗

𝑃𝑎−1

AEB 1.014 ×  10−10

AST 2.678 ×  10−10

AH2 4.519 ×  10−12

activation energy [kJ/mol] 

E1 175.38 

E2 296.29 

E3 474.76 

E4 213.78 

adsorption enthalpy [kJ/mol] 

ΔHa,EB –102.22 

ΔHa,ST –104.56 

ΔHa,H2 –117.95 

 
Table 7. Implementation of Kinetic Model in Aspen Plus [39] 

Reaction 
Rate 

constant 

Pre-exp 
[kmol/(kg-cat*s

*Pa)] 
E [kJ/mol] Adsorption constant [bar-1]  

R1 k1
*= k1KEB 1.294 10-4 × 73.16 lnKEB = –23.012+12300/T 

R2 k2
*= k2KEB 29.852 194.07 

lnKH2 = –
26.123+14193.7/T 
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R3 k3
*= k3KEB 3.509 1012 × 372.54 lnKST = –22.041+12582.4/T 

R3 k4
*= k4KST 5.969 10-3 × 109.22 ln( ) = –27.104+14931/T 1

𝐾
𝑒𝑞

 
2.1.4. Validation of the Kinetic Model 
In order to validate the LHHW kinetic model, the mathematical model was created using 

Python code and the parameters of the kinetic model were inputted into the Aspen, using the 
operating conditions from the chosen literature. The reactor was considered isothermal since the 
mathematical model was derived only for a constant 620C temperature. As can be seen in Figure 
3, there was a perfect fit between the mathematical model, paper graph, experimental values and 
Aspen. 

 
Figure 3. Conversion of the components over space-time. T = 620°C. /EB ratio = 11. PT = 𝐻

2
𝑂

0.612 bar. A) Conversion of the ethylbenzene over space-time; B) Conversion of the styrene over 
space-time. C) Conversion of the benzene over space-time; D) Conversion of the toluene over 

space time [38] 
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Figure 4. Effect of H2O/EB ratio on the styrene selectivity and conversion of ethylbenzene. T = 

620°C. /EB ratio = 11. PT  = 0.612 bar. A) Styrene selectivity over space-time; B) 𝐻
2
𝑂

Conversion of the ethylbenzene over space-time [39] 
The effect of steam to ethylbenzene ratio was investigated and compared with 

experimental data. As can be seen on Figure 4, there was only a small difference between Aspen 
and experimental data. While the /EB ratio didn’t affect the conversion of ethylbenzene that 𝐻

2
𝑂

much, the higher ratio illustrated higher selectivity values for styrene. It was discussed in the 
literature that the optimum /EB ratio was between 11 to 13. 𝐻

2
𝑂

Consequently, after successfully validating the kinetic model, it was applied to our 
operating conditions of T = 620°C, 1 atm and /EB = 12. The optimum value of the catalyst 𝐻

2
𝑂

weight was chosen from the graphs from Aspen analysis, as it was identified that it reached 
maximum styrene conversion at W/FEB of 133.534 value. However, the conversion to styrene 
was approximately the same at around 100 and 133.534 values. By choosing 100 g cat hr/mol 
value, the conversion to styrene was near to maximum value, while opting for lower conversion 
to toluene. Considering that ethylbenzene in the feed was 372 kmol/hr, the minimum catalyst 
weight was chosen as 36,000 kg for the first reactor. The maximum conversion to styrene in the 
second reactor was observed at 216.72 space-time value, thus, a minimum of 46,000 kg for 
catalyst of loading was chosen for the 2nd reactor, considering the EB feed into the 2nd reactor 
was around 211.36 kmol/hr. For optimization of reactor design and maximizing ethylbenzene 
conversion, 50000 kg was chosen as catalyst loading for both reactors. The graphs used for the 
choosing of the optimal values are presented in the Appendix F. The stream results for both 
reactors are shown in Table 8. 

Table 8. Stream results for R-101 and R-102 

 7 8 9 10 

Ethylbenzene 388.8 219.8 219.8 110.5 
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Steam/water 4665.5 4665.5 4665.5 4665.5 

Styrene 7.4 168.6 168.6 251.1 

Hydrogen 0 155.2 155.2 213.2 

Toluene 0.03 5.9 5.9 30.4 

Benzene 0 1.95 1.95 4.3 

Ethylene 0 1.95 1.95 4.3 

Methane 0 5.9 5.9 30.4 

Total 5061.7 5224.8 5224.8 5309.7 
 

2.2 Separation of water and lights 
The gaseous product (stream 10) enters a cooling unit (E-105) at a total flow rate of 5310 

kmol/h (126103 kg/h), where its temperature is cooled down to 252°C with the pressure 
remaining the same at 1 atm. Following the cooler, the product (stream 11) enters a condenser 
unit (E-106), where it is further cooled down to 40°C. In stream 12, the outlet stream of the 
condenser and the inlet stream of the decanter, the total flow rate remains unchanged. However, 
the product now is mostly a liquid after passing through E-106.  

When the product enters a decanter unit (D-101), its pressure is increased to 1.2 atm with 
the pump employment, and the product is separated into three distinct outlet streams: lights or 
vapor phase (stream 13), aqueous or liquid 2 phase (stream 14), and organic or liquid 1 phase 
(stream 15). Temperature is maintained at 40°C for all the involved streams.  

Stream 13 is all vapor and has a total flow rate of 268 kmol/h (1906 kg/h). Stream 14, on 
the other hand, is almost all water, accounting for 4647 kmol/h (83722 kg/h) of the total 4652 
kmol/h. The remaining 5 kmol/h accounts for all the other components that are present in the 
system, which are dissolved in the water in some insignificant amounts. Majority of hydrogen, 
methane, and ethylene leave the system through streams 13 and 14, while the remaining amounts 
of the compounds enter the organic phase stream 15 at a total flow rate of 390 kmol/h (40227 
kg/h). Hydrogen, methane, and ethylene amounts are neglected in stream 15 as they are very 
small compared to overall flow rate. 

Table 9 presents the molar material balance for the cooler and decanter streams, which 
include streams from 12 to 15. 

Table 9. Molar flow rate data and physical conditions of the streams associated with decanter 
Stream # 12 13 14 15 

Temp., °C 40 40 40 40 

P, atm 1.2 1.2 1.2 1.2 

Vapor fraction 0.13 1 0 0 
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Liquid 1 0.87 0 1 0 

Liquid 2 0 0 0 1 

Molar flow rates, kmol/h 

EB 110.5 1.8 0.6 108.1 

Steam 4665.5 16.3 4647.3 1.9 

ST 251.1 2.7 0.2 248 

H2 213.2 212.9 0.3 0 

Toluene 30.4 1.3 1.3 27.9 

Benzene 4.3 0.4 0.01 3.9 

Ethylene 4.3 3.5 0.8 0 

Methane 30.4 29.0 1.4 0 

Total 5309.7 267.9 4651.9 383.9 
 
2.3 Purification of the final product 

Organic phase produced from the decanter (D-101) enters the first distillation column 
(T-101) at a flow rate of 389 kmol/hour and composition of 63.5 mol% styrene, 28 mol% EB, 0.5 
mol%  water, 7 mol% toluene and 1 mol% benzene. Distillation column operates under vacuum 
with a reflux-drum pressure of 0.5 atm and separates the stream into two outlet streams, distillate 
(stream 17) and bottom product (stream 16). Stream 16 is a styrene product with 99.7% purity 
that further leaves the system with a flow rate of 240 kmol/h (Table 10).  

Stream 17, consisting of EB, water, toluene, benzene and remaining small amounts of 
styrene at 148 kmol/h proceeds to the next distillation column, T-102, that operates at 1.2 atm. 
The top product (distillate) which is mostly benzene and toluene with some water, leaves the 
system (stream 18), while the bottom products from the column T-102, Stream 19 with a flow 
rate of 106.67 kmol/h is heated and recycled back to the feed part of the system (Table 10). 
 

Tables 10. Molar flow rate data and physical conditions of the streams associated with 
distillation 

Stream # 16 17 18 19 20 
Temp., °C 120 70 40 150 500 

P, atm 0.5 0.5 1.2 1.4 1.4 
Vapor fraction 0 0 0 0 1 
Liquid fraction 1 1 1 1 0 

Molar flow rates, kmol/h 
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EB 0.2 107.8 1.07 106.7 106.7 

Steam 0 1.8 1.8 0 0 
ST 240.6 7.4 0 7.4 7.4 
H2 0 0 0 0 0 

Toluene 0 27.9 27.8 0.03 0.03 
Benzene 0 3.9 3.9 0 0 
Ethylene 0 0 0 0 0 
Methane 0 0 0 0 0 

Total 240.8 148.8 34.6 114.1 114.1 

 

CHAPTER III. Major Equipment Design 

3.1 E-101 Heat Exchanger Design 
Heat exchanger is an industrial equipment used to transfer energy between streams 

without their mixing. The main parts of each heat exchanger are hot and cold sides. Shell and 
tube heat exchangers are used widely as they are flexible, provide sufficient surface area and 
have comparatively low cost. Specifically, BEM as the most frequently used was designed for 
the assigned task. The E-101 is designed to heat fresh ethylbenzene to saturation temperature and 
plays a crucial role in the design process, since the main reaction is endothermic, supplying heat 
is important for overall performance of the plant. It is required to heat 282 kmol/hr from 25 °C to 
136.15 °C for further evaporating and heating in the furnace. 

Methodology of design: 
1)​ Define known parameters as starting and final temperature, flow rate of process fluid 

(Table 11); 
2)​ Define heat duty. 
3)​ Choose a heat exchanger type; 
4)​ Assume overall U form the physical nature of both fluids [40]; 
5)​ Assume length and diameter of tubes from required area; 
6)​ Retrieve physical parameters of process and service fluids (viscosity, thermal 

conductivity, density, heat capacity); 
7)​ Calculate the overall heat transfer coefficient and compare to the assumed value; 
8)​ Calculate pressure drops; 
9)​ If design does not satisfy requirements, repeat steps 5-8. 

Table 11. Basic parameters for heat exchanger design 

Parameter Unit Shell side 
(ethylbenzene) 

Tube side (low 
pressure steam) 
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T inlet °C 25 160 

T outlet °C 136.15 160 

Flow rate kmol/hr 282 180 

Flow rate kg/hr 29938.812 8061.543 

P inlet bar 1 6.05 

P outlet bar 0.967 5.875 

 
The heat duty required was estimated by formula: 

                                                             (Eq. 14) 𝑄 =
𝑇

1

𝑇
2

∫ 𝐶
𝑝
𝑑𝑇 * 𝑚

Where Q is heat duty,  is heat capacity,  is temperature,  is mass flow rate. 𝐶
𝑝

𝑇 𝑚

U was assumed to be 750, since the nature of fluids is Steam condensing - Organic solvents 
interaction is in the range of 500-1000, which is visible in Figure G1 in Appendix G. Low 
pressure steam condensation at temperature of 160 °C and corresponding saturation pressure 
6.05 bar was used as water releases heat when condensation occurs and after condensation liquid 
water still would have energy for heating to some extent without temperature crossover. LMTD 
(log mean temperature difference) was estimated as: 

                                                     (Eq. 15) Δ𝑇
𝑙𝑚

=
(𝑇

1
− 𝑡

2
) − (𝑇

2
 − 𝑡

1
)

𝑙𝑛
(𝑇

1
−𝑡

2
)

(𝑇
2 

− 𝑡
1
)

 

Where  is inlet of hot side,  is outlet of hot side,  is inlet of cold side,  𝑇
ℎ,𝑖𝑛

𝑇
ℎ,𝑜𝑢𝑡

𝑇
𝑐,𝑖𝑛

𝑇
𝑐,𝑜𝑢𝑡

is an outlet of the cold side. Detailed calculations are provided at the spreadsheet of design of 
this equipment piece or Appendix G Figure G3, and the correction factor  = 1 calculated. 𝐹

𝑡

Further, the area of tubes in contact with shell side fluid needs to be calculated. Assumptions for 
tubes are presented in Table 12. 

 
 
 
 
 

Table 12. Assumed tubes used for heat exchanger design 

Tube parameter Inner diameter, Outer diameter, Thickness Length,  𝐿
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 𝐷
𝐼

 𝐷
𝑂

Value, m 0.0216 0.025 0.0017 3.66 

                                                 (Eq. 16) 𝑄 =
𝑇

1

𝑇
2

∫ 𝐶
𝑝
𝑑𝑇 * 𝑚 = 𝑈𝐴𝐹

𝑡
∆𝑇

𝑙𝑚

                                                               (Eq. 17) 𝐴 =  𝑄
𝐹

𝑡
Δ𝑇

𝑙𝑚
𝑈

Area of a single tube,                                                  (Eq. 18) 𝐴
𝑡

= 𝑑
𝑜
𝐿

𝑡
π

Number of tubes,                                    (Eq. 19) 𝑁 = 𝐴
𝐴

𝑡
= 125. 8048925

The internal  shell diameter,              (Eq. 20) 𝐷
𝑆

= 0. 012 + 𝐷
𝑂

* (𝑁
𝑡𝑜𝑡

/0. 156)(1/2.291)

 is 0.478 m. The values are taken from Figure G4 (see Appendix G). From TEMA 𝐷
𝑆

standards, minimal thickness for shell diameters between 330-580 mm is 3.2 mm stainless steel 
from Figure G6, thus  is 0.4844 m. 𝐷

𝑆𝑜𝑢𝑡

Tube condensation heat transfer coefficient: 
                                    (Eq. 21) Γ

ℎ
= 𝑊

𝑐
/(𝐿 * 𝑁

𝑡
) = 0. 0009055877838

                         (Eq. 22) ℎ
𝑐

= 0. 76 * (ρ
𝑙
(ρ

𝑙
− ρ

𝑔
)𝑔/(µ

𝑙
* Γ

ℎ
))1/3 = 19539. 76568

Where  is horizontal tube loading,  is total condensate flow,  is length of tubes,  Γ
ℎ

𝑊
𝑐

𝐿 𝑁
𝑡

is the total number of tubes in the bundle.  and   are liquid and gas densities respectively,  is ρ
𝑙

ρ
𝑔

𝑔

gravitational constant,  is liquid viscosity. µ
𝑙

Shell heat transfer coefficient: 

                             (Eq. 23) ℎ
𝑆

= (𝑘/𝑑
𝑒
) * 𝐽

ℎ
* 𝑅𝑒 * 𝑃𝑟1/3 * (µ/µ

𝑤
)0.14

Where  is Reynolds number,  is viscosity,  is shell heat transfer coefficient,  is 𝑅𝑒 µ ℎ
𝑆

𝐽
ℎ

heat transfer factor taken form Figure 4A,  is viscosity at the wall. µ
𝑤

Overall: 

    (Eq. 24) 1
𝑈

𝑜
= 1

ℎ
𝑠

+ 1
ℎ

𝑜𝑑
+

𝑑
𝑜
 * 𝐿𝑁(𝑑

𝑜
/𝑑

𝑖
)

2𝑘
𝑤

+
𝑑

𝑜

𝑑
𝑖

× 1
ℎ

𝑖𝑑
+

𝑑
𝑜

𝑑
𝑖

× 1
ℎ

𝑖
= 1718. 431619

Where  is overall coefficient,  outside fluid coefficient,  inside fluid coefficient, 𝑈
𝑂

ℎ
𝑂

ℎ
𝐼

 is outside fouling coefficient,  is inside fouling coefficient,  is thermal conductivity of ℎ
𝑂𝑑

ℎ
𝐼𝑑

𝑘
𝑊

wall material. The calculated value is well above estimated U, and with some adjustments can be 
accepted. Final parameters for E-101 units are shown in the specification sheet (Table 13). 
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Additionally, the graphical representation of temperatures for both shell and tube sides is 

illustrated in Figure 5. 
 

Table 13. Specification list of the heat exchanger 

E-101 heat exchanger specification sheet 

 

 

Parameter Tube side Shell side 

Length, m 3.66 

Inner diameter, m 0.0216 0.478 

Outer diameter, m 0.025 0.4844 

Tube pitch/baffle spacing, m 0.03125 0.3824 

Arrangement 90° square Horizontal, 25% cut 

Tube/shell passes 2 1 

Number of tubes (tubes per 
pass)/baffles 

126 (63) 10 

Pressure drop, Pa(calculated) 3309 17307 

Material SS 304L stainless steel 

Estimated area,  𝑚2 35.3382 
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Figure 5. Graph of the temperatures for both sides 

 
The absence of temperature change in tube side means that condensation occurs properly 

and heat transfer has moderate resistance, even if fouling large and heat transfer coefficient of 
steel is low. Detailed calculations of heat transfer coefficients and pressure drops are available in 
Appendix G. 

 
3.2 R-101 and R-102 reactor design 

3.2.1 Review of different reactor types 
Dehydrogenation of ethylbenzene (EB) to styrene  is endothermic, reversible, and 

typically carried out at high temperatures to drive the equilibrium toward styrene production. The 
choice of reactor significantly impacts the efficiency, conversion, and overall performance of the 
process. 

Continuous Stirred-Tank Reactor (CSTR). A CSTR is a well-mixed vessel where 
reactants are continuously fed into the reactor, and products are continuously removed, 
maintaining constant volume. This reactor type is commonly used in liquid-phase reactions 
where uniform reactant concentration and temperature control are required. Due to its complete 
mixing characteristics, the conversion per unit volume in a single CSTR is often lower than other 
reactor types. However, when multiple CSTRs are arranged in series, the overall conversion can 
be improved. The CSTR is widely used in fermentation, polymerization, and pharmaceutical 
production due to its simplicity and ease of control [41].  

The Plug Flow Reactor (PFR). The Plug Flow Reactor (PFR), also known as a tubular 
reactor, is characterized by a continuous flow of reactants through a cylindrical tube without 
back-mixing. This reactor type provides a higher conversion per unit volume than a CSTR 
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because reactants at the inlet remain at their highest concentration, ensuring a strong driving 
force for the reaction. PFRs are suitable for gas-phase and highly exothermic reactions, such as 
oxidation and nitration processes. However, temperature control can be challenging in PFRs, as 
heat removal must occur along the reactor length to prevent thermal runaway [40] 

The Fluidized Bed Reactor. The Fluidized Bed Reactor involves a bed of solid catalyst 
particles suspended by an upward flow of gas or liquid, allowing for intense mixing and 
excellent heat transfer. This reactor type is widely used in catalytic cracking, polymerization, and 
biomass gasification. Fluidized bed reactors offer high mass transfer rates and uniform 
temperature distribution, making them suitable for highly exothermic reactions. However, their 
design is complex, requiring efficient gas-solid separation systems to prevent catalyst loss and 
attrition [42]. 

Fixed Bed Reactor. The Fixed Bed Reactor consists of a packed bed of solid catalyst 
through which reactants flow. This reactor type is commonly used in heterogeneous catalytic 
reactions, such as ammonia synthesis, hydrodesulfurization, and ethylbenzene dehydrogenation. 
Fixed bed reactors offer high catalyst utilization but can suffer from poor heat transfer and 
pressure drop issues. In exothermic reactions, hot spots may form within the catalyst bed, leading 
to thermal degradation, while in endothermic reactions, temperature drops along the reactor 
length can reduce conversion efficiency [42]​. 

Reactor Selection for Ethylbenzene Dehydrogenation 
The reactor that will be used for producing styrene from ethylbenzene dehydrogenation is 

an adiabatic fixed-bed tubular reactor. This reaction occurs at temperatures of approximately 
620°C and low pressure of 1.8 atm. Because an adiabatic reactor does not exchange heat with its 
surroundings, the temperature drops along the reactor length, reducing reaction rates and 
conversion.  

To counteract temperature drop, in industrial styrene production multiple reactors in 
series with interstage reheating are commonly used [18]. But in this specific case, the process 
utilizes six parallel reactor tubes with intermediate heat exchanger between reactors. This 
ensures that temperature remains sufficiently high in the second reactor to achieve the desired 
conversion.  

Operating at low pressure or applying deep vacuum on the reactor effluent minimizes the 
partial pressure of ethylbenzene, thereby pushing the equilibrium toward styrene formation. 
Modern styrene plants use vacuum conditions and large steam dilution to maximize conversion 
per pass while maintaining selectivity​ [18].  

3.2.2. Brief review for design methodologies 
Several design methodologies exist for adiabatic fixed bed reactors, each method offering 

different levels of accuracy, complexity and computational effort. The main methods are: 
Rules of Thumb  
Design professionals may assume typical operating conditions, such as a catalyst bed 

height-to-diameter ratio within a standard range and a reaction temperature range of 550–650°C, 
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based on industry best practices and empirical knowledge. While rules of thumb are helpful for 
rapid estimations and feasibility studies, they are imprecise and may not take system-specific 
variations in kinetics, heat transfer, or pressure drop into account. 

Heuristics-Based Design 
Heuristic design is a more sophisticated method that uses engineering judgment and 

simplified models. Based on established reaction kinetics, heat balance factors, and catalyst 
performance, it employs semi-quantitative techniques. To determine ideal reactor dimensions, 
pressure decreases, and conversion rates, engineers may use empirical correlations. By 
combining basic concepts with useful approximations, this method enhances basic rules of 
thumb and is appropriate for reactor design in its first stages. 

Rigorous Simulation 
However, due to the intricacy of the dehydrogenation of ethylbenzene, the most reliable 

method for building an adiabatic fixed-bed reactor for the synthesis of styrene is rigorous 
modeling. Because of its high endothermic nature, this reaction necessitates careful thermal 
control to prevent sharp temperature decreases that could result in decreased conversion 
efficiency. Kinetic modeling is also essential since side reactions, like the production of benzene 
and toluene, rely on local temperature and residence time. Computational fluid dynamics (CFD) 
or process simulation tools such as Aspen Plus or COMSOL Multiphysics, as well as 
comprehensive reaction kinetics and catalyst deactivation models, are all used in rigorous 
simulation. By accurately forecasting temperature profiles, pressure drop distributions, and 
species concentrations, these simulations enable engineers to maximize reactor performance. 
Rules of thumb and heuristic design can help to avoid initial errors as well as make reasonable 
assumptions during the modelling stage. Rigorous simulation needs full data on the kinetic 
model and information on catalysts’ properties. 

The Non-Random Two-Liquid (NRTL) framework-based thermodynamic model was 
verified in Capstone Report I to precisely forecast phase equilibria and activity coefficients for 
the styrene manufacturing system. For subsequent separation procedures, this model made sure 
that non-ideal behavior in the vapor-liquid equilibrium was accurately represented. Building on 
this, Capstone Report II concentrated on creating a thorough kinetic model for ethylbenzene 
dehydrogenation that included reaction rate equations for the generation of styrene, benzene, and 
toluene. By incorporating these verified models into the design of an adiabatic fixed-bed reactor, 
temperature profiles, conversion rates, and selectivity may be rigorously simulated. The reactor 
design was improved for maximal styrene output while minimizing undesirable byproducts and 
thermal inefficiencies by combining the kinetic and thermodynamic models. The kinetic model 
was used to find catalyst loading of 50000 kg in both reactors which was used to determine the 
volume of the reactor required to achieve desired conversion. 

The following adiabatic fixed reactor design assumptions were made: 
1)​ A packed bed's void fraction, also known as porosity, normally falls between 0.35 and 

0.45 for small particles that are randomly packed and between 0.4 and 0.6 for bigger 
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particles. Particularly for catalyst particles with variable forms utilized in industrial 
processes, a value of 0.5 is an acceptable approximation [43]; 

2)​ Reactor design frequently incorporates a safety margin of +25°C, particularly for 
temperature-sensitive reactions such as ethylbenzene dehydrogenation (which runs at 
about 600°C) [40]; 

3)​ . [1]By increasing the pressure margin by 10%, the design can account for pressure 
decreases brought on by fouling, catalyst deactivation, or changes in the feed's 
composition [40]; 

4)​ The gas velocity in fixed-bed reactors should be low enough to prevent fluidization and 
excessive pressure loss, yet high enough to reduce mass transfer resistance. Typical 
surface gas velocity estimates vary from 0.1 to 10 m/s, contingent on reactor scale and 
particle size [44]. 

5)​ L/D ≥ 2 enhances conversion, reduces back-mixing, and guarantees plug flow behavior 
[40]; 

6)​ In order to prevent hot spots and guarantee a consistent radial temperature distribution, 
industrial tubular fixed-bed reactors usually have diameters ≤ 2 m [40]. 
3.2.3 The working principle of reactor 
The reactor operates as an adiabatic fixed-bed tubular reactor, where ethylbenzene (EB) 

is dehydrogenated to styrene in the presence of a solid catalyst. The catalyst is packed inside 
multiple tubes, ensuring efficient reaction kinetics and uniform operating conditions. Since the 
reaction is carried out under adiabatic conditions, no external heat is supplied during the reaction, 
leading to a temperature drop along the reactor length. 

To ensure even distribution of reactants and steady-state operation, the reactor consists of 
six parallel tubes. The catalyst bed inside each tube provides active sites for the dehydrogenation 
reaction, enhancing reaction rates and selectivity while minimizing unwanted side reactions. This 
configuration allows for improved conversion efficiency and optimal utilization of the catalyst. 

Since the reaction is endothermic, it requires heat to proceed, causing a temperature drop 
along the reactor length. If the temperature falls too much, the reaction rate decreases, leading to 
lower conversion. To counteract this, an interstage heat exchanger is placed between reactor 
stages to reheat the gases before entering the next reactor, maintaining optimal conditions for 
styrene production. 

While the main reaction produces styrene, several side reactions occur within the reactor, 
forming undesired byproducts. These include thermal cracking of ethylbenzene, which leads to 
benzene and ethylene formation, and hydrogenation reactions, which produce toluene and 
methane. Additionally, steam reforming and water-gas shift reactions generate carbon monoxide, 
hydrogen, and carbon dioxide, further affecting process efficiency. 

Effective heat and pressure management is crucial to maximizing styrene yield. 
Operating at low pressure (or vacuum conditions) helps reduce the partial pressure of 
ethylbenzene, shifting the equilibrium towards styrene formation. This reactor design ensures 
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continuous operation, efficient catalyst utilization, and high selectivity toward styrene, making it 
a reliable choice for industrial-scale production. 

3.2.4 Material Selection for Reactor Tubes 

The selection of construction materials was based on factors such as mechanical 
properties, temperature resistance, corrosion resistance, availability, and cost. To ensure 
corrosion resistance, the chromium content in the material must exceed 12%, with higher 
chromium content providing greater resistance to oxidation.​
​ According to the ASME BPV 410 Code Sec. II Part D, stainless steels are among the 
most frequently used corrosion-resistant materials in the chemical industry. They also offer 
superior strength compared to plain carbon steels, particularly at elevated temperatures [40]. 
Based on these considerations, SS304L was selected as the construction material for the reactor 
tubes (Table H2, Appendix H). The wall thickness of the tubes was determined based on this 
material and the detailed calculations are provided in the Appendix H. The step by step algorithm 
and calculations are given in Appendix H. Specification sheet is shown in Table 14. 

3.2.5. R-101 unit specification sheet 
Table 14. Specification sheet of reactors 
DATA SHEET FOR R101 AND R102 

Date: 10/03/2025 
Operating & Mechanical data for R-101 and R-102 

 
 Operating Design 

Reactor type Adiabatic Fixed Bed Reactor 
Pressure (atm) 1.8 2 
Temperature (°C) 620 645 
# tubes/ # parallel reactors 6 
Length (m) 3.5 
Inner diameter (m) 1.7 
Wall thickness (m) 0.001 
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Working Volume of Reactor (m3) 48 
Volume of Reactor (m3) 49 
Working Volume of a Parallel Tube 
(m3) 

8 

Volume of a Parallel Tube (m3) 8.2 
Bed Voidage 0.5 
Material specification SS304l 
Construction code ASME B31.3 
Allowable stress, S (atm) 218 
Corrosion allowance (in) 0.0625 
Quality factor, E 1 
Coefficient, Y 0.7 

Process Data for R-101 and R-102 
 R-101 R-102 
Catalyst Loading (kg) 50000 50000 
Superficial Velocity (m/s) 4.2 4.34 
Actual Velocity (m/s) 8.41 8.68 
Pressure Drop (atm) 0.72608 0.78572 

Catalyst Data 
Catalyst type Fe2O3 doped with K 
Catalyst Density (kg/m3) 2500 
Particle Size Diameter (mm) 5.5 
Shape Factor 0.8736 
 
3.3 Cooler E-105 design 

The heat exchanger (E-105) plays an important role in the styrene manufacturing process 
as it is responsible for cooling the hot reaction effluent (Stream 10) before further processing. 
The main function of the unit is to subcool the styrene-rich vapor stream via transferring heat to 
a cooling medium to ensure that the phase conditions are met for subsequent separation and 
purification stages. To optimize the heat exchanger area, 4 identical exchangers in a parallel 
arrangement are to be employed. 

This section provides detailed information on design and analysis of the cooler unit, 
including thermal and mechanical design, and material selection. 

3.3.1 Design selection and justification 
​ E-105 is a shell-and-tube heat exchanger. This choice is based upon the fact that this type 
of heat exchanger is the most commonly used one in the industry due to its advantages: such 
configuration provides a large surface area in a small volume; possesses a good shape for 
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pressure operation; requires easy cleaning maintenance; and has well-established design 
procedures [40]. 
​ Among four types of shell-and-tube heat exchangers, namely, fixed tube sheet, U-tube, 
internal floating head, and external floating head designs, the best choice falls on the external 
floating head design as its design takes into account high temperature differentials and eases the 
cleaning of both tube and shell sides.  

Table 15 below summarizes the advantages and disadvantages of each type. 
Table 15. Comparison of types of shell-and-tube heat exchanger [40] 

 

Type Advantages Disadvantages 

Fixed tube sheet ●​ Cost-effective 
●​ Simple maintenance with 

straight tubes  

●​ Limited thermal 
expansion 

●​ Tube bundle cannot be 
removed for cleaning 

U-tube ●​ Requires only one tube 
sheet 

●​ Cheaper than the 
floating-head types 

●​ Limited in use to 
relatively clean fluids 

●​ Tubes and bundle are 
difficult to clean 

Internal floating head ●​ Suitable for high 
temperature differentials 

●​ Easier to clean 
●​ Can be used for fouling 

fluids 

●​ Risk of leakage 
●​ High cost 
●​ Large clearance required 

between the tubes and the 
shell 

External floating head ●​ Allows for large thermal 
expansion 

●​ Easy tube bundle removal 

●​ Risk of leakage 
●​ Shell-side pressure 

limitation to 20 bars 
●​ High cost 

 
3.3.2 Design methodology  

The general design methodology is described as the following [40]: 
1)​ Define heat duty; 
2)​ Collect the fluid physical properties like density, viscosity, and thermal conductivity; 
3)​ Choose a type of exchanger to be used; 
4)​ Assume the initial overall coefficient, U; 
5)​ Calculate the log mean temperature difference, LMTD; 
6)​ Calculate the trial area of the heat exchanger; 
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7)​ Choose the exchanger layout; 
8)​ Calculate tube-side and shell-side coefficients; 
9)​ Calculate the overall coefficient and compare to the assumed value; iterative process; 
10)​ Calculate pressure drop; if not satisfactory, return to step 7, 4, or 3, in this order. 
11)​ Optimize the design if needed by repeating steps 4 to 10. 

3.3.3 Thermal design 
E-105 cooler is divided into 4 identical exchangers in parallel to reduce the flow rate of 

the product in the stream and, subsequently, obtain an optimal velocity. Basic information on the 
streams associated with E-105 is provided below in Table 16. 

Table 16. Streams data for Shell and Tube sides​  

 Tube side Shell side 

Fluid Process fluid Superheated steam 

Flow rate, kg/s 8.75 21.1 

Inlet temperature, ℃ 590 110 

Outlet temperature, ℃ 252 270 

Pressure, bar 1 1 

Heat duty, MW 6.5 

 
​ The calculations start with evaluating LMTD, which will serve as the major driving force 
for heat transfer. Then, the values of R and P ratios are calculated by Eq.G.1 and G.2 (Appendix 
G) to estimate the correction factor for LMTD, and are equal to 2.1 and 0.33, respectively.  
Using Eq. 2, LMTD is calculated as follows:                                         

 221.08 Δ𝑇
𝑙𝑚

=

The LMTD correction factor is calculated using the formula designed for a heat 
exchanger with 1 shell pass and even number of tube passes: 

 =                  (Eq. 25) 𝐹
𝑡

(𝑅2 + 1)0.5𝐿𝑁( 1−𝑃
1−𝑅𝑃 )/(𝑅 − 1)𝐿𝑁( 2−𝑃[(𝑅+1)−(𝑅2+1)0.5]

2−𝑃[(𝑅+1)+(𝑅2+1)0.5]
)

 = 0.76 𝐹
𝑡

 168.02 𝐹
𝑡
Δ𝑇

𝑙𝑚
=

​ The correction factor value is considered generally acceptable, although low, and the 
corrected LMTD still yields a comprehensive value, so the 1 shell pass and 2 tube passes design 
is valid. 
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Based on Figure G1 (Appendix G) , considering the process fluid as heavy organics, and 

the service fluid as air and gas, trial value of = 40 W/m-K. 𝑈 
Provisional heat exchanger area, , can be calculated using Eq. 4: 𝐴

 = 955.65  𝐴 𝑚2

3.3.4 Mechanical design 
​ Table 17 below provides information on tube design necessary to estimate the values 
needed for the mechanical design of the shell and tube. 

Table 17. Summary of tube sizing 

Material Stainless steel 304 

Length of tube, , m 𝐿
𝑡

3.64 

Tube thickness, mm 1.7 

Tube outer diameter, , mm 𝑑
𝑜

37 

Tube inner diameter, , mm 𝑑
𝑖

33.6 

Material thermal conductivity, , W/m-K 𝑘
𝑡

21.4 

 

Using Eq. 18 and 19, heat transfer area of a single tube is  = 0.425 , and number of 𝐴
𝑡

𝑚2

tubes is = 2246.3 2246. Tube pitch, ,  (the distance between tube centres) is estimated 𝑁
𝑡

≃ 𝑃
𝑡

using Table 2A, and is equal to  = 46.25 mm. Eq. G.6 yield a bundle diameter of = 2.29 m. 𝑃
𝑡

𝐷
𝑏

​ To identify shell inside diameter, , the chart illustrated in Figure 3A can be used with 𝐷
𝑠

known bundle diameter and heat exchanger type. For pull-through floating head type and a 
bundle diameter of 2.29 m,  is 2.4 m. 𝐷

𝑠

3.3.5. Tube side and shell side coefficients and pressure drop 
Table 18 summarizes the properties of the fluids for both sides at different temperatures 

for different heat transfer ranges. All the properties are evaluated at the mean temperatures of 
their respective regions using Aspen Plus software. 

Table 18. Tube and shell side fluid properties at different heat transfer regions 

 Tube side Shell side 

Mean temperature, ℃ 337.73 159.71 
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Viscosity,  µ  2. 45 × 105  1. 60 × 105

Density, ,  ρ
𝑙

𝑘𝑔

𝑚3
0.44 0.47 

Thermal conductivity, , 𝑘
W/m-K 

 6. 37 × 10−2  3. 32 × 10−3

Heat capacity,  J/kg-K 𝐶
𝑝
, 4452.8 1937.1 

Mass flow rate, , kg/s 𝑚 8.76 20.7 

Equivalent diameter , mm 𝑑
𝑒

3.36 26.3 

Friction factor,  𝑗
𝑓

0.005 0.029 

 
Since both shell and tube sides contain vapor without any phase change, correlations 

designed for single-phase heat transfer are used.                              
For estimating heat transfer coefficient for the tube and shell side, the Nusselt correlation 

is used. It is noteworthy that the viscosity correction factor is ignored during the calculations, as 
it is assumed that it has a negligible effect on the coefficient. C is a constant value, and is 0.021 
for gases.  is a heat transfer factor which can be found on the chart illustrated in Figure 4A. 𝑗

                                                   (Eq. 26)                         ℎ
𝑡𝑢𝑏𝑒

 = 0.023𝑅𝑒0.8𝑃𝑟0.4𝐶 𝑘
𝑑

𝑖

Eq. 26 yields  = 87.55 W/ -K, and Eq. 23 yields  = 76.1 W/ -K.                       ℎ
𝑡𝑢𝑏𝑒

𝑚2 ℎ 
𝑠ℎ𝑒𝑙𝑙

𝑚2

According to the calculations, pressure drop values are 0.006 bar for the tube side, and 
0.11 for the shell side. 

3.3.6. Overall heat transfer coefficient 
Table 19 breaks down the components of Eq.24 and provides details related to the heat 

transfer process occurring in E-105. 
Table 19. Overall coefficient equation components 

Outside fluid film coefficient, , W/ -K ℎ
𝑠

𝑚2 87.55 

Inside fluid film coefficient, , W/ -K ℎ
𝑖

𝑚2 76.1 
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Outside dirt coefficient, , W/ -K [40] ℎ
𝑜𝑑

𝑚2 5000 

Inside dirt coefficient, , W/ -K [40] ℎ
𝑖𝑑

𝑚2 7000 

Thermal conductivity of the tube wall 
material, , W/m-K 𝑘

𝑤

21.4 

Tube inside diameter, , m 𝑑
𝑖

0.037 

Tube outside diameter, , m 𝑑
𝑜

0.0336 

 

​ Using Eq. 24, the overall transfer coefficient is calculated as  = 38.22 W/ -K, which 𝑈
𝑜

𝑚2

is not far from the assumed 40 W/ -K, meaning that the design of the heat exchanger is 𝑚2

satisfactory. 
3.3.7. Material selection and overall sizing 

​ The following table summarizes the important moments of the specification sheet and is 
retrieved from the sheet designed by the Aspen Plus software. Additionally, the sketch and the 
tube layout of the unit are also included in the table. 
​ The chosen material for all the parts of the unit is type 304 stainless steel alloy. The 
material has been chosen based on the fabrication characteristics, mechanical properties, 
corrosion-resistivity and material cost [45]. Overall specifications of the unit are shown in Table 
20.  

Table 20. Specification sheet for E-105 

Schematic representation of the unit 
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Parameter Tube side Shell side 

Length, m 3.66 

Inner diameter, m 0.0336 2.08 

Outer diameter, m 0.037 2.099 

Pitch, m 0.04625 

Baffle spacing, m 1.7094 

Tube pattern 90° Square arrangement 

Number of baffles 1 

Number of tubes 1260 – 

Tube passes 2 – 

Shells in series – 1 

Shells in parallel – 2 

Pressure drop, bar 0.020 0.062 

Material Stainless steel 304 

 
Comparing the results obtained via Aspen Plus with the hand-calculated ones, there are 

some minor differences regarding the shell side properties, mainly, the shell-side velocity. Such 
discrepancy can be explained by the fact that the software employs built-in constraints based on 
common industrial practices. In the meantime, the manual calculations are derived from 
fundamental heat exchanger design equations.  The difficulty with higher velocities are mainly 
associated with their effect on pressure drop and some concerns such as flow-induced vibration. 
Such issues can be solved if the selected materials and baffle configurations are properly 
designed to withstand the effect of higher velocities.  

3.4 Distillation Column T-101 unit design 

3.4.1 Brief description of the unit 

Vacuum distillation is used for ST separation because of its high boiling temperature 
(146°C) and thermal instability [18]. By operating under vacuum the boiling point of ST is 
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reduced thus preventing the polymerization. The packed bed distillation column operates on the 
principle of separation based on the relative volatility of key components to the reference 
component (mainly the heavy-key component, styrene in this case). More volatile components, 
such as benzene, toluene, and ethylbenzene, rise with the vapor phase and are collected as 
distillate, while the less volatile styrene is discharged as the bottom product. In Appendix J, it is 
evident that a packed column is more suitable for this application.​
​ In a packed column, vapors ascend from the reboiler, interacting with the descending 
liquid reflux from the condenser. The packing inside the column provides a large surface area for 
vapor-liquid contact, facilitating mass transfer between the phases. Unlike tray columns, which 
rely on distinct stage-wise separation, packed columns allow for a continuous contact process, 
improving efficiency and minimizing pressure drop—making them highly suitable for vacuum 
distillation applications [46]. A key operational factor in packed columns is the reflux ratio, 
which influences the separation efficiency by altering the equilibrium conditions within the 
column. An optimal reflux ratio and proper column design—including packing type, column 
diameter, feed location, and temperature control—ensure high-purity styrene separation. Since 
relative volatility varies throughout the column due to temperature gradients, it is typically 
estimated as the geometric mean of values at the condenser and reboiler conditions. The design 
of the packed bed column must account for this variation to achieve effective separation while 
maintaining a low-pressure drop, reducing energy consumption, and preventing unwanted 
polymerization of styrene.​
​ Structured packing was chosen for the styrene/ethylbenzene separation process due to its 
performance under the specified operating conditions. The system operates near-vacuum 
conditions, making low-pressure drop a critical factor. Structured packing offers a significantly 
lower pressure drop (~0.02 psi/stage) than random packing, enhancing relative volatility and 
separation efficiency while minimizing energy consumption. Available in corrosion-resistant 
materials, it is also well-suited to handle potential impurities in the feed [47]. ​
​ Aspen Plus simulations enabled us to identify possible azeotropes, providing insights into 
separation limitations and necessary design considerations. In addition, all material balance data 
from Report 2 were used as input for the distillation column design, ensuring that feed 
compositions, flow rates, and recovery targets aligned with process requirements. The previously 
specified purity and allowable impurity constraints defined the separation objectives, guiding key 
design parameters such as the number of stages, reflux ratio, and operating pressures. 
Furthermore, component volatility data, calculated using saturated pressure data, helped 
determine relative volatilities, influencing separation's feasibility. 

3.4.2 Column operating design 

​ Assumptions made during calculations: 

1)​ EB is a light key (LK) compound, and ST is a heavy key (HK) compound; 
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2)​ Packed bed column distillation with structured packing; 
3)​ Packing material: Mellapak Plus 252Y; 
4)​ Reflux ratio / Min. reflux ratio = 1.5. 
​  
​ All extensive calculation methods and equations are shown in Appendix J. To start 
calculations, the relative volatility of all compounds relative to HK was required. To find   𝑃

𝑠𝑎𝑡

for each compound in the condenser (0.5 atm, 70℃) and reboiler (0.51 atm, 120℃,) the Antoine 
equation (Eq. 1E) was used. After two relative volatility values were obtained for different parts 
of the column, the geometric mean of these two was used in the following calculations (Table 
21). 

Table 21. Relative volatility of components 
 
 
 
 

 
 
 

Firstly, heuristic calculations were made to find rough values for the number of stages, 
minimum and actual reflux ratio. The Fenske equation was used to find the minimum stages. 
Calculations showed that the minimum number of theoretical stages is 35.  

Further, the Underwood equations were employed to estimate the minimum reflux ratio 
(RR_min). It was found that  = 2.56781, and using Eq. 4E, RR_min = 7.0, and RR_actual = θ
10.5.  

Using the reflux ratio values and Gilliland correlations (Eq. 5-7E), the actual number of 
theoretical stages was calculated to be 57.​
​ In packed bed columns, the HETP (height equivalent to theoretical plate) factor is a key 
factor in estimating the height of the column. According to the industry data for the packing 
material (Mellapak Plus 252Y), the HETP value with our system’s pressure drop is about 0.5 
[12G]. Using the following formula: 

                                                      (Eq. 27) 𝐻 =  𝐻𝐸𝑇𝑃 * 𝑁 = 50 𝑚

As max bed height per section is 8-12 m, to prevent maldistribution the number of beds 
needs to be [9G]: 

                                                       (Eq. 28) 𝑁
𝑏𝑒𝑑

=  𝐻
10 = 5
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𝑗/𝐻𝐾

Condenser Reboiler Geometric 
average 

EB/Styrene 1.49 1.31 1.40 
Toluene/Styrene 4.14 2.69 3.34 
Benzene/Styrene 12.8 6.10 8.84 

Water/Styrene 3.86 3.71 3.78 



 

 
3.4.3 Column internals 

Further, the inner diameter of the column was estimated using these data. Flooding 
conditions were used extensively to assess the flooding velocity, gas superficial velocity, 
pressure drop and diameter of the column. For that, the reflux ratio and individual parameters of 
packing material were used. As EB and ST are abundant in our system, calculations assumed a 
binary non-dilute system.​
​ Flooding data for packed columns were first correlated using a liquid-to-gas 
kinetic-energy ratio ( ). Then, a generalized pressure-drop chart for structured packing 𝐹

𝐿𝑉

developed by Strigle, Kister and Gill was used to find the modified empirical capacity factor (𝐹
𝐶

). For modern structured packings with packing factors between 9 and 60 Kister and Gill 𝑓𝑡−1

[13G] showed that the simple empirical correlation gives the specific pressure drop at flooding. 
Thus  = 10.6 ft/s = 3.2 m/s. To avoid flooding in the column, vapor superficial velocity 𝑢

𝑉𝑓

should be between 50-80% of this flooding velocity. It was assumed to be 0.7. Internal diameter (
) equation for column based on a fraction (f) of flooding velocity, and the continuity equation 𝐷

𝑇

became [48]:  

                                                    (Eq. 29) 𝐷
𝑇
 =  

4𝑉𝑀
𝑉

𝑓*𝑢
𝑉𝑓

πρ
𝑉

( )0.5

Thus, estimated  = 4.2 m. 𝐷
𝑇

Packed distillation columns require essential accessory components to ensure efficient 
operation. The key accessory components of the packed distillation column and the proper types 
selected are summarized in Appendix J.  
 

3.4.4 Simulation approach using  Aspen Plus 

The design process began by comparing the minimum reflux ratio (RR) through manual 
calculations with those obtained from the Aspen Plus DSTWU unit. The difference between the 
two methods was within an acceptable range 6.3 and 7 for DSTWU and hand calculations 
respectively, confirming the validity of our calculations. Based on this, we proceeded with the 
rigorous design phase (Screenshots of inputs and results are shown in Appendix J).​
​ First, we defined the required styrene (ST) and ethylbenzene (EB) compositions in the 
DSTWU unit to determine the actual reflux ratio (RR) and number of stages (N) required for 
separation. These values served as initial inputs for detailed simulations in the RadFrac unit, 
where equilibrium-based calculations were conducted.​
​ For the packed bed system, we utilized Aspen Plus' interactive sizing tool, incorporating 
the values obtained from DSTWU. A sensitivity analysis was performed on key parameters, 
including the reflux ratio (Appendix J Figure J11), feed stage location (Appendix J Figure J10), 

42 



 

 
and number of stages (Appendix J Figure J12), to identify the optimal conditions for achieving 
the desired separation efficiency. Next, we transitioned to a rate-based simulation approach, 
which required manual input of column diameter and height. Using the equilibrium-based design 
as a starting point, we iteratively adjusted the column diameter, reflux ratio, and number of 
stages until the desired separation was achieved, while maintaining acceptable hydraulic 
performance.​
​ To evaluate the feasibility of such a system the pressure,  temperature, flow rate and 
molar composition profiles were plotted against a number of stages. As shown in Appendix J, 
Figure J9, a linear pressure profile in the distillation column staying within operating pressure 
range is observed. A linear gradient suggests a uniform pressure drop, which typically indicates 
well-distributed vapor flow. Appendix J, Figure J8 shows the temperature profile of the 
distillation column. It shows a sharp initial increase, followed by a rise until it stabilizes near the 
37th stage. This trend is due to the removal of lighter components at the top, while heavier 
components dominate the lower stages, requiring more heat for vaporization. A slight 
temperature drop is observed at stage 37, the feed stage, due to the introduction of a cooler feed 
disrupting the thermal equilibrium. The similarity in vapor and liquid phase temperatures 
indicates equilibrium at each stage, confirming proper separation within the column. Plot on flow 
rate profile shows (Appendix J, Figure J13) that due to internal reflux and vaporization, the 
circulating vapor and liquid flow rates exceed 2200 kmol/h in most stages, with a step change at 
the feed stage as additional mass and energy are introduced. The sharp drop in vapor flow at the 
top confirms total condensation (Appendix J, Figure J7), and the overall profile suggests the 
column is operating as expected. The EB liquid composition (Appendix J, Figure J6) peaks at the 
top and decreases downward, while the ST rises steadily and dominates at the bottom, showing 
expected volatility behavior. Light components (benzene, toluene) remain minimal in the liquid 
phase, indicating they leave as distillate. High reflux ensures EB’s sharp decrease in liquid phase 
and lighter components move upward, while the reboiler drives separation by keeping styrene in 
the bottoms. ​
​ Following this, we specified the packing material geometry and additional design 
parameters to finalize the packed column configuration. The resulting design conditions were: 

1)​ Number of stages (N): 100; 
2)​ Reflux ratio (RR): 10; 
3)​ Column diameter (d): 4.3 m; 
4)​ Feed stage location: 37 above stage. 

These values were subsequently utilized for cost estimation and material selection to 
ensure an optimized and economically viable design. 
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3.4.5. Construction material selection and overall sizing 

Stainless steel 316L is well-suited for a styrene distillation column due to its excellent 
corrosion resistance, particularly against organic acids and high-temperature process conditions, 
which are common in styrene separation [40]. Its low carbon content minimizes carbide 
precipitation, reducing the risk of sensitization and ensuring long-term durability in the presence 
of heat and trace impurities. Additionally, 316L provides mechanical strength and oxidation 
resistance, making it ideal for vacuum and low-pressure distillation systems [49]. ​
​ Mellapak Plus 252Y was selected as suitable packing for styrene production because it 
operates effectively under vacuum to moderate pressure conditions, which aligns with the typical 
operating range of styrene distillation. Its low-pressure drop per theoretical stage (0.3–1.0 mbar) 
helps minimize energy consumption, making it efficient for large-scale separation. Additionally, 
its ability to handle a wide range of liquid loads ensures flexibility in managing the varying flow 
rates encountered in styrene purification [50].​
​ More detailed calculations on the material's mechanical properties and sizing are 
provided in Appendix J. A summary of the general design data for unit T-101 is presented in the 
specification sheet below (Table 22), while the complete specification sheet can be found in the 
Appendix J. 
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Table 22. Specification sheet for T-101 unit 

DATA SHEET FOR DISTILLATION COLUMN T-101 

 

Operating & Mechanical data 
 Operating Design 
Column type Packed bed 
Packing type Structured 
Pressure (atm) 0.5/0.51 0.165 
Temperature (℃) 70/120 150 
# of stages 100 
Actual reflux ratio 10 
Reboiler Kettle 
Reboiler heat duty, MW 21 
Condenser type Total 
Condenser heat duty, MW -20.9 
Column inside diameter 
(m) 

4.3 

HETP (m) 0.5 
Height of column (m) 50 
Shell wall thickness (mm) 6 
Shell head thickness (mm) 5 
Packing material MellapakPlus 252Y 

Material of Construction 
Shell SA 240 (316L) 
Head SA 240 (316L) 
Packing material SA 240 (304SS) [12G] 

 
3.5 Distillation Column T-102 design 

3.5.1  Brief Description  
Tray distillation column is employed for ethylbenzene (EB) and toluene separation due to 

the close boiling points of these components and the necessity to achieve high-purity separation 
efficiently. The sieve tray type distillation column is selected for this separation process as it 
offers effective vapor-liquid contact, high mass transfer efficiency, and better handling of varying 
liquid loads. The separation mechanism relies on the relative volatility of EB and toluene, where 
toluene, being more volatile, is recovered as the distillate, while EB is collected as the bottom 
product [40]. 

During the separation process, vapor generated from the reboiler passes through 
perforated trays, where it interacts with the descending liquid phase. This staged contact ensures 
efficient phase equilibrium, enhancing the separation of EB and toluene. The tray design, 
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including hole diameter, weir height, and tray spacing, plays a crucial role in optimizing 
performance [40]. Unlike packed columns, which rely on continuous contact, sieve trays allow 
for precise stage-wise separation, making them suitable for mixtures with close-boiling 
components [40]. A critical factor influencing performance is the reflux ratio, which regulates 
separation efficiency by altering equilibrium conditions at each stage. The optimal reflux ratio, 
coupled with proper column design, including tray type, column diameter, feed stage location, 
and temperature control, ensures high-purity ethylbenzene recovery for the recycle. The 
predetermined purity constraints and impurity limits dictated key design parameters, such as the 
number of trays, reflux ratio, and pressure profile across the column. Furthermore, component 
volatility data, derived from saturation pressure correlations, were essential in determining 
relative volatilities and optimizing the separation efficiency of the ethylbenzene-toluene system. 
All the detailed calculations are given in the Excel file. 

3.5.2 Column operating design  
The distillation column T-102 was designed to separate ethylbenzene from other 

components, namely toluene, benzene for further recycling . After the majority of  styrene is 
extracted in the first distillation (T-101), the top product (stream 17) is fed to the distillation 
column (T-102) at 1.4 atm and 70C with a flow rate of 148.98  kmol/h and a composition of 72.4 
mol% EB, 1.25 mol% water, 5 mol% of styrene, 18.7 mol% toluene, 2.61 mol% benzene, and 
negligible amount of hydrogen.  

The separation process primarily relies on the volatility of entered components and their 
relativity (shown in Table 23) to the reference component, which is mainly the component in a 
distillation process that has the highest boiling point among the desired products also known as 
heavy-key (HK). The more the difference between volatilities, the easier the separation will 
proceed.  For this distillation column, ethylbenzene (EB) is selected as the heavy key (HK), 
while toluene is chosen as the light key (LK). The structural similarity between HK and LK 
allows to assume near-ideal solution behavior and use Raoult's law with Antoine’s equation 
(Appendix J, Equation J1). 

Table 23. The saturation pressure and relative volatility of feed components 

Component Condenser  Reboiler  Geom. Average 

 , atm 𝑃
𝑠𝑎𝑡

Relative Vol.  , atm 𝑃
𝑠𝑎𝑡

Relative Vol. Relative Vol. 

EB 0.11 1 1.43 1 1 

Steam/water 0.31 2.75 4.66 3.25 2.99 

ST 0.08 0.72 1.13 0.79 0.76 

Toluene 0.27 2.41 2.72 1.90 2.14 
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Benzene 0.72 6.50 5.84 4.07 5.15 

 
Even though the volatility of the styrene is little less than the one of ethylbenzene its 

amount in the feed is almost negligible and in the same way the amount of benzene and water is 
also very small to consider them as LK components. As the relative volatility between the heavy 
and light keys is sufficient, the process operates efficiently, enabling the distillation column to 
achieve the targeted separation, with 99% of EB directed to the bottom and 99.9% of Toluene 
recovered in the top product. 

Shortcut method for the multicomponent system 
(Fenske–Underwood–Gilliland–Kirkbride (FUGK) method) was used to find the number of 
minimum and actual theoretical number of stages, reflux ratios and feed entering stage. Later 
these values were optimised with ASPEN PLUS simulation to get the desired composition of 
both top and bottom product. 
​ The Fenske equation was used to calculate the minimum number of stages required to 
separate the components at total reflux (Appendix J, Eq. J2). Based on the calculation the 
minimum number of stages required is 13.85, which is rounded up to 14 stages. 

Underwood correlation is used to determine the minimum reflux ratio (Appendix J, Eq. 
J3 and J4). Since the entire feed and product streams exist in the liquid phase, the feed quality 
factor (q) is 1, resulting in a minimum reflux ratio ( ) of 3.75. The ratio of 1.5 was chosen 𝑅𝑅

𝑚𝑖𝑛

as the ratio of  / , resulting in  5.63.  Gilliland’s correlation (Appendix J, 𝑅𝑅
𝑎𝑐𝑡𝑢𝑎𝑙

𝑅𝑅
𝑚𝑖𝑛

𝑅𝑅
𝑎𝑐𝑡𝑢𝑎𝑙

Eq.J5-J7) was used for preliminary column design determining the theoretical number of stages 
for the obtained reflux ratio. Based on the calculations, the theoretical number of stages required 
for the separation is determined to be 24. As selecting an appropriate feed point location is 
essential for achieving the highest possible separation for the calculated number of stages, the 
Kirkbride method for the ratio of number of stages above and below the feed point was used and 
the feed stage calculated to be 5 (Appendix K, Eq. K1). 

3.5.3 Column internals 

The tray distillation column was chosen due to its high efficiency in handling large feed 
flow rates, better vapor-liquid contact, and ease of operation for hydrocarbon separations [40].​
​ Among all the types of trays, sieve trays were chosen due to their high efficiency, 
cost-effectiveness, and suitability for handling the vapor-liquid equilibrium of the 
toluene-ethylbenzene system. Their simple design allows for easy fabrication, installation, and 
maintenance, making them a preferred choice for many large-scale industrial distillations [40]. 
Standard tray spacing of 0.6096 m. Diameter of the column is 2 m. 
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3.5.4 Simulation approach using  Aspen Plus 

The preliminary design specifications were tested on Aspen Plus to evaluate their 
performance and optimize key parameters such as the reflux ratio, feed stage location, and 
number of theoretical stages for improved separation and to obtain desired composition of the 
products.​
​ The DSTWU and RadFrac distillation column modules were used to analyze and 
optimize the column specifications. DSTWU was used for preliminary feasibility analysis, 
providing estimates for the number of stages and reflux ratio. RadFrac, a rigorous 
equilibrium-based model, was then employed for detailed optimization of the tray stage number, 
reflux ratio, feed stage for the target separation of the components.(Screenshots of inputs and 
results are shown in Appendix K). Reflux ratio was taken from  the hand calculation (5.63  6) ≃
as the value from the DSTW (1.63) was too small for the desired separation on the RadFrac 
column. Similarly, the number of stages were increased from 24 to 35 after conducting 
sensitivity analysis. ​
​ The duplicate block of the feed stream was used to ensure the same feed composition. 
The required compositions of ethylbenzene (EB) and toluene were specified in the DSTWU 
block to determine both the minimum and actual reflux ratios as well as the number of stages 
needed for separation. These values were then used as initial inputs for the RadFrac unit, where 
equilibrium-based calculations were first conducted, followed by a rate-based simulation for a 
more detailed and accurate analysis. Sensitivity analysis was conducted on key parameters, 
including the reflux ratio, feed stage location, and number of stages to determine the optimal 
conditions for achieving the top and bottom product(Appendix K). ​
​ To evaluate the feasibility of a separation system the pressure,  temperature, flow rate and 
molar composition profiles were plotted against a number of stages. As shown in Appendix K, 
Figure K7, a linear pressure profile in the distillation column staying within operating pressure 
from 1.2 to 1.4 atm range is observed. A linear gradient suggests a uniform pressure drop which 
is 0.2 atm, indicating well-distributed vapor flow. Appendix K, Figure K4 shows the temperature 
profile of the distillation column. It shows a sharp initial increase at the second stage, followed 
by an exponential  rise until it reaches the last stage 35. This trend is due to the removal of 
lighter components at the top, while heavier components dominate the lower stages, requiring 
more heat for vaporization. The similarity in vapor and liquid phase temperatures indicates 
equilibrium at each stage, confirming proper separation within the column. The Flow rate graph 
(Figure K8) shows the molar flow rates of vapor and liquid across a distillation column, with a 
sharp increase at stage 14 indicating the feed entry, which adds mass and energy. Above this 
stage, the vapor and liquid flow rates remain stable, demonstrating effective rectification and 
reflux. Below stage 14, the liquid flow gradually decreases, while the vapor flow stays steady, 
suggesting consistent reboiler performance. The sharp liquid flow drop at stage 35 indicates the 
withdrawal of the heavier component as the bottom product. Overall, the trends confirm proper 
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column operation with expected phase behavior. This composition profile graphs show the 
separation of ethylbenzene (EB) and toluene in a distillation column (Figure K5-K6). The mole 
fractions of EB and toluene in both liquid and vapor phases have similar patterns. At the top of 
the column, the mole fraction of toluene is high, indicating that it is concentrated in the distillate, 
while EB dominates at the bottom, showing effective separation. The crossing points of the 
curves around the feed stage suggest where the mass transfer between the phases is most 
significant.  All other components  have lower mole fractions throughout the column, suggesting 
they are present in smaller amounts. Water remains at a consistently low concentration. The 
trends suggest effective separation, with a clear distinction between heavy and light components 
along the column. 

Final specification were as follows: 

1)​ Number of stages (N): 35; 
2)​ Reflux ratio (RR): 6; 
3)​ Column diameter (d): 2 m; 
4)​ Feed stage location: 14 on-stage. 

Transition to rate based simulation approach for sieve tray column system provided the 
standard design specifications like tray spacing, weir height, hole diameter etc. Table 24 contains 
data with all specification data for the column. 

3.5.5 Material selection 

Stainless steel 316L is an ideal material for the  toluene-ethylbenzene tray distillation 
column due to its superior corrosion resistance, mechanical strength, and suitability for operating 
conditions [40]. Its molybdenum content (~2-3%) enhances resistance to corrosion, particularly 
in chloride-containing environments, which is crucial for preventing material degradation in the 
presence of potential impurities [51]. Additionally, the low carbon content of 316L minimizes 
carbide precipitation during welding, thereby reducing the risk of intergranular corrosion and 
ensuring long-term durability [52].  

Table 24. Specification sheet for distillation column T-102 
DATA SHEET FOR DISTILLATION COLUMN 
Service: Distillation column Project name: Industrial production of Styrene 
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Item No.: T-102 Quantity: 1 
Operating & Mechanical data 
 Operating 
Column type Tray 
Tray type Sieve 
Pressure (atm) 1.2/1.4 
Temperature (℃) 40/150 
# of stages 35 
Actual reflux ratio 6.0 
Reboiler Kettle 
Reboiler heat duty, MW 3.4 
Condenser type Total 
Condenser heat duty, MW -3.1 
Number of passes 1 
Height of column (m) 20.12 
Tray spacing (m) 0.6096 
Tray diameter (m) 2 
Cross-sectional area (m2) 3.14 m2 
Net area (m2) 3 
Hole area / Active area (m2) 0.1 
Hole diameter (m) 0.0127 
Weir height (m) 0.0508 
Weir length (m) 1.22 
Section pressure drop (atm) 0.2 
Section head loss (Hot 
liquid height)  

2.7 

Section residence time 53 sec 
Deck gauge thickness 10 GAUGE 
Downcomer clearance​ 0.0381 
Downcomer width top 206.45 
Downcomer width bottom 206.45 
Corrosion allowance (mm) 2 
Material of Construction 
Wall SA 240 316L 
Head SA 240 316L 
Trays  SA 240 316L 
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CHAPTER IV. Minor Equipment Design 

Table 25 summarizes the simulated data for minor units in the process. The table 
provides the net heat duties of the minor components. 

Table 25. Summary of operating conditions for minor units  

Minor Unit Outlet Temperature, 
℃ 

Outlet Pressure, atm Heat duty, MW 

P-101 Pump 25.0 1.8  1.3  ×10−3

E-102 Heater 500 1.8  9.5 

M-101 Mixer 500 1.8  0 

M-102 Mixer 625 1.8  0 

E-103 Furnace 700 1.8  24.5 

E-104 Furnace 620 1.8  5.4 

E-106 Cooler 40 1.2  -69.7 

D-101 Decanter 40 1.2  -4.8 

P-102 Pump 70 1.4  9.2  ×10−4

E-107 Heater 500 1.4  3.7 

 
4.1 Storage tanks design 

Storage tank design consists of 2 main sectors - Shell Design and Roof design. Shell 
Design involves calculating wall thickness, stiffener rings, stability checks for wind and seismic 
loads, and anchor bolt sizing. Roof Design includes stress analysis and the design of roof 
accessories and fittings. Both sectors ensure the tank's structural integrity, safety, and 
functionality [53].    

Liquids are usually stored in bulk in vertical cylindrical steel tanks [40]. For storage of 
ethylbenzene and other volatile components, it is best to choose floating-roof tanks because it 
minimizes vapor loss.  

In this process, fluids are stored either for use in production or for collection and eventual 
sale. To meet these needs, five storage tanks were designed, with some dedicated to raw 
materials and others to the final products (Table 26). The raw material storage tanks are 
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maintained under specific conditions for each component to ensure their purity and phase 
remain. The volume of the storage tanks is calculated by using the following equation: 

                                                      (Eq. 30)  𝑉 =  𝑄 * 𝑡
For the reactants and products storage following specifications were considered: 

ST-101 tank stores ethylbenzene (EB). It is constructed from stainless steel 321 (SS321), it 
operates at 25C and 1 bar to safely handle EB`s corrosive and flammable properties. With a 
16,510 m³ capacity, it holds a two-week supply, split across three 5,000 m³ tanks for redundancy. 
Safety features include vapor recovery, inert gas blanketing, and leak detection. This setup 
ensures stable EB supply for downstream processes while mitigating operational risks [54]. The 
ST-102 Water Storage System provides a 2 week water supply for steam generation using one 
16,000 m3  SS316L tanks. The corrosion-resistant design operates at 25°C and 1 bar with 10% 
extra capacity and includes safety monitoring [55]. 
Stream 14 from the decanter produces 4647 kmol/h of wastewater that will go back to the 
process after treating it from all organic compounds. The storage tank acts as a temporary 
reservoir that accommodates fluctuations in wastewater generation and treatment processes. The 
storage time considers the time needed for a 3 step treatment of wastewater,  including 5-30 
minutes for air stripping [56], 20-60 minutes for activated carbon adsorption [57], and 
continuous operation for reverse osmosis. Thus, 2 storage tanks for a 12 hour period at 25℃ is 
optimal, allowing accumulation and preventing the risk of microbial growth and VOC 
reabsorption before the treatment process begins. A closed, vertical cylindrical storage tank with 
a cone roof, made from corrosion-resistant material (SS316L), will be suitable for wastewater 
containing VOC-rich organics. 

For the bottom product of the first distillation column, primarily composed of styrene 
with a purity of 97%, storage should be designed with an emphasis on preserving product quality 
while preventing polymerization. Since styrene is the main product, its storage must consider all 
critical factors, including material compatibility, temperature control, inhibitor addition, and 
safety measures. The storage will be designed for a one-month duration, requiring a total volume 
of 23.16 m³. Atmospheric storage tanks made of stainless steel (316) will be used, to ensure 
safety and quality, as these materials prevent corrosion and polymerization [40]. The storage 
system will incorporate nitrogen blanketing to prevent oxygen entering, reducing the 
polymerization. Additionally, tert-butylcatechol (TBC) will be added at a concentration of 50 
ppm as a polymerization inhibitor [58]. As its weight is negligible compared to the weight of the 
styrene product, the mass and volume of the inhibitor was not included in the density and volume 
calculations. Temperature control is also critical, thus storage conditions should be maintained 
below 40°C to prevent thermal degradation.  

For the top product of the second distillation product, primarily composed of toluene, 
storage must be designed to ensure stability and safety. The storage is chosen to be vertical or 
horizontal atmospheric storage tanks made of stainless steel 316 that ensures resistance to 
corrosion due to having some amount of water.  
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Additional storage tank units were incorporated to ensure operational continuity during 

cleaning or maintenance activities.  
 

Table 26. Summary of the storage tanks used in the system 

Storage tank (ST) ST-101 ST-102 ST-103 ST-105 ST-106 

Stored material EB Water Wastewater Styrene Toluene 

State Liquid Liquid Liquid Liquid Liquid 

Temperature, ℃  25 25 25 [59] 25 [59] 25 [59] 

Pressure, atm 1 1 1 1 1 

Flow rate, m3 /year 276,240 672,388 677,179 245,440 28105 

Storage time 2 weeks  1 week  12 hours  1 month 1 month 

Volume, m3 16,510 15,409 1005 21850 2133.2 

Volume of 1 tank 
with 10% Safety 

Margin,  𝑚3

5,000 16,000 1000 5,000 2500 

Number of tanks 4 1 2 6 2 

Material of tank SS321 SS316L SS316L SS316L SS316L 

 
4.2 Heaters and condenser design 

E-102 Furnace is required in the design to further heat ethylbenzene feed after it leaves 
E-101 heat exchanger. The temperature of the stream has to match the temperature of the 
recycled ethylbenzene flow temperature, which is 500 °C. E-102 is heated by combusting either 
purchased natural gas or waste gases from the process. 

The E-103 furnace is designed to produce from medium pressure steam of 200 °C 
supercritical steam at a temperature of 700 °C. The purpose of this equipment piece is to mix 
very high temperature steam with ethylbenzene feed to further heat reactor feed to 620 °C. The 
furnace utilizes combustion of purchased natural gas or waste gases from the process to achieve 
the high temperatures. Key design features include special heat exchanger materials to endure 
extreme temperatures, efficient combustion systems to minimize energy loss, and precise 
temperature control to ensure consistent steam output at 700°C.  
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The E-104 furnace is designed to reheat the process stream between two adiabatic fixed 

bed reactors in series, ensuring the stream reaches the optimal reaction temperature of 620°C 
before entering the second reactor. As the stream exits the first reactor, its temperature drops due 
to the endothermic or nature of the reaction, making reheating necessary to maintain reaction 
efficiency and conversion rates in the second reactor. The heating is achieved by combusting 
either purchased natural gas or waste gases from the process. 

The E-106 cooler is designed to condense and cool the outlet stream from the E-105 heat 
exchanger down to 40°C, ensuring the product stream from R-102 is prepared for D-101 
decanter. The cooling process is critical to stabilize the product and meet the required 
specifications for the next stage of the process. 

The E-107 heater is designed to heat a recycle stream to 500°C, ensuring it meets the 
required temperature for reintroduction into the process. This heating step is critical to maintain 
process efficiency and optimal reaction conditions, particularly when the recycled stream is fed 
back into a reactor or another high-temperature unit. Heat is supplied by combusting natural gas 
or waste gases from the process. 

​
4.3 Decanter design 

Decanter is used to separate water from the organic styrene-rich phase. The presence of 
water results from reaction byproducts and steam usage. To enhance separation efficiency, the 
decanter operates at 40℃, as indicated by a heat duty of -4.8 MW, which signifies heat removal 
for cooling. This cooling process helps prevent excessive styrene solubility in water and 
minimizes the risk of polymerization. The decanter produces a water phase, which is removed or 
recycled, and an organic phase, which undergoes further purification to obtain high-purity 
styrene. On Table 5G molar flow rates of stream 12 containing mostly water, stream 11 lights, 
and stream 13 containing mostly organic phase. 
4.4 Pumps design 

The pipe design for the system connecting P-101 and P-102 pumps must account for the 
operational parameters of each pump to ensure efficient and safe fluid transport. The P-101 
Pump delivers fluid at 25.09°C and 1.8 atm with a network of 1.325 kW to increase pressure 
before feeding into a reactor, requiring pipe materials that can handle moderate pressure and 
temperature, with considerations for thermal expansion. The P-102 Pump outputs a higher 
temperature of 70.11°C and a slightly lower pressure of 1.4 atm, with a network of 0.92 kW, 
necessitating pipes that can withstand increased temperatures and minimize heat loss.  

CHAPTER V. Plant Location and Layout 

5.1 Plant site location 
​ The choice of a plant site location depends on several factors such as (1) proximity to raw 
materials, (2) petrochemical infrastructure, (3) logistics and transportation, (4) market access, (5) 
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skilled labor availability, (6) economic and regulatory support, (7) environmental considerations, 
and finally, (8) natural hazards in the area.  

In Kazakhstan, the best city for building a styrene production plant seems to be Atyrau, 
as it satisfies all of the above factors. All the factors are discussed in Table 27. 

Table 27. Location justification summary 

Factor Justification 

Proximity to raw materials A new butadiene plant (340,000 t/year) by Butadien LLP will 
produce butadiene and derivatives like 
styrene-butadiene-styrene, ensuring demand and supply chain 
integration [60].​
Atyrau is located near major oil and gas fields such as 
Tengiz, Kashagan, and Karachaganak (supply of feedstocks 
like ethane and benzene) [61]. 

Petrochemical infrastructure The "National Industrial Petrochemical Technopark" (NIPT) 
fosters interconnected petrochemical industries, encouraging 
business collaboration and supply chain efficiencies [61].  

Logistics and transportation  Roads: 3,051.6 km road network.  
Railways: 664.9 km of railway lines with 24 train services at 
Atyrau station (the railroad density is illustrated in Figure 6). 
Air Transport: International connections to Almaty, 
Nur-Sultan, Amsterdam, Istanbul. 
Water Transport: River port with Caspian Sea access [61]. 

Market access Atyrau is located at the crossroads of Europe and Asia, thus, 
offers access to major markets like Russia and China [61]. 

Skilled labor availability Atyrau has a skilled petrochemical workforce. The 2022 
average monthly wage was 523,210 tenge, reflecting a 28.8% 
increase, indicating a competitive labor market [62]. 

Economic and regulatory 
support 

Special Economic Zone (SEZ) NIPT provides tax benefits 
and reduced bureaucracy for investors [63]. 

Environmental considerations While Atyrau’s semi-arid climate may limit the availability 
of water resources for cooling, the city already hosts multiple 
industrial facilities, meaning that environmental monitoring 
systems and pollution control measures are in place. 
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Natural hazards On a scale of 1 to 10, hazards and exposure index is 3.9 
(low); vulnerability index is 3.7 (medium); lack of coping 
capacity index is 3.7 (very low) [64]. Seismic activity and 
landslide hazard risk is very low in Atyrau compared to other 
cities; for other types of hazards, the majority of the cities is 
more or less at the same risk [64].  

​ For natural hazards, hazards and exposure risk describe events that might occur 
(riverflood, earthquake, wildfire, extreme heat, urban flood, landslide, water scarcity, and 
cyclone) and the exposure to them; vulnerability index – the susceptibility of communities to 
those hazards; lack of coping capacity index – lack of available resources that can alleviate the 
impact. 

 

Figure 6. The map density of railroad transportation in Kazakhstan [65] 
5.2 Plant layout 

The styrene production plant is structured around three key stages: feed preparation, 
reaction, and separation. All major equipment is centrally located in a dedicated process area to 
minimize piping distances, reduce heat losses, and streamline operations. The layout has been 
optimized for efficient material and energy flow between units, with feedstock storage tanks 
placed near the preheating systems and product storage facilities located close to the distillation 
area for easy handling (Figure 7). 
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To ensure operational safety, the plant is divided into risk-based zones [66]: 

1)​ Red zones indicate high-risk areas, including reactor systems and ethylbenzene handling 
zones; 

2)​ Orange zones denote equipment, storage rooms and utility areas with moderate 
mechanical or thermal hazards; 

3)​ Green zones represent safe zones equipped with emergency response facilities, such as 
first aid stations, offices and fire-fighting systems. 

A control room with integrated instrumentation and monitoring systems is located 
adjacent to the reactor and separation units to enable real-time supervision. Utilities such as 
cooling water, steam supply, and instrument air are co-located to ensure reliable service to all 
process units. Cooling units are placed in different areas from the heating units.​
​ Support facilities include maintenance workshops, spare parts stores, and a quality 
control lab for analyzing raw materials, intermediates, and final products. Administrative 
buildings, canteens, changing rooms, and parking areas are placed in designated safe zones away 
from the high-risk operational areas, ensuring personnel safety and comfort. The plant layout 
also incorporates open space adjacent to the processing area and within tank farms to 
accommodate future expansions, such as additional separation units, waste treatment systems, or 
capacity upgrades.​
​ Strategically located emergency exits are installed around all major processing zones, 
with clear signage and direct access to designated evacuation routes. These exits lead toward 
green zones and ultimately to the main assembly area located in the safe zone of the plant.​
​ Additionally, to enhance the logistics efficiency and streamline the transportation of raw 
materials and final products, a private railway line will be integrated with the public railway 
network.  

57 



 

 

 
Figure 7. Styrene production plant layout 

Based on the industry examples, a rough estimate for the land area required for a 
chemical plant producing 200,000 tons per year would be 10-20 hectares. This estimate accounts 
for production facilities, storage, utilities, and safety zones [67]. The exact area depends on 
factors such as the type of chemicals produced, the complexity of the processes, and the level of 
automation. 

CHAPTER VI. Environment and Waste Streams 

The waste streams from the process flow diagram contain light gases and wastewater that 
are separated in a decanter, as well as aromatic compounds and hydrocarbons, which are the top 
product of the T-102 distillation column. On top of it, the emissions from heat furnaces (E-103 
and E-104) and catalyst should be treated after usage (Table 28). 
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Table 28. Flow rates of the waste streams in kmol/hr  

 13 14 18 

Ethylbenzene 1.8 0.61 1.08 

Steam/water 16.3 4647.3 1.86 

Styrene 2.7 0.2 0 

Hydrogen 212.9 0.3 0 

Toluene 1.3 1.26 27.88 

Benzene 0.39 0.015 3.90 

Ethylene 3.5 0.79 0 

Methane 29 1.39 0 

Total 267.85 4651.92 34.72 
 
6.1 Light gases treatment  

Stream 18 is directed to a distillation column, where toluene is recovered as the bottom 
product. The toluene will be collected and sent for sale. The top product, which contains a 
mixture of benzene, ethylbenzene (EB), steam and light gases from stream 13 is redirected as 
fuel for the heat furnaces. This approach maximizes energy efficiency, reduces the need for 
external fuel sources, and supports overall process integration within the plant [40]. 

The E-103 and E-104 mainly emit CO2, CO, and steam gases. While the amount of CO 
gas can be reduced by combustion optimization to achieve full combustion, carbon dioxide 
emissions from the heat furnace will be captured using a post-combustion carbon capture system. 
The resulting steam from combustion can be released into the air.  In this process, the flue gas 
exiting the furnace, which mainly contains CO₂ with steam and CO, is first cooled and cleaned to 
remove particulates and acidic gases. The cleaned gas is then directed into an absorber column 
where it comes into contact with an amine-based solvent that selectively reacts with and absorbs 
the CO₂. Once the solvent becomes saturated with carbon dioxide, it is pumped into a 
regeneration column where it is heated. This step releases the CO₂ from the solvent, allowing it 
to be collected in a concentrated form while the regenerated solvent is recycled back to the 
absorber for reuse. The captured CO₂ can then be compressed and either stored in geological 
formations or transported to other plants to be used in downstream processes, such as enhanced 
oil recovery or chemical production. This integrated approach reduces the overall carbon 
footprint of the operation while maintaining continuous furnace performance [68]. 
6.2 Wastewater treatment  

The wastewater from a styrene plant primarily produced from the decanter consists of 
water for 99.9% with a trace of some hydrocarbons like methane and toluene. Due to the 
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presence of toxic organic compounds, particularly benzene and styrene, that cause significant 
hazards to aquatic ecosystems, comprehensive wastewater treatment is necessary to meet 
environmental safety standards. According to Kazakhstan's national discharge regulations, the 
maximum allowable concentration (MAC) for benzene in wastewater is 0.05 mg/L, and 0.1 mg/L 
for toluene [69]. However, despite the relatively low molar concentrations, calculated 
concentrations of benzene (13.8 mg/L), toluene (1384.6 mg/L), ethylbenzene (777.1 mg/L), and 
styrene (253.8 mg/L) exceed Kazakhstan’s environmental discharge limits, thus requiring special 
treatment. After the treatment, the water can be recycled back to the process for the generation of 
steam or cooling, reducing freshwater intake and fostering a more eco-friendly and cost-efficient 
operation. 

6.2.1 Air Stripping  

Air stripping eliminates VOCs (benzene, toluene, ethylbenzene, styrene) and dissolved 
gases (hydrogen, ethylene, methane) by volatilization. Wastewater flows through a packed tower, 
where countercurrent air transfers contaminants to the vapor phase. Off-gases are treated via 
carbon adsorption or incineration to meet air quality standards. Air stripping removes the 
majority of the VOCs and gases to 1 mg/L, preparing the wastewater for further treatment. 

6.2.2 Activated Carbon Adsorption 

Activated carbon adsorption polishes the wastewater by removing residual VOCs to meet 
discharge standards. The wastewater passes through granular activated carbon (GAC) beds, 
which adsorb organic compounds like benzene and toluene. This process reduces VOCs to be 
less than 0.1 mg/L ensuring compliance to the regulations. Spent carbon is regenerated or 
disposed of as hazardous waste, and the treated wastewater proceeds to final treatment. 

6.2.3 Reverse Osmosis (RO) 

Reverse osmosis (RO) ensures ultra-low contaminant levels for discharge by removing 
trace organics and salts. Wastewater is forced through semi-permeable membranes, removing up 
to 99% of remaining contaminants, meeting EPA standards. The concentrate stream is disposed 
of as hazardous waste, while the permeate is recycled back to the process. 

6.3 Catalyst treatment  
The styrene production process uses an iron oxide-based catalyst, Fe₂O₃ doped with 

potassium, in reactors R-101 and R-102 to facilitate ethylbenzene dehydrogenation. Even though 
catalysts do not directly participate in the reaction, their activity gradually declines over time due 
to coke formation and hydrocarbon adsorption. As a result, they need to be replaced every 2–3 
years, leading to the generation of significant amounts of spent catalyst waste. This waste, 
containing metals and organic residues, poses environmental risks and is classified as hazardous 
under Kazakhstan’s Ecological code and the Basel Convention [70].​
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​ The catalyst management process begins with thermal regeneration to restore the activity 
of the spent catalyst. In this step, the catalyst is heated at 500 to 700°C under a controlled, 
oxygen-lean atmosphere to burn off adsorbed hydrocarbons and coke without degrading the 
Fe₂O₃ structure. Released gasses of volatile organic compounds will be treated through carbon 
adsorption to meet Kazakhstan’s air quality standards, as outlined in Safety requirements for 
toxic and highly toxic substances [71]. Thermal regeneration can restore up to 70% of the 
catalyst’s activity, allowing approximately 35,000 kg of the annual catalyst waste to be reused in 
reactors R-101 and R-102, significantly extending the catalyst’s lifespan by one to two cycles. 
For catalysts that are too degraded for regeneration, typically up to 30% of the total catalyst 
amount, metal recovery is used to extract valuable iron and potassium compounds. This involves 
hydrometallurgical leaching, where the spent catalyst is treated with alkali solutions to dissolve 
metal oxide and potassium compounds, followed by p by precipitation techniques to selectively 
recover target components [72]. This process achieves up to 80% recovery of iron and 
potassium, yielding around 8,000 to 12,000 kg of Fe₂O₃ and 2,000 to 3,000 kg of potassium salts 
annually. Residual solids, constituting about 10% of the waste are encapsulated with cement to 
immobilize metals, preventing leaching in accordance with standards, and then disposed of in a 
licensed hazardous waste landfill compliant with Kazakhstan’s regulations and the Basel 
Convention [73].​
​ Beyond catalyst resynthesis, Fe₂O₃ is highly suitable for use in construction materials, a 
sector with significant demand in Kazakhstan due to ongoing infrastructure projects in cities like 
Nur-Sultan. Iron oxide can serve as a colorant in cement production, imparting red or brown hues 
to concrete and masonry products, or as a fluxing agent to enhance clinker formation during 
cement manufacturing. The construction industry accepts Fe₂O₃ with 60 to 90% purity, making 
the recovered material an ideal candidate. ​
​ Spent catalyst must be stored in sealed, fire-resistant containers and handled with dry 
absorbents to manage spills. 

CHAPTER VII. Total Investment and Profitability 

7.1 Price of Raw Materials and Final Product 
An evaluation of the prices of raw materials through regions before the start of economic 

assessment is crucial since it directly impacts the plant`s financial viability. Given the direct 
correlation between hydrocarbon prices and raw material costs, we conducted a comprehensive 
regional market analysis to identify the most economically advantageous procurement strategy. 
Table 29 demonstrates the significant geographical price disparities for ethylbenzene. And in 
table it can be seen that it is beneficial to buy ethylbenzene in China, particularly in Career henan 
chemical co [74]. 

Table 29. The global prices of raw materials 

Seller country or region Price, USD per ton Source 
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China 1,000 [74] 

Czech Republic 1,070 [75] 

Germany 1,060 [75] 

France 1,090 [75] 

 
All the calculations are shown in Excel sheet. It is also important to consider the selling 

price of the final product. Styrene is considered the main product, while toluene is treated as a 
valuable by-product of the production process. For the economic evaluation, we assume that 
styrene will be sold at a market price of $1.5000 per kilogram, based on current global pricing 
trends and historical averages [76]. Meanwhile, toluene, which is recovered during the separation 
stage, will be sold at $0.6530 per kilogram [77]. These selling prices are used to estimate annual 
revenues and calculate key financial indicators such as ROI, NPV, and payback period.  
7.2 Fixed Capital Investment Estimation 

The fixed capital investment is the total cost of designing, constructing, and installing a 
plant and the associated modifications needed to prepare the plant site. The fixed capital 
investment is made up of Inside battery limits (ISBL), offsite investment (OSBL), engineering 
and construction costs and contingency charges.  

(Note: All cost references are based on 2024 pricing and economic conditions.) 
7.2.1 Inside battery limits (ISBL) 
To get ISBL minor equipments such as decanter, 4 fired heaters capital costs were 

retrieved from ASPEN economic analyzer, while the cost of the major equipment pieces that 
were taken into account are 2 reactors, 2 distillation columns and 2 heat exchangers were 
calculated by hand (Table 31). 

To estimate the cost of equipment, we will use the cost correlation formula provided [78]: 

 ​                                           (Eq. 31) 𝐶
𝑒

= 𝑎 + 𝑏𝑆𝑛

Where,  = purchased equipment cost on a U.S. Gulf Coast basis, Jan. 2010, a = constant value 𝐶
𝑒

1, b = constant value 2, S = size parameter, n = exponent for type of equipment. 
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Table 30. Preliminary purchase price for several equipment pieces 

Equipmen
t Size 

parameter 

a b n S Cost 

R-101 Surface 

Area,  𝑚2
28000 54 1.2 37.647 64,000 

R-102 Surface 

Area,  𝑚2
28000 54 1.2 37.647 64,000 

T-101 Shell 
mass,kg 

17400 79 
 

0.85 34015 579,200 

Kettle 
reboiler 

29000 400 0.9 822.245 256,000 

304ss 
structured 
packing, 

 𝑚3

0 7600 1 4.12 31,300 

T-102 Shell 
mass, kg 

17400 79 0.85 4847.39 124,000 

Trays, m 130 440 1.8 2 58,200 

Kettle 
reboiler 

29000 400 0.9 398.22 116,500 

E-101 Area of 
heat 

exchanger 

28000 54 1.2 36.16 32,000 

E-105 Area of 
heat 

exchanger 

29000 400 0.6 3884.8 708,000 
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The inside battery limits (ISBL) investment—the cost of the plant itself, the cost of which 

directly depends on the technical characteristics and configuration of the equipment. This 
investment category covers all the installation and construction work required to put the 
equipment into operation at the production facility. It includes several essential components that 
combine to transform individual pieces of equipment into a fully functional production system. 
These components include the installation of pipeline networks connecting technological nodes (

), the proper installation and placement of all major equipment elements ( ), as well as the 𝑓
𝑝

𝑓
𝑒𝑟

implementation of instrumentation and control systems for monitoring and automating processes 
( ). In addition, the investment covers the installation of an electrical system to power the 𝑓

𝑖

equipment (  ), as well as all necessary construction work to prepare and maintain the 𝑓
𝑒𝑙

infrastructure of the site. Other elements of the FCI include the construction of auxiliary 
buildings and structures ( ), as well as necessary protective measures such as painting and 𝑓

𝑠

insulation ( ). Together, these complex installation works represent the complete material base 𝑓
𝑙

necessary for the implementation of the project from design to operation. 

The calculation for all equipment is shown below and coefficients are provided at the 
Table 31: 

C =        (Eq. 32) 
𝑖=1

𝑀

∑ 𝐶
𝑒,𝑖,𝐶𝑆

[(1 + 𝑓
𝑝
)𝑓

𝑚
+ (𝑓

𝑒𝑟
+ 𝑓

𝑒𝑙
+ 𝑓

𝑖
+ 𝑓

𝐶
+ 𝑓

𝑠
+ 𝑓

𝑙
)]

Table 31. Typical Factors for Estimation of Project Fixed Capital Cost [78] 

 Process Type 

Item Fluids Fluids–Solids Solids 

Major equipment, total purchase cost  𝐶
𝑒

 𝐶
𝑒

 𝐶
𝑒

 Equipment erection 𝑓
𝑒𝑟

0.3 0.5 0.6 

  Piping 𝑓
𝑝

0.8 0.6 0.2 

  Instrumentation and control 𝑓
𝑖

0.3 0.3 0.2 

  Electrical 𝑓
𝑒𝑙

0.2 0.2 0.15 

  Civil 𝑓
𝑐

0.3 0.3 0.2 

  Structures and buildings 𝑓
𝑠

0.2 0.2 0.1 
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  Lagging and paint 𝑓

𝑙
0.1 0.1 0.05 

Additionally, The cost estimation model incorporates three precise adjustment factors to 
enhance accuracy. First, the material factor ) applies a 1.3 multiplier specifically for stainless (𝑓

𝑚

steel components, accounting for their 30% cost increase compared to standard carbon steel 
alternatives. This adjustment ensures proper budgeting for corrosion-resistant materials essential 
in process equipment.  

The location factor is based on 2003 data and can be updated by dividing by the ratio 
U.S. dollar/local currency in 2003 and multiplying by the ratio U.S. dollar/local currency in 
2024. Location factor for China (indigenous) is 0.61. The exchange rate in 2003 averaged about 
1 yuan = 0.137 USD and in 2024 1 yuan = 0.1426 [79]. Additionally, we add 10% for every 1000 
miles from the nearest major industrial center (Xinjiang province, China). The driving distance 
from Xinjiang to Atyrau is approximately 1,729 miles. The 2024 location factor for Atyrau: 

     (Eq. 33) 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =  0. 61 *  0.1426
0.137 * (1 + 10%

100% * 1,729 𝑚𝑖𝑙𝑒𝑠
1000 𝑚𝑖𝑙𝑒𝑠  ) = 0. 745 

As for the time factor, CEPCI in 2010 is 532.9 and in 2024 is approximately 798.9, as a 
result by division we get 1.5 time factor [80]. 

7.2.2 Total fixed Capital Investment Calculation 

The whole calculation of fixed investment capital can be seen in EXCEL. The capital 
cost estimations are provided at Table 32. We estimated offsite (OSBL) costs at 40% of ISBL 
investment, following standard industry practice for preliminary budgeting. This percentage 
represents a typical mid-range value for chemical plants where site-specific infrastructure details 
are not yet available. It covers essential support infrastructure for plant operations, including 
utilities (power, steam, cooling water), storage (tank farms, warehouses), and environmental 
systems (wastewater treatment, fire protection).  

Engineering costs cover detailed design, procurement, construction supervision, and 
project management services required to execute a project. These expenses include process 
engineering, equipment procurement, administrative overheads, and contractor profits, typically 
outsourced to specialized engineering firms. Costs are estimated at 30% of ISBL+OSBL for 
small projects. 

Contingency charges are incorporated into project budgets to account for cost estimation 
uncertainties and unforeseen expenses. These reserves address potential variations such as design 
changes, material price fluctuations, currency risks, labor issues, and subcontractor challenges. 
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Typically set at a minimum of 10% of ISBL plus OSBL costs, contingency fees protect 
contractors from budget overruns, particularly in fixed-price bids.  

Table 32. Total Fixed Capital Investment  

Equipment ID Total cost of equipments, 
USD 

Reactors R-101 263,000 

R-102 263,000 

Distillation columns T-101 3,010,000 

T-102 1,250,000 

Heat exchangers E-101 134,000 

E-105 2,970,000 

Minor equipments 18,400,000 

ISBL = Total cost of equipments 26,400,000 

OSBL 10,550,000 

Engineering Costs 11,078,000 

Contingency 5,540,000 

Total Fixed Capital Investment 53,500,000 

 
7.3 Operating Costs (OPEX) 

7.3.1 Variable Costs of Production 

Variable production costs are expenses that change in direct proportion to the plant’s 
output. This category includes costs of raw materials as well as utilities, consumable materials, in 
this process catalyst. Production of styrene requires a large amount of the ethylbenzene as well as 
investments in the FE(III) oxide doped with K catalyst. Capital investment of the catalyst is 100 
tons for 1,000 $/ton, resulting in 100,000$ annually and as the lifetime of the catalyst is assumed 
to be 2 years, regeneration or purchase of new has to be considered. The identified utilities for 
this process design are cooling water, steam, natural gas and electricity. 
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The price of natural gas was taken as the current world price of 3.245 $/MMBTU [81], however 
it is worth mentioning that Kazakhstan has one of the world's lowest natural gas prices for 
households of around 0.07 $ per cubic meter or around 2.03 $/MMBTU [82]. Even though 
businesses typically pay more for the same amount of energy in Kazakhstan, it is still well below 
global price, but global price is still taken, since the natural gas market is volatile and future 
fluctuations have to be considered. Also, heat removed from E-104 unit is regenerated to heat 
distillation column reboilers. It is also worth mentioning that burning by-product gases releases 
33.64 MW of heat that can be used to reduce purchase of natural gas. 
The price of saturated 160 °C steam and saturated 110 °C steam as well as cooling water were 
taken from ASPEN economic analyzer. The electricity price is 0.071 $/kWh for businesses, 
which is ~25% more expensive for businesses than for households [83]. Cooling water is used 
for Heat removal from E-106 and condensers of distillation columns. Average sewage services 
for special economic zones is 212.4 KZT or ~0.41$ per cubic meter [84]. 

Overall utility expenses are 5,432,857.735 $/operating year. The utilities rates and prices 
are presented in Table 33. Also, ASPEN economic analyzer’s results are available in the 
economic analysis spreadsheet. The difference betweens it and provided results account to waste 
heat regeneration and requirements of condensers of the distillation columns. 

 
 Table 33. Utilities summary 

Utility Rate Rate 
Unit 

Price ($) Price 
Unit 

Cost per 1 
hour 

($/hour) 

Annual 
Cost ($/ 

year) 

Electricity 54.9 kW 0.0775 $/kWh 4.26 34,000 

Gas  48. 1 · 106 BTU/hr  3. 245 · 10−6 $/BTU 372.6 2,980,000 

Steam (1 bar)  59. 08 · 106 BTU/hr  1. 9 · 10−6 $/kJ 178.6 1,428,000 

Steam (6 bar)  6. 24 · 106 BTU/hr  1. 9 · 10−6 $/kJ 12.51 100,000 

Wastewater   0. 084 · 106 kg/hr 0.41 $/m^3 34.44 275,500 

Cooling 
water 

 343. 2 · 106 BTU/hr  0. 212 · 10−6 $/kJ 76.77 614,00 

Total 679.12 5,431,500 

 
7.3.2 Fixed Cost of Production 
Labor costs were identified using the assumption of 15 workers per shift and 8 hour, 5 

working day week and 49 operating weeks per year, the overall number of operators is estimated 
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to be 62 with pay of 1000$/month. Supervisions expenses are expected to be around 25% of 
operating labor cost, direct salary overhead, which includes employee insurance and other 
required benefits, is 45% of combined operating labor cost and supervisions. These costs are 
combined to the cost of labor. 

Assumption was made that maintenance expenses are 3% of ISBL investment and 
property taxes and insurance were assumed to be 2% of ISBL investment. General plant 
overhead is estimated to be 65% of labor cost and maintenance sum. Interest on debit financing 
is 6% of working capital.  

Depreciation was calculated using the MACRS tax tool for 10 years, which is a reduction 
of assets monetary value and decrease of taxable income, but is still an expense worth taking into 
account. The value of depreciation is expressed in percentage of total fixed capital cost. 

 
Table 34. Depreciation Calculation 

Year Depreciation(%) Value($/operating year) 

3 10 5,354,000 

4 18 9,638,000 

5 14.4 7,710,000 

6 11.5 6,157,000 

7 9.22 4,926,000 

8 7.4 3,962,000 

9 6.6 3,534,000 

10 6.6 3,534,000 

11 6.6 3,534,000 

12 6.6 3,534,000 

13 3.33 1,767,000 

 
Table 35. Fixed costs of production 

Fixed cost Value ($/operating year) 

Labor 1,800,000 

Supervisions 450,000 
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Direct salary overhead 1,010,000 

Maintenance  617,000 

Property taxes and insurance 412,000 

Plant overhead 2,500,000 

Interest on Debit Financing 838,000 

Total 7,627,000 

 
7.4 Cash Flow 

The styrene production plant will be entirely self-funded, meaning all capital 
expenditures, including construction, equipment, and working capital, are financed through 
internal equity and retained earnings, without debt or government subsidies. Since Atyrau is 
located in an industrial zone the tax will be 0%. This funding approach provides complete 
control over financial planning, eliminates debt service obligations, and accelerates capital 
recovery reinvestment of operating profits.  

In Table L1 in appendix L, the total capital expenditure (CapEx) for the project is 
estimated at $53 million USD which will be spent during first two years of development: 

1)​ Year 1: $21.4 million is allocated to basic infrastructure, civil works, and partial 
equipment procurement; 

2)​ Year 2: $32.1 million is covering remaining equipment, installation, automation systems, 
and commissioning. 

These investments are aimed at establishing a high-efficiency, continuous-process technological 
process, designed for a production capacity of approximately 200,720 tons of styrene per year. 

In the third year preceding the full-scale launch of production, an additional $15.1 million 
is allocated to meet the working capital needs. This one-time investment ensures smooth growth 
in operating activities and includes the purchase of sufficient raw materials for the first two 
weeks of production; covering utility costs, labor and basic supplies; reserve capital to manage 
cycles of settlements with creditors and debtors and stabilize initial cash flow. 

In figure 8, starting from year 4, the curve shows a steady and consistent upward trend, 
indicating positive annual cash flows resulting from profitable operations. Over the remaining 
years, cash flow inflows continue to accumulate, eventually reaching nearly 260 MM$ by year 
13. This steady increase demonstrates the project`s strong profitability and sustainability, with a 
fast payback period and substantiation return on investment.  
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Figure 8. Cumulative Cash Flow Diagram (Present Value) 

 
7.5 Discounting, Depreciation and Analysis Period 

For all financial projections, a discount rate of 12% has been applied. This reflects the 
company’s internally set cost of capital, capturing the opportunity cost of investing in this project 
relative to alternative ventures of similar risk. The period of economic analysis was taken as 13 
years since in the first 2 years construction was done and there was no operating of the plant, and 
extra 11 years were taken because 10 year MACRS depreciation was earlier assumed for 
chemical technology equipment, which splits up to 11 years because of the assumption that 
assets start service halfway through the first year of production and depreciation value of first 
year of operation is divided between first and 11th years of plant production time. 

7.6 Profitability Analysis 
The project's profitability has been evaluated using standard financial indicators, 

including Net Present Value (NPV), Internal Rate of Return (IRR), Return on Investment (ROI), 
and payback period. 

Table 1 in Appendix L highlights excellent financial viability. IRR was calculated 
through excel formula and shows that the project generates strong returns with the higher IRR 
over 13 years indicating that the longer time horizon allows for greater cumulative returns due to 
compounding and extended revenue generation the 58% over 5 years is already very high 
suggesting the project is highly profitable in the short term while the increase to 70% over 13 
years reflects additional value from sustained performance and potentially lower annual capital 
expenditures spread over a longer period both figures demonstrate that the investment is 
financially attractive with the extended timeframe further enhancing its profitability. 

Return on Investment (ROI) was calculated using the standard formula applied in 
chemical process economic evaluations, where cumulative net profit is divided by the product of 
the project duration and initial investment: 

        (Eq. 34) 𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑅𝑂𝐼 =  𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡
𝑝𝑙𝑎𝑛𝑡 𝑙𝑖𝑣𝑒 𝑥 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑥100%
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In this approach, cumulative net profit refers to the total accumulated cash flow over the 

project period minus the initial investment (capital expenditure and working capital from Years 
1–3). The plant life refers to the number of operational years considered in the evaluation. The 
7-year ROI was found to be 53%, indicating that the project generates, on average, a profit equal 
to 53% of the initial investment per year over its first seven operational years. The 13-year ROI 
was calculated to be 81%, reflecting continued profit accumulation beyond the payback period, 
and suggesting strong long-term project sustainability. 
 

 Table 36. Main economic indicators of the production plant 

Payback Period 3.09 years 

Internal Rate of Return (IRR) 58% over 5 years 70% over 13 years 

Net Present Value (NPV) 226.2 million USD  

Annual ROI (7 years) 53% Annual ROI (13 years) 81% 

 
The high ROI figures obtained in this analysis are primarily attributed to the project’s 

self-funded nature and its strong operational profitability. Since the project does not rely on 
external financing or debt, there are no interest payments or loan servicing costs, which 
significantly improves net cash flow and accelerates capital recovery. All generated profits are 
retained by the company, contributing directly to ROI without deductions from debt obligations. 

Furthermore, the process design ensures stable, high-value product output (i.e., styrene 
and toluene) while maintaining relatively low operational costs, especially due to the strategic 
location in Kazakhstan with access to low-cost utilities, raw materials and no tax. The capital 
investment was also optimized through efficient equipment selection and waste heat integration, 
leading to lower-than-average CAPEX for a plant of this capacity. 

These factors in Table 37 combined with consistent annual revenue, rapid payback of 3 
years, and the absence of financial liabilities enable the plant to achieve an exceptionally high 
return on each dollar invested, both during the first seven years of operation (ROI = 53%) and 
over the full 13-year evaluation period (ROI = 81%). 

CHAPTER VIII. Conclusions and future work 

In conclusion, the project successfully designed and assessed a complete industrial 
process for the styrene production in Atyrau, Kazakhstan, integrating both technical and 
economic aspects. To meet this objective, the work involved evaluating reaction pathways, 
conducting kinetic modeling, simulating the process in Aspen Plus, sizing equipment, planning 
the plant layout, and estimating financial feasibility. The report outlines the production pathway, 
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major and minor equipment designs, and addresses environmental considerations alongside an 
initial cost analysis.  

The selected production method, ethylbenzene dehydrogenation, was chosen due to its 
industrial maturity and high efficiency, offering over 90% selectivity and 70% conversion under 
optimized conditions. The reaction is carried out in two adiabatic plug flow reactors, with 
intermediate reheating using fired heaters. The downstream section of the process involves 
product purification through distillation and recovery of unreacted feedstock. The plant is 
designed for an output capacity of approximately 200k tons of styrene annually, with toluene 
recovered as a marketable by-product. 

Following the establishment of mass balances, detailed mechanical and thermal designs 
were completed for key process units, such as reactors, distillation columns, and heat 
exchangers. Supplementary equipment, including pumps and condensers, was also specified 
using both shortcut design methods and Aspen simulations. The process was compiled into a 
PFD and a comprehensive plant layout developed with attention to operational safety and 
efficiency. 

Following, the Atyrau region was selected for plant construction based on favorable 
industrial conditions including access to feedstock, utilities, and transportation networks. 
Environmental factors were taken into account, and provisions for managing waste heat, 
wastewater, and emissions were included in the plant concept. 

The last part was capital cost estimation and it revealed a total fixed investment of $53 
million USD across two years, with an additional $15.1 million allocated in Year 3 to cover 
startup and working capital. Using global pricing benchmarks for styrene and toluene, and 
applying a 12% discount rate, the financial evaluation demonstrated promising results, including 
an NPV of $226 million, an IRR of 69%, and a payback period of 3.08 years. 

While the current design focuses exclusively on styrene and toluene, future development 
may consider integrating by-product recovery such as hydrogen and benzene, improving energy 
efficiency through heat integration, or expanding into the production of value-added derivatives 
like styrene oxide. Further work should also focus on minimizing emissions and reducing the 
environmental footprint of the facility. Strategies could include CO₂ capture from combustion 
units, use of low-emission catalysts, or even partially replacing fossil fuel-based utilities with 
renewable energy sources where feasible. Moreover, condensers and reboilers operate 
independently, resulting in high utility consumption. Integrating the heat duties of condensers 
with fired heaters or other reboiler systems could significantly reduce steam and fuel usage. This 
heat exchange strategy would not only lower operating costs but also decrease the plant’s 
environmental footprint by minimizing excess heat discharge and fossil fuel dependency.  
Additionally, the distillation section presents a major energy burden. The current column designs 
operate with very high reboiler duties and significant column heights, which not only consume 
large amounts of steam but also create structural and maintenance challenges. To address this, 
the distillation column heights could be split into two sequential columns. This approach, known 
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as column sectioning or “split distillation,” reduces the operational load per column, allows 
better temperature control, and can improve overall separation efficiency while making 
maintenance safer and more manageable. 

From an environmental perspective, wastewater and catalyst treatment strategies are 
already well integrated but can be further enhanced. Real-time control of VOC stripping and 
adsorption systems would optimize performance under varying load conditions. Moreover, 
exploring advanced oxidation processes or biological polishing steps could reduce long-term 
reliance on activated carbon and membrane systems. In catalyst handling, while thermal 
regeneration already recovers up to 70% of spent catalyst, future efforts could include on-site 
in-situ regeneration methods to reduce downtime, and more efficient metal recovery technologies 
to reclaim iron and potassium from the remaining unusable portions.  

Nevertheless, the project confirms the technical validity and economic feasibility of 
constructing a styrene plant in Kazakhstan. It provides a strong foundation for further 
development and could significantly contribute to the national petrochemical industry by 
enhancing self-sufficiency and enabling future innovation. 
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APPENDICES 

Appendix A 
A.1 Pure component properties 

Table A1. Pure component physical and thermodynamic properties under standard conditions​​ 
 

  Ethylbenzene Styrene Hydrogen Toluene Benzene 

Molecular 
weight 

(g/mol) 

Literature 106.16 [6] 104.15 [1] 2.016 [10] 92.14 [85] 78.11 [86] 

 Aspen 106.1674 104.15152 2.01588 92.141 78.114  

Density 
(kg/m3) 

Literature 862.6 [87] 901.6 [87] 0.082 [87] 862.3 [87] 875.6 [88] 

 Aspen 862.2703 901.3944 0.0823583  863.9338 872.073 

Boiling 
point (°C) 

Literature 136.2 [87] 145.3 [87] -253 [89] 110.6 [87] 80.08 [88] 

 Aspen 136.16 145.16 -252.76 110.63 80.09 

Melting 
point (°C) 

Literature -94.95 [87] -30.65 
[87] 

-259 [89] -94.9 [87] 5.558 [88] 

 Aspen -94.95 -30.61 -259.2 -94.97 5.53 

Critical 
temperatu

re (°C) 

Literature 344 [90] 362.85 
[90]​

​
 

-239.96 
[90] 

318.6 [94] 288.9 [90] 

 Aspen 344.11 362.85 -239.96 318.6 288.9 

Critical 
pressure 

(Pa) 

Literature 3.65  [91] ×106 3.87  × 106

[92] 
1.3×106

[93] 

4.11  ×
[94] 

4.89×106

[95] 

88 



 

 
 Aspen 3.6  ×106 3.87  ×106 1.3  ×106 4.1  ×106 4.8  ×106

Viscosity 
(Pa*s)  

Literature 6.4  [96] ×10−4 6.96×

 [97] 10−4
8.9×10−6

[98] 
5.6×10−4

[87] 
6.04  ×10−4

[88] 

 Aspen 6.35  ×10−4 7.023×

  10−4
8.91  ×10−6 5.54×

 10−4
5.99 ×

 10−4

Thermal 
conductivi

ty 
(W/(m*K) 

Literature 0.13 [99] 0.137 
[100] 

0.185 [101] 0.1302 
[102] 

0.1422 
[103] 

 Aspen 0.128974374  0.136527 0.1781205  0.130786
7  

0.14259  

Specific 
heat 

capacity 
(J/(kg*K) 

Literature 1756.44 [104] 1747.5 
[105] 

14305 
[106] 

1707.184
72  [107] 

1739.0859 
[108] 

 Aspen 1749.29 1740.75 14271.13 1707.1 1736.45 

Enthalpy 
of 

formation 
(kJ/mol) 

Literature 29.92 [90] 147.4 [90] 0 [119] 50.17 [90] 82.88 [90] 

 Aspen 29.921 147.2 0 50.17 82.88 

Gibbs free 
energy of 

formation 
(kJ/mol) 

Literature 130.73 [90] 213.9 [90] 0 [109] 122.2 [90] 129.6 [90] 
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 Aspen 130.73 213.9 0 122.2 129.6 

Enthalpy 
of 

vaporizati
on 

(kJ/mol) 

Literature 42.25 [110] 43.9 [111] N/A 37.79 
[112] 

33.8 [113] 

 Aspen 42.32 44.419 N/A 37.932 33.871 

Enthalpy 
of fusion 
(kJ/mol) 

Literature 9.18 [114] 10.955 
[115] 

0.11736 
[116] 

6.636 
[117] 

9.8663 
[118] 

 Aspen 9.173 10.950 0.117 6.636 9.866 

Vapor 
pressure 

(Pa) 

Literature 1268.4 [119] 841.26 
[111] 

N/A 3800 
[120] 

12650 
[121] 

 Aspen 1279.488 830.9172 N/A 3803.901  12640 

 
​ A.2 Temperature-dependant properties plots 
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Figure A1. Density vs Temperature plot for 

Ethylbenzene  
 

 
Figure A2. Density vs Temperature plot for 

Styrene  

 
 

 
Figure A3. Density vs Temperature plot for 

Benzene  

 
Figure A4. Density vs Temperature plot for 

Toluene  
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Figure A5. Viscosity vs Temperature plot for 

Ethylbenzene  

 
Figure A6. Viscosity vs Temperature plot for 

Styrene  

 
Figure A7. Viscosity vs Temperature plot for 

Benzene  

 
Figure A8. Viscosity vs Temperature plot for 

Toluene  

 
Figure A9. Saturation pressure vs 

Temperature plot for Ethylbenzene  

 
Figure A10. Saturation pressure vs 

Temperature plot for Styrene  
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Figure A11. Saturation pressure vs 

Temperature plot for Benzene  
 

 
Figure A12. Saturation pressure vs 

Temperature plot for Toluene  
 

 

Figure A13. Heat of vaporization vs 
Temperature plot for Ethylbenzene  

 

 
Figure A14. Heat of vaporization vs 

Temperature plot for Styrene  
 

 
Figure A15. Heat of vaporization vs 

Temperature plot for Benzene 
 

 
Figure A16. Heat of vaporization vs 

Temperature plot for Toluene 
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Figure A17. Ideal gas heat capacity vs 

Temperature plot for Ethylbenzene 
 
 

 
Figure A18. Ideal gas heat capacity vs 

Temperature plot for Styrene 

 

 
 

Figure A19. Ideal gas heat capacity vs 
Temperature plot for Benzene 

 

 
 

Figure A20.  Ideal gas heat capacity vs 
Temperature plot for Toluene 

  

 
Figure A21. Liquid heat capacity vs 

Temperature plot for EB 
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Figure A22. Liquid heat capacity vs 

Temperature plot for Styrene 
 
 

 
Figure A23. Liquid heat capacity vs 

Temperature plot for Benzene 
 
 

 
 
 

 
Figure A24. Liquid heat capacity vs 

Temperature plot for Benzene 

 

 
Figure A25. Henry constant vs Temperature plot for H2/H2O system [122] 

 
Appendix B 

B.1 Validation of the thermodynamic model 
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Figure B1. VLE for EB/ST binary 

mixture for NRTL method at 20 kPA 
 

 
Figure B2. VLE for EB/ST binary 

mixture for Peng-Robinson method at 20 
kPA 

 
Figure B3. VLE for EB/ST binary 

mixture for NRTL method at 5 kPA [123] 

 
Figure B4. VLE for EB/ST binary 

mixture for Peng-Robinson method at 5 kPA 
[123] 

 
Figure B5. VLE for ST/B binary 

mixture for NRTL method at 9.3 kPA 
 

 
Figure B6. VLE for ST/B binary 

mixture for Peng-Robinson method at 9.3 
kPA 
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Figure B7. VLE for ST/T binary 

mixture for NRTL method at 30 kPA 

 
Figure B8. VLE for ST/T binary 

mixture for Peng-Robinson method at 30 
kPA 

 
Figure B9. VLE for EB/B binary 

mixture for NRTL method at 101.32 kPA 

 
Figure B10. VLE for EB/B binary 

mixture for Peng-Robinson method at 
101.32 kPA 

 
 

Figure B11. VLE for EB/T binary 
mixture for NRTL method at 101.325 kPA 

[124] 

 
Figure B12. VLE for EB/T binary 

mixture for Peng-Robinson method at 
101.325 kPA [124] 
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Appendix C 

C.1 Tables with hazard profiles of benzene and toluene 
 

Table C1. Benzene hazard profile 

GHS standards [125] 

H225 (99.7%) Highly flammable liquid and vapor 

H304 (99.3%) Might be fatal if swallowed 

H315 (99.8%) Causes skin irritation 

H319 (99.8%) Causes serious eye irritation 

H340 (99.8%) May cause genetic defects 

H350 (99.8%) May cause cancer 

H372 (99.3%) Repeated exposure might damage organs 

H412 (16.4%) Harmful to aquatic life in a long term fashion 

Diamond [126] Hazard Value Description 

 

Health 2 Can cause temporary 
incapacitation or 
residual injury 

Flammability 3 Can be ignited under 
almost all ambient 
temperature 
conditions 

Instability 0 Normally stable even 
under fire 

Special   

Hazard indicating pictograms [127] 
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Table C2. Toluene hazard profile 

GHS standards [128] 

H225 (98.41%) Highly flammable liquid and vapor 

H304 (99.9%)  Might be fatal if swallowed 

H315 (98.41%) Causes skin irritation 

H336 (100%)  Narcotic effects; may cause dizziness 

H361 (96.19%) Might lead to fertility damage or damage the unborn child 

H373 (100%) Repeated exposure may damage vital organs 

H412 (11.18%)  Harmful to aquatic life in a long term fashion 

Diamond [126] Hazard Value Description 

 

Health 2 Can cause temporary 
incapacitation or 
residual injury 

Flammability 3 Can be ignited under 
almost all ambient 
temperature 
conditions 

Instability 0 Normally stable even 
under fire 

Special   

Hazard indicating pictograms [127] 

 

 
Appendix D 

D.1 Table with key applications of styrene  
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Table D1. Summary of the major applications of styrene 

Application Styrene 

Composition 

KEY 

CONSIDERATION

S 

MAIN USE CASES REFEREN

CES 

Polystyrene 

production 

​

​

 

Styrene High purity for 

clarity and 

consistency, adjust 

viscosity 

  and polymerization 

rate 

Packaging, 

disposable 

housewares 

insulation 

[2] 

ABS 

(acrylonitrile-bu

tadiene-styrene) 

​

​

 

Styrene 

Butadiene, 

Acrylonitrile 

Enhanceв impact 

resistance, control 

polymerization for 

  toughness and 

surface finish 

Automotive parts, 

electronics housings, 

toys 

[2] 

SBR 

(styrene-butadie

ne rubber) 

Styrene 

Butadiene 

Optimize abrasion 

resistance, ensure 

proper elasticity 

  and durability 

Tires, conveyor 

belts, footwear soles 

[3] 

UPR 

(unsaturated 

polyester resin) 

Styrene Facilitate 

cross-linking for 

durability, 

consistency in 

  viscosity and 

reactivity 

Fiberglass-reinforced 

plastics, construction 

[2] 
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SAN 

(styrene-acrylon

itrile) 

Styrene 

Acrylonitrile 

Achieve chemical 

resistance, adjust 

polymerization for 

  stiffness and 

transparency 

Plastic lenses, 

windows, and 

transparent 

household items 

[129] 

Expanded 

polystyrene 

(eps) 

pure styrene Low-density 

formulation, control 

purity to avoid 

defects 

Insulation, protective 

packaging 

[2] 

Ion-exchange 

resins 

Styrene 

Divinylbenze

ne 

High purity for 

efficient ion 

exchange, tailor 

  composition for 

specific capacities 

Water softening, 

demineralization,dec

olourization 

[130] 

Polystyrene 

peroxide 

Styrene  Photoirradiation of 

the charge transfer 

complex between 

  styrene and oxygen 

coating and molding 

compositions 

[131] 

 
 
Appendix E 
​ E.1 Lyuben’s proposed design 
​  
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Figure E1. Luyben’s proposed design [18] 

 
​ E.2 Production rates of styrene by country 

Table E1. Capacities of factories for styrene production around the world 

Manufacturer Location Capacity (kt/year) 

China [132] 

CSPC Huizhou 640 

ZRCC Lyondell Chemical Ningbo 620 

SECCO Shanghai 650 

Shuangliang Eco-Energy Jiangyin 420 

Jilin Petrochemical Jilin 460 

Dagu Chemical Tianjin 500 

Dushanzi Petrochemical Karamay 320 

Huajin Chemical Panjin 232 

SP Chemical Taixing 320 

Newsolar Changzhou 250 

Europe [133] 
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LyondellBasell/Covestro Maasvlakte, Netherlands 680 

Total Gonfreville, France 600 

Versalis Mantova, Italy 595 

BASF Ludwigshafen, Germany 550 

ELLBA Moerdijk, Netherlands 550 

Trinseo Terneuzen, Netherlands 500 

INEOS Styrolution Antwerp, Belgium 500 

Repsol Tarragona, Spain 450 

Shell Moerdijk, Netherlands 440 

Trinseo Boehlen, Germany 300 

Russia 

SIBUR [134] 
 

Perm 135 

Nizhnekamsk 240 

JSC “Plastic” [135] Tula 60 

Gazprom [136] Salavat 220 

 
E.3 Cost of the components 

Table E2. Costs of EB in Chinese companies 
Company Purity (%) USD/kg (2024) USD/kg (2027) 

Career Henan Chemical Co​
[137] 

99< 1 1.19 

Zhuozhou Wenxi Import and Export Co., Ltd 
[138] 

99< 10 11.88 

Table E3. Costs of Styrene imports in CIS countries (2023) [139] 

Country 
Trade Value 
(1000 USD) Quantity (Kg) 

Price per MT 
(USD) (2023) 

Price per MT 
(USD) (2027) 
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Kazakhstan 2,173.04 748,455 2,903.37 3,450.83 

Azerbaijan 1,089.34 847,382 1,285.53 1,527.93 

Armenia 263.18 158,297 1,662.57 1,976.06 

Kyrgyz Republic 735.49 395,520 1,859.55 2,210.18 

  Average 1,927.75 2,216.27 
 
Appendix F 
​ F.1 Kinetics calculations’ graphs 
 

 
Figure F1. Effect of H2O/EB ratio on the 

overall selectivity of styrene. T = 620°C. P = 
1 atm. W/F = 36,000 kg (1st reactor). W/F = 

46,000 kg (2nd reactor) 

 
Figure F2. Effect of H2O/EB ratio on the 

overall conversion of EB. T = 620°C. P = 1 
atm. W/F = 36,000 kg (1st reactor). W/F = 

46,000 kg (2nd reactor) 

 
Figure F3. Selectivity of styrene over 

conversion of ethylbenzene. T = 620°C. Ptot 
= 0.612 bar. H2O/EB ratio = 11 [140] 

 
Figure F4. Conversion of the ethylbenzene 

with the change of catalyst weight. T = 
620°C. P = 1 atm. H2O/EB ratio = 12. W/F 

= 36,000 kg (1st reactor) 
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Figure F5. Conversion to the styrene with 
the change of catalyst weight for the first 

reactor. T = 620°C. P = 1 atm. H2O/EB ratio 
= 12 

 
Figure F6. Conversion to the styrene with 

the change of catalyst weight for the second 
reactor. T = 620°C. P = 1 atm. H2O/EB rat​

io = 12. W/F=36,000kg (1st reactor) 

 
 

 
Figure F8. Selectivity of the styrene over 

conversion EB while changing the catalyst 
weight in the first reactor. T = 620°C. P = 1 

atm. H2O/EB ratio = 12 
 

 
Figure F9. Conversion of the EB over the 

space-time in the first reactor. T = 620°C. P 
= 1 atm. H2O/EB ratio = 12 

 
Figure F7. Selectivity of the styrene over 

conversion EB while changing the catalyst 
weight in the second reactor. T = 620°C. P = 
1 atm. H2O/EB ratio = 12. W/F = 36,000kg 

(1st reactor) 
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Appendix G 

​ G.1 Heat exchanger design and E-101 details 

 

Figure G1. Assumptions of U based on physical nature of fluids. 

 

Figure G2. Standard tubes dimensions 
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Figure G3. Temperature correction factor graph 

                         (Eq. G.1) 𝑅 = (𝑇
ℎ,𝑖𝑛

− 𝑇
ℎ,𝑜𝑢𝑡

)/(𝑇
𝑐,𝑜𝑢𝑡

− 𝑇
𝑐,𝑖𝑛

) = 0 

                       (Eq. G.2) 𝑃 = (𝑇
𝑐,𝑜𝑢𝑡

− 𝑇
𝑐,𝑖𝑛

)/(𝑇
ℎ,𝑖𝑛

− 𝑇
𝑐,𝑖𝑛

) = 0. 823

N tubes per pass is 63. 
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Figure G4. Constants for Use in equation of bundle diameter [40] 

 
Figure G5. Shell clearances [40] 

 

 
Figure G6. Shell thicknesses [40] 

 

108 



 

 
From this graph,  The internal  shell diameter is 0.478 m. From TEMA standards, minimal 𝐷

𝑆

thickness for shell diameters between 330-580 mm is 3.2 mm, thus  is 0.4844 m. 𝐷
𝑆𝑜𝑢𝑡

 
Vibration analysis: 
According to the recommendations, the velocity of tube side vapor should not exceed 30 m/s for 
atmospheric pressure and 10 m/s for high pressure 

                      (Eq. G.3) 𝑉 = 𝑄

𝑁π(0.5𝐷
𝐼
)2 = 1.739072738*106

63*3.14*(0.5*0.025)2 = 14. 29 𝑚/𝑠

This exceeds the recommended value for high pressure vapor, but in the tubes condensation 
occurs and flow velocity is expected to drop and further calculations demonstrate that pressure 
drop is in expected range.The velocity of liquid at the shell side is expected to be in range 0.3-1 
m/s The calculations are the following: 

                      (Eq. G.4) 𝐴
𝑆

= (𝑝
𝑡

− 𝐷
𝑂

)𝐷
𝑆
𝑙

𝐵
/𝑝

𝑡
= 0. 03655744 𝑚2

                          (Eq. G.5) 𝐺
𝑆

= 𝑊
𝑆
/𝐴

𝑆
= 227. 4868444 𝑘𝑔/𝑠 𝑚2

 
                               (Eq. G.6) 𝑢

𝑆
= 𝐺

𝑆
/ρ = 0. 2795510463 𝑚/𝑠

 is equivalent shell area,  is tube pitch, in this design ,  is baffle spacings, 𝐴
𝑆

𝑝
𝑡

𝑝
𝑡

= 1. 25 * 𝐷
𝑂

𝑙
𝐵

in this design ,  is mass flux,  is mass flow rate,  is density. 𝑙
𝐵

= 0. 8 * 𝐷
𝑆

𝐺
𝑆

𝑊
𝑆

ρ

This is not in the range of values provided, however moderate pressure drop requirements and 
guaranteed absence of flow vibrations were considered more important than high heat transfer 
coefficient 
Heat transfer coefficient: 
Shell: 

           (Eq. G.7) 𝑑
𝑒

= (1. 27/𝐷
𝑂

) * (𝑝
𝑡
2 − 0. 785 * 𝐷

0
2) = 0. 024685625 𝑚

                                      (Eq. G.8) 𝑅𝑒 = 𝐺
𝑠
𝑑

𝑒
/µ = 15582. 377

                                     (Eq. G.9) 𝑃𝑟 =  𝐶
𝑝
µ/𝑘 = 5. 864716925

Where  is Reynolds number,  is viscosity,  is Prandtl number,  is heat capacity,  is 𝑅𝑒 µ 𝑃𝑟 𝐶
𝑝

𝑘

thermal conductivity. 
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Figure G7. Heat transfer factors for shell side [40] 

Pressure drop: 
Tube: 

Table G1. 2 phase pressure drop in tubes 

Liquid Vapor 

     (Eq. 𝑅𝑒
𝑙

= (1 − 𝑥)𝐺
𝑆
𝐷

𝑂
/µ

𝑙
= 2329. 973

G.10) 
                        (Eq. 𝑅𝑒

𝑔
= 𝑥𝐷

𝑂
/µ

𝑔
= 2. 63𝐸4

G.11) 

 (Eq. 𝑓
𝑙

= 0. 079𝑅𝑒−0.25
𝑙

= 0. 01137075631
G.12) 

    (Eq. 𝑓
𝑔

= 0. 079𝑅𝑒−0.25
𝑔

= 0. 006202623
G.13) 

 (Eq. (𝑑𝑝/𝑑𝑙)
𝑙

= 2 * 𝑓
𝑙

* 𝐺
𝑠

2/(𝐷
𝐼
ρ

𝑙
) = 1. 51

G.14) 
(𝑑𝑝/𝑑𝑙)

𝑔
= 2 * 𝑓

𝑔
* 𝐺

𝑠
2/(𝐷

𝐼
ρ

𝑔
) = 239. 62

(Eq. G.15) 

                      (Eq. G.16) 𝑋 = (𝑑𝑝/𝑑𝑙)
𝑙
/(𝑑𝑝/𝑑𝑙)

𝑔
= 0. 07954605653

                      (Eq. G.17) ϕ2
𝑙

= 1 + (20/𝑋) + 1/𝑋2 = 410. 465093
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                      (Eq. G.18) ∆𝑃 = ϕ2
𝑙

* (𝑑𝑝/𝑑𝑙)
𝑙

* 𝐿 = 4555. 552502 𝑃𝑎

The calculation was carried out using Blasius correlation, Lockhart–Martinelli parameter and 
considering all flow as liquid 
Shell: 

      (Eq. G.19)∆𝑃
𝑆

= 8𝐽
𝑓
(𝐷

𝑆
/𝑑

𝑒
)(𝐿/𝑙

𝑏
)(ρ𝑢2

𝑠
/2)(µ/µ

𝑤
)−0.14 = 2175. 94721 𝑃𝑎

 
Figure G8. Friction factors for shell side [40] 

 
After all calculations were done as visible in E-101 HE spreadsheet, validating calculated 

results in Aspen Plus V14 software package, specifically EDR was made use of. 
The following charts summarize the finding from Simulation: 
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Figure G9. Stream results in ASPEN 
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Figure G10. Results summary for E-101 
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Figure G11. Heat transfer performance summary 

 

Appendix H 

H.1 Step-by-step algorithm for R-101 & R-102 design 

1.​ Start new simulation on Aspen 14 Plus 
2.​ Add components 
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Figure H1. Components for Reactors 

 
3.​ Define H2 as Henry Component  

 
Figure H2. Defining Henry Component 

 
4.​ Specify NRTL method 

 
Figure H3. Setting method 

 
5.​ Build main flowsheet of 2 Reactors in series 

 
Figure H4. Reactor flow sheet 

 
6.​ Create LHHW reaction  

115 



 

 
​

 
Figure H5. Kinetic reactions 

7.​ Define Kinetic data for each reaction 

 
Figure H6. Setting kinetic parameters 

 
8.​ Define initial flow  
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Figure H7. Defining initial flow 

 
9.​ Define Heater I 

 
Figure H8. Heater I setup 
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10.​ Define PFR I as Adiabatic and configure it 

 
Figure H9. R-101 setup 

 
11.​Define Heater II 
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Figure H10. E-104 setup 

 
12.​Define PFR II in the same way as PFR I 
13.​To identify the dimensions of Reactor with relation to Pressure Drop and Velocity 
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Figure H11. Sensitivity Setup 

 
14.​Optimal dimensions of 1.7m diameter and 3.5 m length were chosen 
15.​Following Results were obtained 
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Figure H12. Stream Results 

H.2 Reactor volume calculations 

To obtain the catalyst volume, the catalyst loading was divided by catalyst density: 

                                                                                   (Eq .H.1) 𝑉
𝑐

=
𝑀

𝑐

ρ
𝑐

= 50000
2500 = 20 𝑚3

To obtain the volume of reactor, the bed voidage of 0.5 and safety factor of 20% was 
used: 
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                                                        (Eq .H.2)                      𝑉 =
𝑉

𝑐

1−ϵ * 𝑆𝐹 = 20
1−0.5 * 1. 2 = 48 𝑚3

H.3 Pressure drop calculations 

The pressure drop was calculated by Ergun Equation [40]: 

                                                    (Eq. H.3)                         ∆𝑃 = 𝐿
100000 ( 150µ(1−ϵ)2

𝑑
𝑝
2ϵ3λ2 ν + 1.75ρ(1−ϵ)

𝑑
𝑝
ϵ3λ

ν2)

Table H1. Ergun Equation Parameters 

Parameter Value Units 

Viscosity ( ) µ 3.24E-05 Pa.s 

Bed voidage ( ) ϵ 0.5  

Particle diameter ( ) 𝑑
𝑝 0.0055 m 

Density ( ) ρ 6.12E-01 kg/m3 

Velocity ( ) ν 4.20E+00 m/s 

Length (L) 3.5 m 

Shape Factor ( ) λ 0.8735804647  

   (Eq. H.4) ∆𝑃 = 3.5
100000 * ( 150*3.24𝐸−05*(1−0.5)2

0.00552*0.53*0.87358046472 * 4. 2 + 1.75*6.12𝐸−01*(1−0.5)

0.0055*0.53*0.8735804647
* 4. 22)

 bar (Hand calculated) ∆𝑃 = 0. 613

 bar (Aspen) ∆𝑃 = 0. 72608

The following calculations were done for R-101. In the same procedure, the pressure 
drop can be calculated for R-102. 

 bar (Hand calculated) ∆𝑃 = 0. 637

 bar (Aspen) ∆𝑃 = 0. 78572

Construction material calculations 

Table H2. Material choice for reactor [141, 142] 
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 SS304L SS316 SS321 Incoloy 800 

Maximum 
temperature, °C  

~800 ~870 ~900 ~1100 

Tensile Strength, 
MPa 485 515 515 600 

Cr content (%) 17.5-19.5 16.0-18.0 17.0-19.0 19.0-23.0 

Yield Strength 
(MPa) 170 205 205 310 

Elongation (%) 40 40 40 40 

Hardness (HB) 201 217 217 217 

Thermal Expansion 
(10⁻⁶/K) 18.4 17.5 18.6 17 

Price (USD/kg) Lower Medium Medium-High High 
 
Determining the minimum wall thickness for a specific pipe diameter and selecting the 

appropriate actual thickness are fundamental design steps in any project. A key formula used for 
calculating pipe thickness (ASME B31.3) [40]: 

                                            (Eq. H.5)               𝑡
𝑤𝑎𝑙𝑙

=
𝑃

𝑖
𝐷

2(𝑆𝐸−𝑃
𝑖
𝑌) + 𝑐

Where,  

 = Internal Design Pressure gauge, MPa with safety factor of 10% 𝑃
𝑖

D = Outside diameter of the tube 

E = Quality factor from table (Table B14) 

S = Allowable stress for material (Figure B13) 

Y = Temperature coefficient (Table 15) 

C = Corrosion allowance (1/16 inch) 
From the figure B13, for our reactor. T=645C (1198.4ºF) with safety factor of 25C, material = 
SS304l, the allowable stress, S= 3000 psi (20.68 MPa).  
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Figure H13. Temperature and Allowable Stress for different materials [25] 

 
The maximum value of quality factors (E) is 1.0. Since our pipe is seamless without any welds, 
our value will be 1.  

 
Figure H14. Quality factor [144] 

 
The factor “Y” depends on temperature. At elevated temperatures, factor Y increases leading to a 
decrease in the calculated required pipe wall thickness (Figure B15). SS304l is considered 
austenitic steel, therefore Y value is 0.7. 
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Figure H15. Values of Coefficient Y [145] 

The final thickness of the wall: 

          (Eq. H.6)     𝑡
𝑤𝑎𝑙𝑙

= 0.2*1.72
2(20.68*1−0.2*0.7) + 1. 5875 = 9. 87 𝑚𝑚 ≅10 𝑚𝑚  

 

Appendix I 

I. 1 Design details and calculations for E-105 

Tube side coefficient 

Tube cross-sectional area,  = 0.000172                         (Eq. G.1) 𝐴
𝑐𝑠 𝑡𝑢𝑏𝑒

=  
π 𝑑

𝑖
2

4 𝑚2

Fluid velocity,  =  =  19.98 m/s                               (Eq. G.6) ϑ 𝑚
ρ×𝐴

𝑐𝑠 𝑡𝑢𝑏𝑒
 ×𝑁

𝑡

Reynolds Number,  =    =                              (Eq.G.8) 𝑅𝑒
ρ×ϑ×𝑑

𝑖

µ 1. 21 × 104

 Prandtl number,  =     =    1.71                                 (Eq.G.9) 𝑃𝑟
𝐶

𝑝
 ×µ

𝑘

C = 0.021 

 = 87.55 W/ -K                                                     (Eq.26 ) ℎ
𝑠ℎ𝑒𝑙𝑙

𝑚2

Shell side coefficient 
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Fluid velocity,  =  =  38.06 m/s                                (Eq. G.6) ϑ 𝑚
ρ×𝐴

𝑐𝑠 𝑡𝑢𝑏𝑒
 ×𝑁

𝑡

Reynolds Number,  =   =                               (Eq. G.8) 𝑅𝑒
ρ×ϑ×𝑑

𝑖

µ 2. 94 × 104

 Prandtl number,  =     = 0.935                                (Eq. G.9) 𝑃𝑟
𝐶

𝑝
 ×µ

𝑘

J = 0.0021 (see Fig. 4A) 

 = 76.1 W/ -K                                                       (Eq. 26) ℎ
𝑡𝑢𝑏𝑒

𝑚2

Pressure drop 

= 0.006 bar             (Eq. G.19)          ∆𝑃
𝑡𝑢𝑏𝑒

= 𝑁 𝑜𝑓 𝑝𝑎𝑠𝑠𝑒𝑠 × [8𝑗
𝑓

𝐿
𝑑

𝑖
( µ

µ
𝑤

)−𝑚 + 2. 5] ρϑ2

2   

   = 0.11 bar                      (Eq. G.19) ∆𝑃
𝑠ℎ𝑒𝑙𝑙

= 8𝑗
𝑓
(

𝐷
𝑠

𝑑
𝑒

)( 𝐿
𝑙

𝑏
)−𝑚 + 2. 5] ρϑ2

2 ( µ
µ

𝑤
)−0.14 
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Figure I1. TQ curves for E-105 cooler 

Appendix J 

​ J.1 Design details and calculations for T-101  

Table J1. Comparative analysis of column types for ST/EB separation: suitability based on 
operating conditions (Gray shading indicates suitable column types for each condition) [40] 

Factor Packed column Tray columns 
Low-pressure drop preferred Low-pressure drop (~0.04 

psi/stage for random packings, 
lower for structured), reducing 
compressor costs 

Higher pressure drop (~0.15 
psi/stage). 

Vacuum systems required Preferred due to lower pressure 
drop, better relative volatility, 
and energy savings. 

Less suitable due to higher 
pressure drop. 

Revamps are needed Pressure drop reduction 
translates to capacity, energy, or 
separation improvements. 

Less flexibility for revamps 
compared to packings. 

Smaller diameter column Relatively low diameter In complex separation systems 
may lead to oversized diameter 

Corrosive system 
  

Wider range of packing 
materials (e.g., ceramic, plastic) 
available at lower cost 

Limited material options; more 
expensive for nonmetallic trays 

Prone to foaming Less foaming due to lower 
vapor-liquid velocities and 
gentler contact 

More prone to foaming due to 
higher velocities and violent 
contact 

Low liquid holdup needed Lower liquid holdup, reducing 
polymerization, degradation, or 
hazardous inventory 

Higher liquid holdup, less 
suitable for sensitive or 
hazardous materials 

System might have high 
liquid rates 

Capacity drops rapidly at high 
liquid rates 

Multipass trays handle high 
liquid rates more effectively 

No solid system Prone to clogging; difficult to 
clean (especially structured 
packings) 

Better for solids; high velocities 
keep trays clear; easier to clean 
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Intermittent operation 
  

Risk of crushing packings or 
damaging shell due to thermal 
expansion/contraction 

Easier to accommodate thermal 
expansion/contraction 

 
J.2 Height calculations 

Table J2. Feed, top and bottom products’ composition and flow rates 
Stream # 13 14 15 
Compoun

d 
Molar flow 
rate, kmol/h 

Mole 
fraction 

Molar flow 
rate, kmol/h 

Mole 
fraction 

Molar flow 
rate, kmol/h 

Mole 
fraction 

EB 107.3 0.280 107.1 0.74 0.21 0.0009 
Steam/wate

r 
1.86 0.005 1.86 0.013 0 0 

ST 245.6 0.635 4.91 0.034 240.7 0.999 
H2 0 0 0 0 0 0 

Toluene 27.9 0.072 27.9 0.192 0 0 
Benzene 3.89 0.010 3.90 0.027 0 0 
Ethylene 0 0 0 0 0 0 
Methane 0 0 0 0 0 0 

Total 386.6  145.6  240.9  
 
Assumptions made during calculations: 

●​ EB is a light key (LK) compound, and ST is a heavy key (HK) compound 
●​ Packed bed column distillation with structured packing 
●​ Packing material: Mellapak Plus 252Y 
●​ For thickness calculations, the column is considered to be a pipe 
●​ Reflux ratio / Min. reflux ratio = 1.5 

​  
​ To start calculations relative volatility of all compounds relative to HK were required. To 
find it, P_sat of each compound in the condenser (0.5 atm, 40℃) and reboiler (0.51 atm, 120℃) 
were calculated using the Antoine equation (Eq. J.1). Further two relative volatility values were 
obtained for different parts of the column, then geometric mean of these two were used in the 
following calculations (Table J2). 

                                                  (Eq. J.1) 𝑙𝑜𝑔
10

𝑃
𝑠𝑎𝑡

= 𝐴 − 𝐵
𝑇+𝐶

A, B, C - Antoine constants varying with temperature, 
T - operating temperature 
 

Table J3. Relative volatility of components 
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Firstly, heuristic 
calculations were made to 
find rough values for the 
number of stages, minimum 

and actual reflux ratio. To find the number of minimum stages, the Fenske equation was used: 

                                                                   (Eq. J.2) 𝑁
𝑚𝑖𝑛

=
𝑙𝑜𝑔

𝑥
𝐷,𝐿𝐾

𝑥
𝐷,𝐻𝐾

( ) 𝑥
𝐵,𝐻𝐾

𝑥
𝐵,𝐿𝐾

( )⎡⎢⎣
⎤⎥⎦

𝑙𝑜𝑔(α
𝐿𝐾,𝐻𝐾

)

Where  - minimum number of stages, 𝑁
𝑚𝑖𝑛

 - fraction of LK in the distillate, 𝑥
𝐷,𝐿𝐾

 - fraction of HK in the distillate, 𝑥
𝐷,𝐻𝐾

 - fraction of LK in the bottom product, 𝑥
𝐵,𝐿𝐾

 - fraction of LK in the bottom product, 𝑥
𝐵,𝐻𝐾

 - volatility of LK relative to HK (Table A2). α
𝐿𝐾,𝐻𝐾

Calculations showed that the minimum number of stages is 35.  

Further Underwood equations were employed to estimate the minimum reflux ratio (RR_min): 

                                                                  (Eq. J.3) 
𝑗=1

𝑁
𝐶

∑
α

𝑗
𝑥

𝐹𝑗

α
𝑗
−θ = 1 − 𝑞

                                                           (Eq.J.4) 
𝑗=1

𝑁
𝐶

∑
α

𝑗
𝑥

𝐷,𝑗

α
𝑗
−θ = 1 + 𝑅𝑅

𝑚𝑖𝑛

Where, - feed composition of compound j. 𝑥
𝐹𝑗

q - feed quality = 1 as at our operating conditions the system is saturated liquid 
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𝑗/𝐻𝐾

Condenser Reboile
r 

Geometric 
average 

eb/styrene 1.49 1.31 1.40 
toluene/styrene 4.14 2.69 3.34 
benzene/styrene 12.8 6.10 8.84 
water/styrene 3.86 3.71 3.78 



 

 
 - parameter found using the Goal seek function in Excel so that the underwood equation was θ

equal to 0. 

It was found that = 2.56781, and using Eq. 4G RR_min = 7. And RR_actual = RR_min*1.5 = θ
10.5. Using the reflux ratio values and Gilliland correlations (Eq. J5-7) actual number of stages 
were calculated: 

                                                                                                         (Eq. J.5) 𝑋 =
𝑅𝑅−𝑅𝑅

𝑚𝑖𝑛

𝑅𝑅+1

                                                    (Eq. J.6) 𝑌 = 1 − 𝑒𝑥𝑝 1+54.4𝑋
11+117.2𝑋( ) 𝑋−1

𝑋0.5( )⎡⎢⎢⎣

⎤⎥⎥⎦

                                                                     (Eq. J.7) 𝑌 =
𝑁−𝑁

𝑚𝑖𝑛

𝑁+1

Where N - the number of actual theoretical stages. It was calculated to be 57. 

In packed bed columns, the HETP (height equivalent to theoretical plate) factor is a key factor in 
estimating the height of the column. According to the industry data for the packing material 
(Mellapak Plus 252Y), the HETP value with our system’s pressure drop is about 0.5 [40]. Using 
the following formula: 

                                                        (Eq. J.8) 𝐻 =  𝐻𝐸𝑇𝑃 * 𝑁

It is possible to calculate the height of the column (H). 

H = 0.5*100 = 22.8  m  

As max bed height per section is 8-11 m to prevent maldistribution, the number of beds: 

                                                       (Eq. J.9) 𝑁
𝑏𝑒𝑑

=  𝐻
10 = 5

J.3 Diameter calculations 

Further, the inner diameter of the column was estimated using these data. Flooding 
conditions were used extensively to assess the flooding velocity, gas superficial velocity, 
pressure drop and diameter of the column. For that, the reflux ratio and individual parameters of 
packing material were used. As EB and ST are abundant in our system, calculations assumed a 
binary non-dilute system. 
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Flooding data for packed columns were first correlated by using a liquid-to-gas 

kinetic-energy ratio ( ) [40]: 𝐹
𝐿𝑉

                                         (Eq. J.10) 𝐹
𝐿𝑉

 =  
𝐿*𝑀

𝐿

𝑉*𝑀
𝑉

( ) ρ
𝐿

ρ
𝑉

( )0.5

        

Where L - liquid flow rate, kmol/h 

V- vapor flow rate, kmol/h 

 - molar mass of liquid, kg/kmol 𝑀
𝐿

 - molar mass of vapor, kg/kmol 𝑀
𝑉

 - density of liquid, kg/ , density of liquid leaving the top of the column. Estimated using ρ
𝐿

𝑚3

Aspen simulation 

 - density of vapor, kg/ , Estimated using Aspen property of mixture at 120℃ and 0.51 atm ρ
𝑉

𝑚3

 and  will cancel out in our case, as the distillation column uses a total condenser that 𝑀
𝐿

𝑀
𝑉

liquifies all the vapor. Liquid and vapor flow rates were calculated in the distillate part using the 
reflux ratio definition:  

                                                (Eq. J.11) 𝐿
𝑉 =  𝑅𝑅

L = RR*V = 10.5*147 = 1546.7 kmol/h 

And V = L+  = 1535.1+147 =1693.7 kmol/h 𝑄
𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒

A generalized pressure-drop chart for structured packing developed by Strigle, Kister and Gill is 
shown in Figure 1G.The abscissa in the chart is  (Eq. G9). The empirical ordinate in the chart 𝐹

𝐿𝑉

is a modified empirical capacity factor ( ) given by [48]: 𝐹
𝐶

                                             (Eq. J.12) 𝐹
𝐶

= 𝑢
𝑉𝑓

𝐹
𝑃

0.5 ρ
𝑣

ρ
𝑙
−ρ

𝑣
( )0.5

υ
𝐿

0.05

Where,  and  are used in , ρ
𝑣

ρ
𝐿

𝑙𝑏/𝑓𝑡3

 - is the flooding velocity in ft/s, 𝑢
𝑉𝑓

131 



 

 

 - packing factor for Mellapak Plus 252Y, 21  𝐹
𝑃

𝑓𝑡−1

 - the kinematic viscosity in centistokes.  υ
𝐿

For modern structured packings with packing factors between 9 and 60 , Kister and 𝑓𝑡−1

Gill [13] showed that the simple empirical correlation gives the specific pressure drop at flooding 
(units inches ): 𝐻

2
𝑂/𝑓𝑡

0.115*                                          (Eq. J.13) ∆𝑃
𝑓𝑙𝑜𝑜𝑑

 =  𝐹
𝐶

0.7

 
Figure J1. Generalized correlation for specific pressure drop for towers with structured 

packing 
Using plot (Fig. J1) and  = 0.04,  0.65 inches  capacity factor ( ) 𝐹

𝐿𝑉
∆𝑃

𝑓𝑙𝑜𝑜𝑑
 =  𝐻

2
𝑂/𝑓𝑡 𝐹

𝐶

was estimated as 1.5. Rewriting Eq. J11 for flooding velocity gives:  

                                           (Eq. J.14)  𝑢
𝑉𝑓

 =  
𝐹

𝐶

𝐹
𝑃

0.5 ρ
𝑣

ρ
𝑙
−ρ

𝑣
( )0.5

υ
𝐿

0.05

                         
Thus  = 10.6 ft/s = 3.2 m/s. To avoid flooding in the column, vapor superficial 𝑢

𝑉𝑓

velocity should be between 50-80% of this flooding velocity. We assumed this factor (f) was 0.7. 
Column (tower) diameter ( ) equation based on a fraction (f) of flooding velocity, and the 𝐷

𝑇

continuity equation becomes [48]:  
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                                                    (Eq. J.15) 𝐷
𝑇
 =  

4𝑉𝑀
𝑉

𝑓*𝑢
𝑉𝑓

πρ
𝑉

( )0.5

Thus, estimated  = 4.2 m. 𝐷
𝑇

J.5 Construction material calculations 

For calculations, the distillation column was assumed to be a vessel. The basic data needed will 
be [40]:  

1)​ Vessel function;  
2)​ Process materials and services; 
3)​ Operating and design temperature and pressure; 
4)​ Materials of construction; 
5)​ Vessel dimensions and orientation; 
6)​ Type of vessel heads to be used; 
7)​ Openings and connections required; 
8)​ Specification of heating and cooling jackets or coils; 
9)​ Specification of internal fittings. 

Material data was obtained from the 2004 ASME Boiler and Pressure Vessel Code 
SECTION II Materials Part A Ferrous metal specifications and Part D Properties (customary or 
metric versions). 

Material selection must consider both operating pressure and temperature. This factor is 
particularly critical because the distillation column operates under vacuum conditions. Extensive 
stress calculations were conducted to assess material compatibility and determine a reasonable 
wall thickness. Maximum allowable stress and nominal design strength are crucial in column 
design to ensure structural integrity and safety under operating conditions. They help prevent 
mechanical failure by accounting for material limits, pressure, temperature, and load factors. 
According to literature stainless steel 316L is suitable for distillation columns prone to corrosion 
[40]. Maximum allowable stress for this material was 115 MPa. Then minimum wall thickness 
(mm) of the vessel was calculated using the following equation (as specified by the ASME BPV 
Code (Sec. VIII D.1 Part UG-27)): 

                                                       (Eq. J.16) 𝑡
𝑤𝑎𝑙𝑙

=
𝑃

𝑖
𝐷

𝑖

2𝑆𝐸−1.2𝑃
𝑖

Where,  - internal absolute pressure of the column including safety factor +10% (HTRI 𝑃
𝑖

data), N/mm^2 
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 - internal diameter of the column, mm 𝐷

𝑖

S - maximum allowable stress, N/mm^2 

E - joint efficiency, for our system 0.85 

Thua  = 6 mm.  𝑡
𝑤𝑎𝑙𝑙

Then the top thickness of the column was calculated using an ellipsoidal top, as the 
column has a large diameter. ​​Most standard ellipsoidal heads are manufactured with a major and 
minor axis ratio of 2:1. For this ratio, the following equation can be used to calculate the 
minimum thickness required (ASME BPV Code Sec. VIII D.1 Part UG-32) [40]: 

                                                             (Eq. J.17) 𝑡
ℎ𝑒𝑎𝑑

=
𝑃

𝑖
𝐷

𝑖

2𝑆𝐸−0.2𝑃
𝑖

= 5 𝑚𝑚

Using these minimum thickness values we can evaluate if our material can withstand the 
following loads: 

1)​ Pressure  
2)​ Dead weight of vessel and contents  
3)​ Wind  
4)​ Earthquake (seismic)  
5)​ External loads imposed by piping and attached equipment 

The longitudinal and circumferential stresses due to pressure (internal or external), given by: 

                                                                     (Eq. J.18) σ
𝐿 

=  
𝑃𝐷

𝑖

4𝑡 = 33 𝑁/𝑚𝑚2

                                                                      (Eq. J.19) σ
ℎ 

=  
𝑃𝐷

𝑖

2𝑡 = 65 𝑁/𝑚𝑚2

The direct stress σw due to the weight of the vessel, its contents, and any attachments: 

                                                                      (Eq. J.20) σ
𝑤 

=  
𝑊

𝑧

π(𝐷
𝑖
+𝑡)𝑡 = 24 𝑁/𝑚𝑚2

Where  = 2283 kN is the total weight of the distillation column including weights of vessel 𝑊
𝑧

and packing material [40]. 
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Bending stresses resulting from the bending moments to which the vessel is subjected. Bending 
moments will be caused by the following loading conditions:  

a.​ The wind loads on tall self-supported vessels  
b.​ Seismic (earthquake) loads on tall vessels 

The bending stresses will be compressive or tensile, depending on location, and are given by: 

                                                      (Eq. J.21) σ
𝑏 

=± 𝑀
𝐼

𝑣
 (

𝐷
𝑖

2 + 𝑡)

Where, M is the total bending moment at the plane being considered = 𝑊𝑥2

2 = 6. 2 * 106 𝑁 * 𝑚

, ​​where x is the distance measured from the free end (height of column 44 m) and W (dynamic 
wind pressure as 1280 N/m2, W=1280*outer diameter) the load per unit length (Newtons per 
meter run) [40]. 

 the second moment of area of the vessel about the plane of bending given by: 𝐼
𝑣

                                               (Eq. J.22) 𝐼
𝑣

= π
64 (𝐷

𝑜
4 − 𝐷

𝑖
4) = 2. 96 * 1011𝑚𝑚4

Where,  - outer diameter, Di+2t, m 𝐷
𝑜

Thus,  = 52.5  N/  σ
𝑏 

𝑚𝑚2

The resultant longitudinal stress is: 

                                                    (Eq. J.23) σ
𝑧 

= σ
𝐿 

+ σ
𝑤 

 ± σ
𝑏 

 = 61 N/  σ
𝑧 , 𝑢𝑝𝑤𝑖𝑛𝑑

𝑚𝑚2

 = -44 N/  σ
𝑧 , 𝑑𝑜𝑤𝑛𝑤𝑖𝑛𝑑

𝑚𝑚2

The greatest difference between the principal stresses will be on the downwind side: 

65 - (-44)= 109 N/ , which is less than allowable 115 N/ . Which justifies that the 𝑚𝑚2 𝑚𝑚2

material can withstand the operating conditions of the system. 

Table J4. Summary of column’s accessory components [40] 
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Components Illustration Description 

Packing support 

 

 
 

The support plate supports the wet 
packing while allowing gas and 
liquid flow. In large-diameter 
columns, the gas-injection type (as 
shown in the illustration) is ideal, 
with gas inlets above the fluid 
outflow. This design minimizes 
pressure drop and flooding and is 
available in metals, ceramics, and 
plastics. 

 

Liquid 
distributors 

 

For large-diameter columns, the 
weir-trough-type distributor (shown 
in the illustration) provides good 
liquid distribution and a large free 
area for gas flow. Distributors 
relying on gravity flow must be 
installed at a level that prevents 
liquid maldistribution. 
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Liquid 
Redistributors 

 

Redistributors collect liquid from 
the column walls and redistribute it 
evenly over the packing, correcting 
any maldistribution. A full 
redistributor also acts as a packing 
support and liquid distributor. The 
"wall-wiper" type, which directs 
collected wall liquid back to the 
center packing, is commonly used 
in large-diameter columns. 

 

 

 

 
Figure J2. DSTWU: (A) Input specifications, (B) Results summary of unit, (C) Stream results  
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Figure J3. Input to RadFrac: (A) Configuration, (B) Streams, (C) Pressure, (D) Design and 

internal specifications, (E) Geometry of packing material 

 
Figure J4. T-101 unit: (A) Condenser results, (B) Reboiler results 
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Figure J5. Stream results to RadFrac 
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Figure J6. Liquid composition plot for RadFrac unit stream results 
 

 
Figure J7.Vapor composition plot for RadFrac unit stream results 
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Figure J8. Temperature profile plot for RadFrac unit stream results Figure 7.Vapor composition 
plot for RadFrac unit stream results  

 

Figure J9. Pressure profile plot for RadFrac unit stream results  
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Figure J10. Sensitivity analysis for feed stage location for pure styrene purity  

 

 

Figure J11. Sensitivity analysis for reflux ratio and styrene mole fraction in bottoms 
product 
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Figure J12. Sensitivity analysis for number of stages and styrene mole fraction in 
bottoms product 

 

Figure J13. Flow rate profile at different stages of the column 

Appendix K  

​ K.1 Design details and calculations for T-102 
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Table K1. Summary of the design of the sieve plate [40] 

Illustration  

 

Sectional Construction 

A typical tray consists of a 
perforated plate supported by a 
welded ring along the vessel wall 
and beams spaced about 0.6 m 
apart. The beams, usually made 
of folded sheet metal in angle or 
channel sections, provide 
structural support. Special 
fasteners allow for easy 
assembly from one side. One 
section is designed to be 
removable, serving as a manway 
to facilitate maintenance and 
reduce the need for additional 
vessel openings. 

Segment (chord) downcomer designs: (a) vertical apron; (b) 
inclined apron; (c) inlet weir; (d) recessed well; (e) 
truncated downcomer[40] 

Downcomers 

The segmental (chord) 
downcomer is the simplest and 
most cost-effective design, 
suitable for most applications. It 
consists of a flat apron extending 
downward from the outlet weir, 
which can be vertical or sloped 
to maximize perforated plate 
area, commonly seen in 
high-capacity trays. For better 
sealing, an inlet weir or recessed 
seal pan may be added. Circular 
downcomers are used for low 
liquid flow rates, while curved 
and truncated downcomers 
optimize space and capacity in 
large columns. 
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Side Stream and Feed Points 

Side streams require a liquid seal 
at the withdrawal point to ensure 
proper flow. Pipes and rundown 
lines must be designed for 
self-venting to prevent vapor 
buildup. A correlation by Sewell 
(1975) helps determine the 
minimum pipe diameter for this 
purpose[40]. 

 

Table K2. Feed and Product Composition with Relative Volatility for Fenske Equation 

Compound  𝑥
𝑓

 𝑥
𝑑

 𝑥
𝑏

Relative Vol. 

EB 0.724 0.031 0.935 1 

Steam/water 0.012 0.054 0.000 2.99 

ST 0.050 0.000 0.065 0.76 

Toluene 0.187 0.803 0.0002 2.14 

Benzene 0.026 0.112 0.000 5.15 

 
Table K3. The saturation pressure and relative volatility of feed components 

Component Condenser  Reboiler  Geom. Average 

 , atm 𝑃
𝑠𝑎𝑡

Relative Vol.  , atm 𝑃
𝑠𝑎𝑡

Relative Vol. Relative Vol. 

EB 0.11 1 1.43 1 1 

Steam/water 0.31 2.75 4.66 3.25 2.99 

ST 0.08 0.72 1.13 0.79 0.76 

145 



 

 

Toluene 0.27 2.41 2.72 1.90 2.14 

Benzene 0.72 6.50 5.84 4.07 5.15 

 

                                    (Eq. K.1) 
𝑁

𝑟

𝑁
𝑠

= [( 𝐵
𝐷 )(

𝑥
𝐻𝐾

𝑥
𝐿𝐾

)
𝐹
(

𝑥
𝐿𝐾,𝐵

𝑥
𝐻𝐾,𝐷

)2]0.206

where,  is the number of stages above the feed,  is the number of stages below the feed,   𝑁
𝑟

𝑁
𝑠

𝐵

is the molar flow rate of bottom products,  is the molar flow rate of distillate products. Feed 𝐷
stage is estimated to be at 4th stage. The thickness of the vessel was calculated in the same way 
as for T-101 and is provided in the Excel file for T-102. 

 

Figure K1. Sensitivity analysis for feed stage location 
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Figure K2. Sensitivity analysis for reflux ratio and toluene molar flow rate in bottoms product 

 

 

Figure K3. Sensitivity analysis for number of stages and toluene molar flow rate in top product 
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Figure K4. Temperature profile plot for RadFrac unit stream results 

 
Figure K5. Liquid composition plot for RadFrac unit stream results 
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Figure K6.Vapor composition plot for RadFrac unit stream results 

Figure K7. Pressure profile plot for RadFrac unit stream results 
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Figure K8. Flow rate profile at different stages of the column 

 

 
Figure K9. DSTWU Inputs and Results Summary 
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Figure K10. DSTWU Stream Results 

 
 

 
 

151 



 

 

 
Figure K11. RadFrac Column Internals, Hydraulic Plots and Geometry 
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Figure K12. RadFrac block results  

 

 

153 



 

 
Figure K13. RadFrac Stream Results 

 
Figure K14. Sensitivity inputs for feed stage location 

 

 
Figure K15. Sensitivity inputs for reflux ratio optimization 
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Figure K16. Sensitivity inputs for number of stages optimization 

Appendix L 

Table L1. Cash flow 

Pro
ject 
Yr 

CapEx & 
OPEX 
(M$) 

Revenu
e(M$) 

CCOP(
M$) 

Gross 
Profit(
M$) 

Depreci
ation(
M$) 

Taxable 
income(
M$) 

Cash 
flow(M$) 

PV of 
CF(M$) NPV(M$) 

1 -$21.4 $0 $0 $0 $0 $0 -$21.4 -$18.62 -$18.62 

2 -$32.1 $0 $0 $0 $0 $0 -$32.1 -$24.29 -$42.91 

3 -$15.13 $314.7 $236.3 $78.4 
$5.35 
 $73.1 $63.3 $41.61 -$1.30 

4 $0 $314.7 $236.3 $78.4 $9.64 $68.8 $78.4 $44.83 $43.53 

5 $0 $314.7 $236.3 $78.4 $7.71 $70.7 $78.4 $38.99 $82.52 

6 $0 $314.7 $236.3 $78.4 $6.16 $72.3 $78.4 $33.9 $116.42 

7 $0 $314.7 $236.3 $78.4 $4.93 $73.5 $78.4 $29.48 $145.89 

8 $0 $314.7 $236.3 $78.4 $.96 $74.5 $78.4 $25.63 $171.53 

9 $0 $314.7 $236.3 $78.4 
 
$3.53 $74.9 $78.4 $22.29 $193.82 

10 $0 $314.7 $236.3 $78.4 $3.53 $74.0 $78.4 $19.38 $213.2 

11 $0 $314.7 $236.3 $78.4 $3.53 $74.9 $78.4 $16.86 $230.06 

12 $0 $314.7 $236.3 $78.4 $3.53 $74.9 $78.4 $14.66 $244.71 

13 $0 $314.7 $236.3 $78.4 $1.77 $76.7 $78.4 $12.74 $257.46 
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Note: there is no tax column, as it is considered to be zero dollars per year. 
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