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Abstract 

Allyl chloride production via high temperature propylene chlorination 

(HTPC) is a strongly exothermic process operating at 420–510 °C and 

generating substantial recoverable thermal energy in the reactor effluent. 

In conventional configurations, a significant portion of this high-grade 

heat is dissipated, while external fuel combustion and steam utilities are 

required to maintain reactor inlet temperature and downstream heating. 

This study proposes a systematic heat integration strategy that 

simultaneously utilizes reactor effluent heat for feed preheating and 

internal steam generation, providing a more effective approach to reduce 

overall energy demand. Process simulations were performed using 

Aspen HYSYS based on rigorous mass and energy balances to evaluate 

both base and modified configurations, employing the Cubic-Plus-

Association (CPA) equation of state due to its improved accuracy in 

representing non-ideal mixtures containing polar and associating 

components commonly found in chlorination systems. In the integrated 

design, reactor effluent heat was utilized to preheat the propylene feed 

to 200 °C and to generate 6 bar saturated steam for internal process 

heating. The results show a furnace duty reduction of 5.38 × 10⁶ kJ/h 

(≈26.3%), corresponding to fuel savings of 228.27 kg/h (≈26.3%) and a 

carbon dioxide (CO₂) emission reduction of 626.20 kg/h (≈26.3%). 

Additionally, 1.3943 × 10⁷ kJ/h of thermal energy was recovered. The 

economic evaluation, based on reduced natural gas consumption and 

elimination of external steam requirements, indicates significant 

operational cost savings and practical feasibility for industrial 

implementation.

 
 

1. Introduction 

Allyl chloride is a crucial petrochemical intermediate with significant industrial and economic importance. The 

global market value of allyl chloride is projected to reach USD 5.02 billion by 2030 [1], reflecting its expanding 

role in downstream chemical industries. This compound is primarily utilized in the production of major organic 

intermediates such as epichlorohydrin (ECH), glycerol, and allyl alcohol. Industrially, more than 80% of 

epichlorohydrin is produced from allyl chloride, and one of the principal applications of ECH is in epoxy resin 
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manufacturing, for which global demand reached 5.19 million tons in 2016 [2]. Compared with the conventional 

chlorohydrin process for ECH production, the direct epoxidation of allyl chloride offers a simpler process 

configuration and substantially reduced wastewater generation, making it a more environmentally favorable 

alternative [3]. Beyond epichlorohydrin, allyl chloride is also used in the manufacture of glycidyl esters, polymers, 

plastics, pharmaceuticals, protective coatings, elastomers, pesticides, detergents, sealants, and other allylic 

derivatives, demonstrating its versatility across diverse chemical sectors [4]. In 2022, the global market value of 

allyl chloride was estimated at approximately USD 2,014.54 million, with an expected annual growth rate between 

5.00% and 6.72% during the current decade [5]. 

The increasing global demand for allyl chloride has intensified the need for efficient and economically sustainable 

production technologies. Currently, industrial synthesis mainly relies on high-temperature propylene chlorination 

(HTPC) and propylene oxychlorination, with HTPC remaining the predominant route due to its relatively simple 

process configuration and lower capital investment, as it does not require a catalyst [2]. In contrast, the 

oxychlorination process requires noble metal catalysts that are susceptible to deactivation. Despite its advantages, 

the high-temperature chlorination of propylene is characterized by rapid reaction kinetics and strongly exothermic 

behavior [3]. Industrial operation is typically conducted within a temperature range of approximately 420–510 °C 

to achieve favorable conversion and selectivity [6].  

The elevated operating temperature range of 420–510 °C in the high-temperature chlorination of propylene 

inevitably results in substantial thermal energy within the reactor effluent stream. While the exothermic nature of 

the reaction contributes to maintaining reaction temperature, external heating through a furnace is still required to 

preheat the reactants to the desired inlet conditions. Consequently, significant fuel consumption is associated with 

maintaining steady reactor operation. Without proper thermal integration, a considerable portion of the high-grade 

heat contained in the reactor outlet stream is dissipated, leading to inefficiencies in overall energy utilization 

[7].Effective heat management therefore becomes a critical aspect of process optimization, particularly in large-

scale industrial operations where energy demand directly influences production costs and environmental 

performance [8].  

To address these challenges, waste heat recovery strategies can be implemented to utilize the thermal energy of 

the reactor effluent for feed preheating and utility generation. Previous studies on heat integration have primarily 

focused on general energy recovery approaches or single heat utilization pathways, with limited attention to the 

simultaneous application of reactor effluent heat for both feed preheating and steam generation in allyl chloride 

production under HTPC conditions. In addition, quantitative evaluations of the impact of such integrated strategies 

on furnace duty, fuel consumption, and emission reduction remain relatively scarce. Therefore, a clear need exists 

for a systematic assessment of integrated heat recovery configurations that can maximize energy utilization in this 

process. In this study, a combined heat integration strategy is proposed, in which reactor effluent heat is utilized 

simultaneously for propylene feed preheating and saturated steam generation. The process is evaluated through 

rigorous simulation to quantify its impact on energy efficiency, fuel consumption, and environmental performance. 

This work provides a more comprehensive understanding of heat recovery potential in HTPC systems and 

demonstrates a practical approach to improving the thermal and economic performance of industrial allyl chloride 

production. 

2. Methods 

2.1. Allyl Chloride Production 

Allyl chloride is industrially produced mainly through two established routes: high-temperature propylene 

chlorination (HTPC) and propylene oxychlorination (OP). Among these alternatives, HTPC is more widely 

implemented due to its simpler configuration and lower capital investment, as it does not require catalytic materials 

[9]. In contrast, the oxychlorination route depends on catalysts that are susceptible to deactivation, thereby 

increasing operational complexity and cost. Consequently, gas-phase chlorination of propylene remains the 

dominant industrial technology. In this process, vapor-phase propylene reacts with chlorine via a free-radical 

mechanism to produce allyl chloride as the principal product and hydrogen chloride as a by-product [2]. 
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The chlorination reaction occurs in the gas phase within a temperature range of 420–510 °C, where elevated 

temperatures enhance reaction rates and promote allyl chloride formation. Industrial operation involves rapid 

mixing of vapor-phase propylene and chlorine followed by reaction at pressures of 69–240 kPa and short residence 

times of 1–4 s to achieve high chlorine conversion [10]. Due to the strongly exothermic nature of the reaction, the 

system is typically operated under near-adiabatic conditions, resulting in a temperature rise along the reactor. 

However, reactor temperature must be controlled below 510 °C to prevent pyrolysis, coke formation, and reduced 

selectivity. Therefore, proper thermal management is essential to ensure stable operation and optimal product 

yield. The principal and secondary reaction pathways are summarized in Table (1) [11, 12]. 

Table (1): Kinetic & thermodynamic of primary and secondary reactions in allyl chloride synthesis. 

Reaction A (kmol/m3.s) Ea (kJ/mol) ΔH0
298K (kJ/mol) 

Allyl chloride formation 
3.22 × 10-1 63.200 -112 

C3H6 + Cl2 → C3H5Cl + HCl 

2-chloropropene (isomer) formation 
1.83 × 10-5 16.000 -121 

C3H6 + Cl2 → C3H5Cl + HCl 

Dichloropropene formation 
1.27 × 10-3 72.100 -306 

C3H6 + 2Cl2 → C3H4Cl2 + 2HCl 

 

Another critical and interdependent design variable is the chlorine-to-propylene molar ratio. Propylene is typically 

supplied in excess, functioning not only as a reactant but also as a diluent and thermal sink that absorbs the heat 

released from the strongly exothermic reaction, thereby minimizing the formation of by-products [10]. Ratios in 

the range of 2–6 have been investigated, while industrial practice commonly adopts values between 4 and 6 to 

achieve favorable selectivity and technical performance [2, 10]. However, excessive propylene increases recycle 

load, compression duty, and equipment size, thus elevating both capital and operating costs. Therefore, an optimal 

balance between conversion, selectivity, and economic performance must be achieved through proper adjustment 

of the reactant ratio. 

The conceptual design employed in this study is based on the allyl chloride plant configuration introduced by 

Turton et al. [12] and further developed in subsequent studies [9]. The process consists of a high-temperature 

reactor followed by heat recovery and multi-stage separation to obtain high-purity allyl chloride. Process 

simulation was carried out in Aspen HYSYS V11 using the Cubic-Plus-Association (CPA) equation of state, which 

integrates the Soave–Redlich–Kwong (SRK) framework with an association term to account for specific 

intermolecular interactions [13]. This model was selected due to its improved capability in representing non-ideal 

mixtures containing polar and associating components commonly found in chlorination systems. The association 

term, based on Wertheim’s perturbation theory, enhances the accuracy of phase behavior prediction, thereby 

supporting reliable process simulation and heat integration analysis [14]. 

2.2. Energy Integration Strategy 

The energy integration strategy implemented in this study aims to maximize internal heat recovery from the high-

temperature reactor effluent in order to reduce external fuel consumption and improve overall thermal efficiency. 

The allyl chloride chlorination reactor operates at approximately 510 °C and generates a substantial amount of 

recoverable thermal energy due to the highly exothermic nature of the reaction. In conventional configurations, 

this heat is typically removed using cooling utilities prior to downstream separation, leading to inefficient energy 

utilization. To address this limitation, a systematic heat integration scheme was developed and evaluated using 

Aspen HYSYS simulation. 

A steady-state model of the allyl chloride production process was constructed in Aspen HYSYS to represent both 

the base configuration and the heat-integrated design. The integration approach is based on fundamental heat 

recovery principles, in which high-temperature streams are utilized to supply heat to colder process streams before 



Iraqi Journal of Industrial Research, Vol. 13, No. 1 (2026) 
 

79 

external utilities are introduced. In the proposed configuration, the reactor effluent at 510 °C is first directed to a 

heat exchanger, where its thermal energy is used to preheat the propylene feed stream to approximately 200 °C 

before entering the fired heater. This reduces the required furnace duty while maintaining the same reactor inlet 

conditions. 

Following this step, the reactor effluent still retains considerable residual heat. The partially cooled stream is 

subsequently routed to a waste heat boiler, where additional heat recovery is achieved through saturated steam 

generation at 6 bar. The generated steam is then utilized to heat the overhead stream from the first distillation 

column prior to adsorption, increasing its temperature to approximately 30 °C. This sequential utilization of 

thermal energy reflects a heat cascade approach, where energy is recovered across multiple temperature levels to 

maximize efficiency. Although a formal optimization algorithm is not applied, the proposed configuration is 

systematically designed based on thermodynamic principles to enhance energy utilization and reduce external 

utility demand. 

3. Results and Discussion 

3.1. Comparison between Basic and Modified Processes 

The simulations of both the unmodified and modified allyl chloride production processes developed using Aspen 

HYSYS are presented in Figures (1 & 2). The Aspen HYSYS simulation model of the unmodified configuration 

is presented in Figure (1). In this conventional scheme, the reactor effluent exiting at approximately 510 °C is 

cooled directly using external cooling utilities prior to downstream separation. The substantial thermal energy 

released by the highly exothermic chlorination reaction is not internally recovered. Consequently, the propylene 

feed must be heated primarily by the fired heater to achieve the required reactor inlet temperature, resulting in 

higher fuel consumption and utility demand. 

In contrast, the Aspen HYSYS simulation of the modified process is shown in Figure (2). In this configuration, 

the reactor effluent at 510 °C is first routed to a heat exchanger to preheat the propylene feed to approximately 

200 °C before entering the furnace. This temperature was selected to maximize heat recovery while maintaining a 

safe margin below the reaction temperature, thereby preventing premature reaction or thermal degradation. In 

addition, this range ensures effective heat transfer performance within typical shell and tube heat exchanger 

operating limits, avoiding excessive fouling and maintaining a sufficient temperature driving force for efficient 

energy exchange [15]. The partially cooled effluent is then directed to a waste heat boiler to generate saturated 

steam at 6 bar. The internally generated steam is subsequently utilized to heat the overhead stream from the first 

distillation column prior to entering the adsorption unit, thereby recovering both high- and medium-grade thermal 

energy within the process. 

 

Figure (1): Simulation using Aspen HYSYS of basic (unmodified) process. 
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.  

Figure (2): Aspen HYSYS simulation of the heat-integrated (modified) process, showing feed preheating before 

the furnace and steam generation from reactor effluent. 

The primary distinction between the two configurations lies in the degree of energy integration. In the unmodified 

process, the heat released from the reactor is largely rejected to the environment, and external utilities are relied 

upon for feed heating and downstream thermal requirements. Conversely, the modified configuration 

systematically redistributes the exothermic energy of reaction for feed preheating and steam generation, reducing 

dependence on external fuel and steam utilities. Although the reaction and separation sequence remains 

unchanged, the modified design fundamentally restructures the internal energy flow, resulting in improved thermal 

efficiency without altering production capacity. 

3.2. Furnace Fuel Consumption Reduction 

The reduction in furnace fuel consumption achieved through the proposed heat integration strategy is summarized 

in Table (2). In the baseline configuration, the fired heater (FH-100) requires 867.735 kg/h of fuel and 26007.784 

kg/h of combustion air to reach the desired reactor inlet temperature. Under these operating conditions, 2380.431 

kg/h of CO₂ is produced, and the overall thermal duty amounts to 2.046 × 10⁷ kJ/h. From a thermodynamic 

standpoint, the duty of a fired heater is directly linked to the enthalpy rise of the process stream, which depends 

on the temperature difference and the heat capacity of the feed. Without internal heat recovery, the entire enthalpy 

requirement must be supplied by combustion, leading to higher fuel demand and increased greenhouse gas 

emissions. 

Table (2): Summary of fuel, air, CO₂ generation, and energy savings in FH-100. 

Parameter Unit Unmodified Modified Saving Saving (%) 

Fuel kg/h 867.735 639.469 228.266 26.31 

Air kg/h 26007.784 19166.176 6841.608 26.31 

CO₂ generation kg/h 2380.431 1754.235 626.196 26.31 

Overall Performance kJ/h 2.046×10⁷ 1.508×10⁷ 5.38×10⁶ 26.31 

 

In the modified configuration, the integration of reactor effluent heat recovery substantially reduces the furnace 

thermal load. As presented in Table (2), fuel consumption decreases to 639.469 kg/h, while air demand drops to 

19166.176 kg/h. Consequently, CO₂ generation declines to 1754.235 kg/h, and the overall furnace duty is reduced 

to 1.508 × 10⁷ kJ/h. Based on energy balance principles, any increase in feed preheating temperature lowers the 

additional enthalpy required from combustion, thereby proportionally reducing fuel consumption [16]. This 

behavior is consistent with classical fired heater performance theory, in which enhanced upstream heat recovery 

directly decreases firing rates and stack losses. 
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Overall, the modification results in a fuel saving of 228.266 kg/h and an air saving of 6841.608 kg/h, accompanied 

by a CO₂ reduction of 626.196 kg/h. The total energy saving achieved is 5.38 × 10⁶ kJ/h, representing a significant 

decrease in external energy input. From a process integration perspective, this outcome illustrates the principle of 

heat cascade utilization, whereby high-temperature streams are employed to meet upstream heating requirements 

before external utilities are introduced. By reducing reliance on combustion energy, the modified configuration 

not only enhances thermal efficiency but also improves environmental performance through lower carbon 

emissions. These findings demonstrate that strategic internal heat recovery can effectively optimize furnace 

operation without compromising process stability or production capacity. 

3.3. Steam Utilization and Internal Heat Recovery 

The residual heat from the reactor effluent is further harnessed for low-pressure steam (LPS) generation, as 

summarized in Table (3). The recovered steam operates at 6 bar with a saturation temperature of 158.9 °C, 

corresponding to a molar flow rate of 244.7 kmol/h and a mass flow rate of 4408 kg/h. Converting sensible heat 

from a high-temperature stream into saturated steam represents a classical waste heat recovery strategy in process 

engineering. In line with heat integration principles, thermal energy from hot process streams should be utilized 

internally before being rejected to cooling utilities, thereby improving overall thermal efficiency and reducing 

external utility demand [17]. By transforming excess reactor heat into usable steam, the process effectively 

upgrades medium-grade thermal energy into a flexible heating utility. 

Table (3): Low pressure steam specification generated from waste heat recovery. 

LPS Specification 

Pressure (bar) 6 

Temperature (C) 158.9 

Molar flow (kmol/h) 244.7 

Mass flow (kg/h) 4408 

 

The impact of steam recovery on process heating requirements is presented in Table (4). In the baseline 

configuration, E-100 and E-103 require external heating duties of 1.675 × 10⁷ kJ/h and 8.573 × 10⁶ kJ/h, 

respectively. Following modification, the duty of E-100 decreases to 1.138 × 10⁷ kJ/h, yielding an energy saving 

of 5.37 × 10⁶ kJ/h, while the heating demand of E-103 is fully met by internally generated LPS. This outcome can 

be explained by the first law of thermodynamics, which states that the required utility duty is proportional to the 

enthalpy rise of the process stream [18]. When internal heat is supplied through recovered steam, the need for 

external steam generation is correspondingly reduced. 

Table (4): Heat duty reduction and total energy savings from steam utilization. 

Unit Unmodified Modified Saving 

E-100 Duty (kJ/h) 1.675 × 107 1.138 × 107 5.37 × 106 

E-103 Duty (kJ/h) 8.573 × 106 (use LPS from E-100) 8.573 × 106 

Total energy saving (kJ/h)  1.3943 × 107 

 

The total energy saving achieved through steam utilization reaches 1.3943×10⁷ kJ/h, as shown in Table (4). 

Effective heat recovery requires appropriate temperature matching between the heat source and the heat sink, a 

principle emphasized in pinch analysis methodology. The selection of 6 bar steam ensures a sufficient temperature 

driving force to heat the distillation overhead stream to 30 °C without introducing excessive irreversibility. By 

integrating steam generation within the process rather than relying on external utilities, the modified configuration 

enhances thermal efficiency while simultaneously reducing operational costs and environmental impact. These 
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results demonstrate that systematic internal heat recovery can significantly improve energy performance without 

altering the core reaction and separation sequence. 

3.4. Cost Savings from Heat Integration 

Table (5) presents the economic impact of fuel consumption reduction in the fired heater FH-100 after 

implementing heat integration. The furnace utilizes natural gas with a market price of 3.1048 $/MMBtu obtained 

from [19], which is equivalent to approximately 0.147 $/kg after unit conversion based on its heating value. Since 

furnace operating cost is directly proportional to fuel flowrate, any reduction in heat duty directly decreases fuel 

consumption. In the modified configuration, fuel usage decreases by 228.266 kg/h, resulting in an operational cost 

saving of 33.555 $/h. According to the first law of thermodynamics, lowering external heat demand reduces the 

chemical energy required from combustion, thereby decreasing fuel input proportionally [20]. Therefore, the 

savings observed in Table (5) are a direct consequence of improved thermal efficiency achieved through internal 

heat recovery. 

Table (5): Economic impact of fuel reduction in FH-100. 

Data Value 

Fuel type Natural Gas 

Fuel cost ($/kg) 0.147 

Fuel Saving (kg/h) 228.266 

Cost Saving ($/h) 33.555 

 

The reduction in fuel demand is consistent with combustion system theory, where the required fuel flowrate is 

determined by the ratio between process heat duty and furnace efficiency. When part of the process heating 

requirement is satisfied internally, the firing rate of the furnace decreases accordingly. This reduction not only 

lowers fuel consumption but also decreases air requirement and flue gas generation, leading to both economic and 

environmental benefits [21]. Because fuel expenses typically represent a significant fraction of total operating cost 

in petrochemical facilities, minimizing furnace duty provides strong economic justification for heat integration. 

The data in Table (5) clearly demonstrate that the modified process improves operational efficiency while 

generating measurable financial savings. 

Table (6): Estimation of steam generation cost for unit E-103 in the unmodified process. 

Calculation of steam cost 

Fuel type  Natural Gas  

Fuel cost aF 3.1048 $/MMBtu 

Enthalpy of steam Hs 1188.03 Btu/lb 

Enthalpy of boiler feedwater hw 36.1 Btu/lb 

Boiler efficiency 𝜂𝐵 0.8  

Fuel cost CF 4.47 $/1000lb 

Steam cost CG 5.81 $/1000lb 

 

Table (6) presents the estimation of steam production cost using the boiler cost correlation reported in [22], which 

is derived from an overall energy balance around the boiler. The fuel cost component for steam generation is 

calculated using: 
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𝐂𝐅 = 𝐚𝐅 ×
𝐇𝐬−𝐡𝐰

𝟏𝟎𝟎𝟎𝛈𝐁
         (1) 

Where aF is the natural gas price (3.1048 $/MMBtu from [19]), Hs is the enthalpy of saturated steam, hw is the 

enthalpy of boiler feedwater, and ηB is the boiler efficiency. Based on the given thermodynamic data and a boiler 

efficiency of 0.8, the calculated fuel cost is 4.47 $/1000 lb of steam. The total steam production cost is then 

estimated using [22]: 

𝐂𝐆 = 𝐂𝐅(𝟏 + 𝟎. 𝟑)         (2) 

Which accounts for additional operating and maintenance expenses equal to 30% of the fuel cost. Using this 

approach, the final steam cost is obtained as 5.81 $/1000 lb. 

Table (7): Steam requirement and operating cost of E-103 in the unmodified process. 

Steam 6 bar E-103 requirement (Unmodified) 

Mass flow (kg/h) 4186.537 

Mass flow (lb/h) 9229.723 

Price ($/h) 53.642 

 

As shown in Table (7), the unmodified configuration requires 4186.537 kg/h (9229.723 lb/h) of 6 bar steam, 

resulting in an operating cost of 53.642 $/h based on the calculated steam price. In the modified process, this steam 

requirement is supplied through internal waste heat recovery from high-temperature process streams, eliminating 

the need for equivalent external steam generation. Consequently, the steam cost incurred in the unmodified model 

represents direct economic savings achieved through heat integration. Overall, the results in Tables (5–7) confirm 

that process integration enhances both thermal efficiency and plant profitability by reducing furnace fuel 

consumption and external steam generation costs simultaneously. 

4. Conclusions 

The implementation of heat integration in the allyl chloride production process significantly improves both thermal 

and economic performance without altering the core reaction and separation sequence. By recovering high-

temperature reactor effluent heat for propylene preheating and 6 bar steam generation, the modified configuration 

reduces furnace duty by 5.38 × 10⁶ kJ/h (≈26.3%), decreases fuel consumption by 228.27 kg/h (≈26.3%), and 

lowers CO₂ emissions by 626.20 kg/h (≈26.3%). Furthermore, 1.3943 × 10⁷ kJ/h of internal energy is effectively 

utilized to replace external steam demand, eliminating associated utility costs. The economic assessment is based 

on the reduction of natural gas consumption and the elimination of external steam requirements, both of which 

directly decrease operating expenses. Overall, the integrated design demonstrates that strategic internal heat 

recovery can substantially enhance energy efficiency, reduce operating costs, and improve environmental 

performance, thereby supporting the sustainability and competitiveness of industrial allyl chloride production. 
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