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ABSTRACT 

Styrene is considered as one of the most important aromatic monomers in recent 

years. This paper presents an environmental & energy integrated process design for styrene 

production. The actual industrial data obtained from E-Styrenics in Egypt, shows that it is 

required to produce styrene monomer with total capacity of 740 000 MT/year with purity of 

99.7%. Half of the amount of the produced styrene will be used in domestic consumption in 

Egypt while the rest will be exported. Process design and energy integration are performed 

using Aspen HYSYS® and Aspen Energy Analyzer simulation software. The capital costs 

based on the “base case” are estimated to be 425 million USD without heat integration while 

the optimum and integrated costs are found to be 330 million USD. Total annual costs for the 

base design are 1,086 million USD, and after optimization/integration the costs are estimated 

to be 1,019 million USD. The calculated cost of styrene per ton applying “base case” and 

“integrated case” was found to be 1469 USD and 1385 USD respectively, while the market 

price is 1550 USD with a maximum reduction of 12%. Atmospheric CO2Emiss from furnace 

(ton CO2/ ton styrene) in “base case” and “integrated case” was estimated to be 0.285 and 

0.223 respectively with % improvement of 27.6. Furthermore, the optimization and 

integration result in reducing the utilized energy due to reduced consumption of steam and 

cooling water by 86% and 34% respectively.  

 

KEYWORDS: Styrene; Dehydrogenation of Ethylbenzene; Economic and Environmental 

evaluation; Heat integration. 

 

1. INTRODUCTION 

Energy consumption reduction is the most important issue associated with costs and 

production expenses, as it is significant factor to petrochemicals industries which consumes a 

lot of energy; most of which is wasted and emitted to the environment as CO2 and heat due to 

lack of heat integration. These emissions are harmful for environment and restricted by law 

[1].  
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On the other hand, styrene process is characterized by high consumption of energy attributed 

to low conversion per pass. This might be explained upon the fact that the reaction being 

endothermic therefore requires high temperatures in addition to the equilibrium limitations. 

Consequently, even tiny modifications in the process are expected to result 

in considerable financial rewards especially that styrene manufacturing plants possess large 

capacities and high investment costs [2]. 

 

2. History of Styrene Production 

Styrene (ST) is considered the second most important monomer in the chemical 

industries. In the year 2002, about 2.5× 107 MT/year of styrene was globally produced [3]. 

BASF (Germany) and Dow Chemical (USA) were the first to initiate the styrene production 

in the 1930s. The process of styrene production is commercially based mainly on the 

dehydrogenation of ethylbenzene (EB) that makes up to 85% of the commercial production 

[4]. The dehydrogenation process majorly includes the catalytic reaction of ethylbenzene. 

This process is based on a highly endothermic reaction carried out in the vapor phase over 

solid catalyst particles. Steam in this process not only provides the required reaction heat, but 

also hinders excessive carbon formation and shifts the reversible reaction toward the products 

formation. It also cleans the catalyst from any residual carbon. The potassium-promoted iron 

oxide catalyst has been widely implemented in the process of styrene production [5]. 

Common dehydrogenation processes to produce styrene from ethylbenzene include adiabatic 

dehydrogenation of the ethylbenzene, isothermal dehydrogenation of the ethylbenzene, 

simultaneously producing styrene and oxidation of propylene, membranous process for 

dehydrogenation of ethylbenzene and dehydrogenation and oxidation of ethylbenzene using 

carbon dioxide. Yet, the most extensively implemented process is the adiabatic 

dehydrogenation of ethylbenzene [6-9].  

 

2.1. Production of Styrene Monomer 

Recently, adiabatic dehydrogenation of EB is an advanced state of the art technology 

for styrene monomer production in the commercial scale. The majority of commercial units 

implementing the adiabatic dehydrogenation technology are equipped with two catalytic 

beds. The EB conversion for these two catalytic reactors is about 60–75% and its selectivity 

is about 87–96%.Conversion of EB and selectivity of styrene rely on various operating 
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parameters like temperature, pressure, steam-hydrocarbon ratio, flow rate and the kind of 

catalyst. 

Taking into account thermodynamic and kinetic considerations, and despite the fact that 

higher temperature is expected to be ideal for EB dehydrogenation in agreement with EB 

conversion, it was found that elevated temperature can lead to the production more by-

products formation. Therefore, the reactor’s inlet temperature is limited considering the 

formation of by-products and the mechanical design [6-9]. 

It is worth mentioning that, since the Styrene dehydrogenation reaction is endothermic, it is 

therefore expected that the reaction rate drops noticeably upon decreasing the temperature. 

Even upon implementing the highest steam to Hydrocarbon (HC) molar ratio, the conversion 

is about 40% when no heat is added during the reaction. 

The reaction network is depicted in table 1. The main reaction equation (1) is reversible and 

endothermic. The forward reaction can be achieved by high temperature and low pressure. 

Table1 Kinetic equations and frequency factors and activation energy of ethylbenzene 

dehydrogenation [10]. 

no Reaction Reaction rate Ai(kmol/hr/kgcat) Ei×105(kj.kmol-1) 

1 C6H5CH2CH3 ↔ C6H5CHCH2 + H2 r1=k1(PEB−PSTPH2/KEB) 8.32×103 0.909 

2 C6H5CH2CH3 → C6H6 + C2H4 r2 = k2(PEB) 4.29×109 2.80 

3 C6H5CH2CH3 → C6H5CH3 + CH4 r3 = k3(PEBPH2 ) 6.13×103 0.915 

4 2H2O + C2H4 → 2CO + 4H2 r4 = k4(PH2OPETH
0.5) 3.95×103 1.040 

5 H2O + CH4 → CO + 3H2 r5 = k5(PH2OPMET) 1.42×102 0.675 

6 H2O + CO → CO2 + H2 r6=k6(PH2OPCO)(PT /T 3) 5.82×1012 0.736 

�i= �i ��� (−��/�	) , �EB = ��� (−∆FO/�	) , ∆FO=122725-126.26T-0.002194T2 (1/mol) 

 
Fig.1 shows diagram of catalytic dehydrogenation of ethyl benzene. Initially, both 

ethylbenzene and steam enter the first reactor to be immediately subjected to the 

dehydrogenation reaction. The products at this stage are heated then directed to the second 

reactor where further dehydrogenation takes place. Finally the products are cooled and 

directed to fractionation unit. 
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2.2. Consumption & Economics of Styrene  

By 2020, the styrene consumption is estimated to globally increase to 41 million MT 

[12]. Data recorded until December 2012 demonstrated that the market price of styrene in 

Western Europe is approximately 1550 USD/tons [13].Which supports the fact that the global 

total market size of styrene is enormous (30-50 billion USD). 

The expenses of the process of Styrene production can be divided into three essential 

components: raw materials, utilities, and finally the fixed cost associated with the plant. The 

utilities cost includes fuel, electricity, steam, cooling water, catalyst, and chemicals used for 

the plant operation. Raw materials are considered the major production cost as they account 

for about 80% of the total expenses. Ethylbenzene cost is the largest cost component; thus, 

the economics of the production of styrene are essentially depending on ethylbenzene price 

[11]. 

2.3. Energy Consumptions & Environmental Effects of Styrene   

Energy consumption of styrene is estimated to be in the range of 6.3 GJ/tone. The 

global energy consumption of the process of styrene production by implementing the method 

of dehydrogenation, with an annual production of 26.4 million tons can be estimated to be 

1.7×1017 J/year (170 PJ/year). Thus, upon developing an energy-efficient process, the global 

total energy consumption and, consequently, the greenhouse emission would be significantly 

reduced. Therefore, taking into account both economic and environmental considerations, 

reducing the energy consumption of the process of styrene production proved to be one of 

great interest [14]. 

 

2.4. Objectives 

The literature on styrene production hasn’t addressed the design and environmental 

aspects of such plants. It rather focuses on the reaction kinetics and reactor modeling, in spite 

of the fact that the complete process design and environmental considerations are still 

important to investigate. Therefore, the main aim of this paper is to build a design 

methodology for producing styrene from adiabatic dehydrogenation of ethylbenzene. The 

design methodology is rigorous simulation based. Aspen HYSYS simulator is adopted to 

model the production plant. The scope in this paper is the design of a dehydrogenation 

process for ethylbenzene including economic and environmental evaluation based on a pinch 

retrofit analysis in order to reduce energy costs in the process of styrene production as well as 

minimizing wastes and emissions. 
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3. A Comprehensive Design Methodology for Styrene Production 

Fig. 2 summarizes the simulation algorithm for styrene production.  

Fig. 2: Algorithm for Process Simulation 

 
 
The algorithm showed in the diagram illustrates the main procedures of simulation design.  

3.1. Start Process 

Starting with a flow sheeting simulation, The Aspen HYSYS 7.2 process simulator 

was implemented to model and design styrene process plant. First stage in using HYSYS is 

defining the chemicals component list including: Styrene, Ethylbenzene, Hydrogen, Benzene, 

Toluene, Ethylene, Methane, CO2, CO and H2O. Since these compounds are hydrocarbons, 

the Peng-Robinson thermodynamic package is utilized [15] followed by the addition of 

reactions and kinetics. 

3.2. Building PDF 

Returning to the simulation environment; PFD that will define the process is built. 

The feed streams are specified by temperature, pressure, flow rate and composition. Mass and 

energy balances were performed. As a result of this stage, temperatures, pressures, and flows 

of all process streams and products were obtained 
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3.3. Equipments Rating 

Independent design of each equipment was performed. As a result of this stage, equipment 

dimensions as well as heat and cooling duties. 

3.4. Data Evaluation 

In this step data which will be used in economic evaluation, environmental evaluation and 

energy consumption was extracted and used  as shown below: 

3.4.1. Economic Evaluation  

Process economics is considered in the proceeding stage. The economic evaluation was based 

on [16] including charts, figures and cost data. 

The following steps were used by applying the economic analysis 

I) Capital cost. 

II) Operating cost. 

III) Raw materials prices. 

IV) Utilities cost. 

V) Profit. 

VI) Payback time. 

All calculations were made in USD. All equipments were roughly sized from material and 

energy balance and the approximate cost determined. In this work, inflation was considered 

[16]. 

3.4.2. Environmental Evaluation 

The environmental evaluation was performed on the base case [17-18]. The following steps 

were used by performing the environmental evaluation 

I) CO2 emissions from furnace. 

II) CO2 emissions from steam boilers. 

III) Fugitive emission. 

3.4.2.1. Calculating CO2 emissions from furnaces 

The carbon dioxide emissions from the furnace can be calculated from equations7, 8, and 9 

for the given heat demand of the process [17]. 

α)
100

%
)(2

C

NHV

Q
EmissCO Fuel=        (7) 

Where CO2Emiss (kg/s) carbon dioxide emissions, QFuel (kW) is the amount of fuel 

burnt,α (=3.67) is the ratio of molar masses of CO2 and C, while NHV (kJ/kg) is the net 

heating value of a fuel and C% (-) a carbon content of fuel. 
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QFuel=
Furn

ocQ

η
Pr           (8) 

Where QFuel is the amount of fuel burnt in a furnace, QProc (kW) is heat duty required by the 

process and ηFurn (-) is the furnace efficiency that is defined as the ratio of the useful heat 

delivered to the process to the amount of fuel burnt. 

ηFurn =
oFTF

stackFTF

T - T

T - T
         (9) 

Where TFTF (°C) is the theoretical flame temperature of the furnace flue gases=1800°C, 

TStack(°C) is the stack temperature=160°C, while To(°C) is the ambient temperature. 

3.4.2.2. Calculating CO2 emissions from steam boilers 

Boilers produce steam as a result of fuel combustion. This steam is delivered to the process at 

the temperature required by the process or obtained at a higher temperature and then throttled 

[17]. 

CO2 emissions from steam boilers can be calculated from the following equation:
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))(419(
. 0Pr
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Pr
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Fuel

TT

TThQ
Q

−

−−
=
λ

                (10) 

Where λProc (kJ/kg) is the latent heat, hProc (kJ/kg) enthalpy of steam delivered to the process, 

while TFTB (°C) is the flame temperature of the boiler flue gases. Qproc is the boiler feed 

water is assumed to be at 100 °C with an enthalpy of 419 kJ/kg. The same theoretical flame 

temperature of 1800 °C. The stack temperature of 160 °C is also used in the calculations. 

From Equations 7 and 10 can calculate the CO2 emissions from steam boilers. 

3.4.2.3. Fugitive emission  

The rate of emission of volatile organic compound (VOC) from process units and operations 

such as reactors, distillation columns, storage tanks, transportation and handling operations, 

and fugitive sources can be calculated using the equation11. 

E = mvoc EFav M                   (11) 

Where E is the rate of emission (mass/time), mvoc is the mass fraction of the volatile organic 

compound in the stream or process unit, EFav (kg emitted/103kg throughput) 

is the average emission factor ascribed to that stream or process unit and M is the mass flow 

rate through the unit (mass/time) [18]. 

3.4.3. Energy Consumption 

The actual amounts of hot and cold utilities QH actual and QC actual (MW) used in the plant were 

calculated. 
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3.5. Optimization of the Heat Exchanger Networks (HEN) 

After calculating the results of the base case (economic, environmental and energy 

consumption), optimization of the Heat Exchanger Networks (HEN) is achieved by utilizing 

the existing HEN to achieve the best heat integration [19-21]. 

It is crucially important to understand the process so as to extract proper data to show a 

correct (HEN). The essential data to extract include: temperatures, heat duty, and heat 

capacity of each stream which are extracted from HYSYS simulation. Composite Curves and 

Grand Composite Curves were studied to determine the targets for the hot and cold utilities as 

well as the position of the pinch. This profile also indicated the maximum energy recovery 

possible at the chosen ∆Tmin. This was performed in order to check the existing network for 

potential energy and cost savings.This method includes the following steps: 

I) Collecting stream data (heat duty and temperature and heat capacity) for all streams 

that require heating and cooling in the process and for hot and cold utilities. 

II) Targeting of theoretical minimum hot and cold utility demands. 

III)  Mapping of the existing heat exchanger network design. 

IV) Retrofit for improvement of the existing heat exchanger network to get closer to the 

targets identified in Step II. 

3.6. Simulation of Integrated Case 

  Developing rigorous model through adding the details of the HEN to the model then the 

integrated case is obtained as a final result. 

3.7. Evaluation 

  The final step involves the computation of (economic, environmental and energy 

consumption) for integrated case result. 

3.8. Comparison 

  The results of the base case and integrated case are well compared to each other. 

 

4. Case study 

The objective of E-Styrenics at El Dekheila Port in Alexandria is to produce styrene 

monomer with capacity of 740 thousand metric tons per year of 99.7wt% styrene. The case 

was studied and simulated, and the available data which will be used in applying the design 

methodology were summarized in next section. 

Table 2 shows the data of the Process applied in the production styrene. Table 3 shows 

economic and environmental parameters that are involved in styrene production. 
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4.1. Process Description of Styrene Production 

The process starts by mixing fresh ethylbenzene with recycled ethylbenzene. On the 

other hand the steam is preheated using the product stream from the reactor, and then it is 

mixed with the superheated steam to raise the reactor’s inlet temperature to be greater than 

875K before injecting into the fixed bed catalytic reactor. Molar ratio of steam to 

ethylbenzene in the feed entering the reactor is usually 15:1. The reactor effluent is cooled to 

quench all reactions in several heat exchangers, and then directed to the separator where 

styrene is separated from the unreacted EB and other by-products.  

Table 2 Data applied in the production of styrene  

Produce styrene (tons/yr) 740,000 

Flow rate of fresh ethylbenzene fed (ton/hr) 114.331 

Temp of EB (
o
C) 136 

Temp of  steam (
o
C) 880 

Molar ratio EB: Steam 1:11 

Mass flow steam (ton/hr) 213.407 

Conversion 60% 

Yield 92% 

 

Table 3 Economical and environmental parameters 

Chemical Engineering Plant Cost Index in 2004 444.2 

Chemical Engineering Plant Cost Index in 2015 713.3 

Operational days 330 

Working capital  20 % of fixed capital 

Price Ethylbenzene ($/ton) 1550 

α  3.67 

TFTF (°C) 1800 

TStack (°C) 160 

 

5. Results 

This section presents the results for styrene plant simulation (base case), HEN 

optimization, and simulation of modified process of styrene (integrated case).Then both cases 

are economically and environmentally evaluated. 

5.1. Rigorous Model Simulation (Base Case) of Styrene Production 

The designed process flow diagram designed depicting styrene production through 

dehydrogenation of ethylbenzene is developed using Aspen HYSYS [22] as shown in Fig.5. 

The simulation of styrene plant starts with ethylbenzene and steam to form styrene as main 

product and benzene and toluene as by-products. Results are summarized in Table 4 which 

contains the most important streams in the base case. 
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Table 4: Base Case Results Summary 

 
Water to 
Furnace 

EB 
Feed 

Styrene 
Out 

EB 
Recycle 

Benzene 
Out 

Toluene 
Out 

Temperature (°C) 160 136 145 123 50 90.5 

Pressure (bar) 6 2.1 1 0.7 0.4 0.6 

Mass flow (Kg/h) 423824.3 226975 91532 112916 614.3 1206.45 

Mole Flow (Kgmole/h) 23526.06 2138.7 878.7 1064 7.80 13.1 

Composition  
(mole fraction) 

 

Ethylbenzene - 1 0.003 0.96 - - 

Water 1 - - - - - 

Styrene - - 0.997 0.04 - - 

Benzene - - - - 0.96 0.05 

Toluene - - - - 0.04 0.95 

 

5.2. HEN Results 

The HEN of the current process can be extracted after performing the rigorous 

simulation of styrene process. The necessary data include: temperatures, heat duty, and heat 

capacity of each stream and available utility data. 

The optimizations of the HEN were carried out using Aspen Energy Analyzer [22]; this 

program optimization method is based on the optimization of utility paths, loops and splitting 

ratios of different streams. 

The heat integration of styrene production process is systematically performed. First the hot 

and cold streams in the process are identified. Table 5 shows the hot streams in the process 

along with the necessary information that should be provided to the Aspen Energy Analyzer 

software. Table 6 shows the cold streams in the process that are used to eliminate the cooling 

utilities (cooling water). 

Table 5 Hot streams extracted from styrene process (base case). 

Stream Name Steam type MCp ((MW/ °C) TS(°C) TT(°C) Q(MW) 

Out from R2  H1 0.489 639.5 65 281.044 

E-106 H2 1.534 77.358 68.56 13.483 

E-108 H3 0.255 54.29 50.089 0.108 

E-110 H4 1517.5 123.04 123 60.765 

Cumulative Hot Stream Energy = 355.403 MW 
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Table 6 Cold streams extracted from styrene process (base case). 

Fig. 3 and fig. 4 are depicting the composite and grand composite curves for the styrene 

process; those curves are obtained from Aspen energy analyzer by the energy targets, and are 

used to determine the minimum cold and hot utilities required for a certain process. 

Composite curves and grand composite curves are based on Pinch Analysis principles; these 

values represent the targets which are the absolute minimum that can be achieved for a 

process. The overlap between the two curves in composite curves represents the amount of 

energy that can be integrated within the process.  

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Composite curve 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4: Grand composite curve  

Stream Name  Steam type MCp ((MW/°C) TS(°C) TT(°C) Q(MW) 

water to furnace C1 0.129 160 880 92.901 

EB from mix C2 0.245 132 225 22.869 

mix to R1 C3 0.261 584.64 632 12.371 

Product out R1 C4 0.259 512.5 650 35.735 

Reboiler (T-100) C5 53.930 128.08 128.42 18.655 

Reboiler (T-101) C6 0.0057 68.56 90.51 0.1267 

Reboiler (T-102) C7 15350 145.136 145.14 61.453 

Cumulative Cold Stream Energy =244.113 MW 
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    As shown from fig.4 the minimum hot utility required is 1.743×108 KJ/h (48.42 MW) and 

the minimum cold utility required is 5.75×108 KJ/h (159.72 MW) thisvalues are the target 

values at a ∆Tmin of 16 °C. 

The grid diagram for the existing network is presented in Fig. 6; this process has 4 hot 

streams and 7 cold streams. One hot stream, H1 is segmented into three parts. Available 

utilities for this process are one heating utility (steam) and one cooling utility (cooling water).  

Comparing the results of the utilities consumption for both cases is summarized in the table 7. 

It can be seen that about 34 % potential reductions in cold utility requirement and 86 % 

potential reduction in hot utility requirement.  

 
Table 7 Utilities consumption comparison  

Qh base case (MW) 355.40 

Qh integrated (MW) 48.44 

% Saving Hot 86% 

Qc base case (MW) 244.11 

Qc integrated (MW) 159.79 

% Saving cold 34% 

 

5.3. Energy-Optimum/Modified Process of Styrene (Integrated Case) 

 Fig.7 shows integrated case Process in which the high temperature of the product 

from the second reactor is utilized to preheat the raw material (Ethylbenzene), produce low 

pressure steam (for the re-boilers of the distillation columns) and preheat steam before 

superheating it in the furnace. 

 

5.4. Economic Results 

Economic analysis is essential to decide the feasibility of the project. The feasibility 

study is carried out using the preliminary estimation method that has an uncertainty of ± 20 % 

[16]. Economic analyses are included in this study was based on [16]. 

Table 8 shows purchased cost of equipment in styrene plant for base and integrated case. The 

Fixed capital costs and working capital costs are shown in table 9 for base and integrated 

case.  

Table 10 shows selling Price and annual amount of products (styrene, toluene and benzene). 

Table 11 summarized comparison between base case and integrated case including capital 

and operating costs.  

It is obvious that differences between two cases are huge. This is clearly noticed from the 

profit and payback time for the two cases. 
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Table 8 Total purchased cost of equipments 

 Base case  Integrated case  

Total purchased cost 2004 ($) 45,367,879.84 36,489,879.84  

Total purchased cost 2015 ($) 72,852,113.22 58,595,748.07  

 
Table 9 Fixed capital and working capital cost 

 Base case  Integrated case  

Fixed capital ($) 354,414,426.41 275,379,655.33 

Working capital cost ($) 70,882,885.3 55,075,931.07 

 
Table 10 Selling price and annual amount of products 

 Mass flow (ton/y) Price ($/ton) Total price ( $/y) 

Styrene 733,171.46 1550 1,136,415,761.25 

Toluene 13,629.00 1200 16,354,795.91 

Benzene 1,362.01 1450 1,974,912.127 

Total selling price of product ($/y) 1,154,745,469.29 

 
Table 11 Summary of economic results 

% Improvement  Integrated case  Base case   

 
- 

740,000.0 
Total Production 
styrene (ton/y) 

22.3 330,455,586.40 425,297,312 Capital cost $ 

6.15 1,019,887,942.33 1,086,741,982.12 Operating cost ($/y) 

6.15 1,019,887,942.33 1,086,741,982.12 
Total annual cost 
(tac) ($/y) 

- 1,154,745,469.29 Selling price  ($/y) 

- 10% Tax 

49.3 134,244,623.2 68,003,487.2 
Profit=Selling price-
tac- tax  ($/y) 

60.3 2.5 6.3 Payback time (y) 

6.15 1,378.2 1,468.6 
Production cost 
($/ton) 

 

Environmental Results 

The Atmospheric CO2 emissions from furnace and steam boilers and total fugitives CO2 
emissions exit from process are summarized in table 12. 
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Table 12 Environmental evaluation 

 
Base case 

Integrated 
case  

% Improvement  

Atmospheric CO2Emiss (kg/h) in Furnaces 26,219.41 20,540.53 27.64 

Atmospheric CO2Emiss (kg/h)distillation  (T-100) 6,320.96 5,259.39 20.18 

Atmospheric CO2Emiss kg/h)distillation (T-101) 39.278 35.51 10.6 

Atmospheric CO2Emiss (kg/h) distillation (T-102) 19,706.86 17,305.82 13.87 

Total Fugitives CO2Emiss Exit from process 
(ton/y) 

10,936.85 10,004.05 9.32 

 

5. Summary and Conclusions 

 In this work, a comprehensive design methodology has been presented for producing 

styrene from ethylbenzene dehydrogenation. The new design method starts by collecting 

relevant data, followed by process simulation and economic/environmental evaluations. Basic 

designs obtained by the design methodology were then optimized with respect to energy 

consumption using Pinch technology. As a case study, the styrene plant has been simulated, 

optimized and heat integrated. A comparison from the economic and environmental point of 

view between the optimized process and the normal process has been accomplished. The 

comparison showed that the optimization and heat integration had a great economic and 

environmental effect. The achieved production costs per ton of styrene have been reduced by 

12% over the bench market price. This would emphasize the importance of heat integration 

and optimization of each plant even if it is in the design phase or even during the operation. 

The new design method can be applied to other plants of chemicals/petrochemical 

productions. 
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* EB: Ethylbenzene , BZ: Benzene, ST:Styrene    Fig. 5: PFD of styrene production (base case) 
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 Fig. 6: Grid diagram for the existing network 
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Fig. 7: integrated Process Design of styrene production 
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