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Abstract

Process systems are a complex set of components, behaviors, and relationships
that make reorganization and, as a result, analyze their challenges and provide
appropriate responses difficult. Process Systems Engineering (PSE) uses theories
of systems and engineering systems in processes to make a better understand of
these systems. In addition, based on sufficient knowledge they examine different
response solutions to new challenges of these systems and selects the optimal
response among different solution alternatives. The fourth generation of PSE,
using emerging tools of the Fourth Industrial Revolution, has taken a step in
increasing the depth of this recognition and the quality of its response in the
development of oil, gas, and petrochemical smart industries. In this article, first,
the comprehensive theory of systems and engineering systems applied on the
process approaches based on the characteristics of these systems, and then the
scope of activities and the role of process engineering systems as decision-making
in solving the challenges of the oil, gas and petrochemical industries are reviewed
and updated. In addition, this new mechanism for solving and responding to
process challenges by this group of engineers is explained and the role of
emerging tools resulting from the Fourth Industrial Revolution in improving the
speed and accuracy of this response is discussed. Also, key technologies of the
Industrial Revolution 5.0 are discussed and the prerequisites for the next
generation of process engineering systems are addressed.

Keywords: PSE, Industry 4.0, Oil and Gas, Petrochemicals, Artificial
Intelligence
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Figure 2. Systems theory for a complex system in chemical engineering
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Figure 3. PSE definitions provided by leading figures in this field in recent decades
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Figure 4. Takamatsu's proposed framework for elucidating the nature of process systems engineering [7]
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levels from molecular design at the molecular scale to strategic planning at the macro scale
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Design of experiments;
Response surfaces

= Experiments Solution
b Actual system 5| (Optimality verified | Further analysis
e A but not guaranteed)
Provide data with
estimates of uncertainties i
Guidance
& insights
> Data collection; Verification Financial models;
= Data storage Sustainability
]
|-
= Pseudo-experiments Solution
4? Virtual system s| (Optimality depends | Further analysis
< e on the model used)
Data analytics; Optimization; Problem-
Modeling specific workflow
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Figure 10. Overall mechanism for solving challenges in process systems by process engineers
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Table 1. Summary of the main process engineering techniques, required tools, and their outputs

Technique / Method Tool Output(s)

Modeling First-principles and data driven techniques  System’s model, Extracted data

Synthesis Process and product synthesis Molecules composition, material
and process flowsheets

Design Process and product design Define optimized specifications of
product-process

Optimization Mathematical programming techniques Optimized solutions

Control theory Process control strategies and algorithms Control structures and controller
design

Numerical  analysis, Simulation and data analysis Behavior perception, uncertainty

Statistical analysis and perception and smart systems

Computer science
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START OF CHEMICAL
ENGINEERING

Fall of 1887 he gave a series of 12
empirical lectures, later published
in the Industrial Chemistry and at
that time had probably the most
advanced chemical process
industry in the world.
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Early 1700
George E. Davis

START OF PROCESS
SYSTEM ENGINEERING

The name was first coined by T. J. Williams
during the Schach Lectures at the
University of Texas in 1959, and later on
used in his hook “Systems Engineering for
the Pracess Industries”, published in 1961
by McGraw-Hill.

Industrial Revolutions

Theodore J. Williams
SUONRBIAUIN) FSd

ML IN PROCESS
SYSTEM ENGINEERING

In the 1980s, George Stephanopoulos,
estahlished at MIT and in its Chemical
Engineering Department the so-called
LISPE (Lahoratory for Intelligence
Systems in Process Engineering).

Today

6. Stephanopoulos

Gl B pmw wiito B g lie  Sxivo SO Slo) g V) TS
Figure 11. Timeline of various industrial revolutions and generations of process systems engineering
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Table 2. Description of Traditional Tools in Process Systems Engineering [4]

Tool Purpose Brief Description Tool Name
Aspen Plus
HYSYS
. Steady state simulation, optimization l(’jllil (];ZDD/’:SAD
Process simulator
[v¢] ProMax
UNISIM
PROMS
L . L Aspen Dynamics
Dynamic simulation, optimization Unisim
gPROMS
Process synthesis, design, intensification PRO/II
Modeling, simulation, optimization IDAES
Superstructure-based optimization Super-O
Integrated Integrated tool for process control ProcACD
systems Process synthesis, design, intensification ProCAFD
Product synthesis-design OptCAMD (ProCAPD)

Modeling, simulation, optimization PyoSIM




Model-based process control & optimization
Model-based risk analysis

ProcaPD
PAROC
TECSMART

Equation solving

ACADO
CasADi
DAEPACK
Dyos
PyoMO-dae
OpenModelica
Dymola

Optimization
[Vl

Software packages:
- BARON
- ANTIGONE
- SCIP (global
branch-and-
bound)
- GleMIQO
- SHOT
- MAINGO
EAGO

Global (Deterministic)

Methods:
- Branch-and-
bound

- Outer-
approximation-
based global
methods

- Convex
relaxation
(aBB ¢
McCormick
envelopes)

Software packages:

- IPOPT
(continuous
NLP)

- KNITRO

- DICOPT (local
MINLP)

- SBB (local
MINLP)

Methods:

- Sequential
Quadratic
Programming
(SQP)

- Interior-Point

- Nonlinear
Branch-and-
bound with
local search

Modelling
ol

Modelling, equation-solver, optimization

ALAMO
ARGONAUT




Aspen Custom
Modeller
CAMS
gPROMS
Jump
Matlab
MoT
Simulink
Scilab
Pyomo
XCO0S

ANSYS-Fluent
3D modeling COMSOL
OpenFOAM
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Table 3. Description of Emerging Tools in Process Systems Engineering

Tool Purpose Brief Description Tool
Predictive Trained Al to predict processes or outcomes
Modeling bases on process or model data For all purposes,
Trained Al to optimize a process for target process system
Optimization parameters based on previous data or in real engineer can select
tim‘? process among all emerging
Control Trained AI to set and adapt process parameters tools according to
reach desired target parameters taxonomy of figure
Fault Detection Detect anomalies from normal process state and 12 based on
sl assign them to their respective origins circumstances,
Identification, constrains and
Diagnosis and limitations. [Y.], [\V]

Prognosis




Linear
Regression

Supervised
Support Vector

e Machine
Classification

Generative
] ] Models
m Semisupervised
Self Training

Multitask
Clustering

Decision trees

learning

Unsupervised Pattern Search

Genetic
Algorithm

Dimension
Reduction

Reinforcement

Boosting

Ensembel .

Bagging

S~
(]
Q
=
()

=y

o
+

£

©
o

P

=
C

<<

Machine Learning Tools

CNN

Autoencoder

FNN
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Figure 12. Classification of Emerging Tools
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o Customization

o Faster, better decision making
o Foster competitive pricing

® Real-time forecasting

o Asset Productivity

o Lower latency

e Increased cybersecurity

o Expanded interoperability
o Reduced storage costs

Big Data
Analytics

e Predicting future errors

Edge
Computing

Key Enabling

Artificial
Intelligence

e Intelligent automation
o Greater efficiency

© Quality control

* Quick decision making

e Increased productivity

5 cti . * Robustness
: (SIo;; f(c;i:;;o; gl CEREES . Technologies of .-- -9 e~
upply-
o Reflect intelligence in network \ / * More consistent, accurate
e Decentralized management \‘/
e Operational transparency . * Knowledge discovery
o Create digital Identities MRt N gg' ?)2(; ® Smart resource management
L Compartmentalized approach J = > e Low latency
o Ultra high reliability
¢ Reduced Cost I,?L%::‘Sl

e Design customization
e Predictive maintenance
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Figure 13. Key technologies required for entering the Fifth Industrial Revolution [21]
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Table 4. Opportunities arising from the use of digital twins in the chemical industry for entering the fifth industrial
revolution [22]

Ind;isltl?; >0 Digital Twin Opportunities
+ simulate workplace designs to identify hazards and improve ergonomics
*  optimize schedules and workflows to reduce workloads and stress
» create virtual environments for skill practice and training
* provide customized training for each employee
Human- * enable shared spaces for collaboration and idea exchange
centric » offer insights into system performance for optimization decisions
» ensure ethical use of DTs
* apply human DTs for specific industry roles
» study DT adoption, usability, and human-DT cooperation balancing free will
with automation
* reduce resource consumption through optimized production plans
« plan and execute renewable energy systems and eco-friendly processes
» use renewable energies and sustainable manufacturing materials
« monitor and manage full product lifecycle from inception to disposal
+ conduct cost-benefit analysis and provide incentives for SA-DT
Sustainability priorities, addressing economic sustalnabll_lty gap _ _
+ develop new frameworks to measure DT rigor in representing reality
« perform longitudinal studies on medium- to long-term industry
implications of DT use
+ create interfaces between industry DTs and external stakeholders
« implement and manage DT fleets
e monitor performance systems and detect disruptions proactively
e simulate different response scenarios
e conduct research on secure DT operation
Resilience  ® evaluate scalability of DTs for fleets and supply chains
¢ build resilient and trustworthy DT infrastructure
e use DTs as heritage systems to preserve industry practices and cultural

relevance

riwo Dl Lol (S an ol glecis s Jloous oljen (5)5l8 4eS> 4 das o lid Jeaz oyl
aol.é) JL.J:.:.) Q‘)'.Q..Q ng)&:z.aQL.uj‘ QS) )b ..&.‘.‘5‘54 ol:;il 6)9Tg,’t§ 9 6)‘~‘:{L§ ‘6)3-7"°QL‘“3‘ ‘5».14 p.‘z.u
ol Glp 1) )5 laowe Lol i g 5lwands 1Sl LQQT A2 oo il 8l el (o slwaiadlys 5 (cies]

Glosards o sloygilnsl (6l a5 518 (g3l Sijgel @l g Dliles (ludigy oy 5 o
St 6 Sl oS i Sledbl slalad 5,k 5l yioes Jloous oljes 0iiS co @m0 )8 (ol ool
—oll ssl8g0 plesl danwgi « ST Dlaxdo 4y slofag ax g5 a55le so iy Sl (5 )lo i 8, Slos



Jole Jluzms slren aSl 5l lisebl jglaie 4 p) 5 hpds Sldlas g ol sla s slp Jusus

s 00U QT Ol g aims o islial Sl

el )0 mlio 4y Jluzms slien SS (SKsSr 9550 50 Gledsi (sl 5, slr 0551 Jgoz ]
Sl dsame yos a3 2 Capae 5 s Sl S bazme b S 5le 5 pdgasass glaal b (>l)b o8 pas
5 47 el g Al dnwgl S (slojem lsis ar golail (g luly s ge AL (o @80 U sbml ()l
Slr @boszlr Jolo Sliis slajls plo el DT jlly el gl 052530 5 0nslb any o Jolos
DT slossls 5,90 50 Gawaidy Sldlas waaly ioles ;0 DT G o Shae oo g &8syl s
0,80ee s 35l 3l s sl o5 ) con Jlumms slaslien il ()15 bbb 5o S el
S o Ll | (o plSotiul iy slagy s (gluand s LS pllinsg; ardd ( obly (o o
SOl o oy 4 wlozel BB g iy ulie ol DT slacalo s ay by o oniizslae slajls ol
5 Caro Ll a5 oyls oLl « Sl Jlizus Sl alie 4 5 Col UML oy b S5

S o Lais oan] o olitl sl |, (Kan b adys (slaoged

& S Al =F

o)lg08 «pibasacs mlie Gials lojes g Lol uli8l b cardis )iy o 5 s mlio (loj ;35 0
» glee ol Sas sla )l jo wal culd, Bl G )l eog Sldes 5 (b o ola il 550
g o Jo 4 IS 1, o (ol Glabicsd s e Sla LS5 IS Bk 5l 5 e e
Sl 05 5 o il ol 580

b g (oo (oo SeawdS by s slitwl b oS cnl caass 09> SO a8 sl pinan cwdige
5 ml B Glapiars )13, Gla Tyl ool LS dapiucs (pwiipe GBS 15,5 @
il loaige Sl et 3 il ol Jo sl akae Jooly 005 b ils gl slo sl
el

csian hed «ygmlogil 0als IS bl i iyl anile o Loz taio ! 5l Lol (slas y5lis o) el
O 65 AL sanl b slaptis (pwdige Dl ools 1B s o1y 60,5 oyl e g
Sl 00,5 i 1) g8 slapius Sl tllr 4 (2555l Ng) ¢ cwiie GSEST LB o bl
el 035 oy iy 9 3 i mlio (silusiadsn 4 e g

G2 B Gl ssikiges 0oy ] Jud (i GSESS g ST s (g5l (e Sige bl
2 3l go (o M w2y s 2 3959 5 G013 (slapta lio Jzms Ji 6l eolel ],
Ot gy LI 651850 b (g)5kd ol sl Jlzms olien cBlaal opl Gix5 50 lagysld (n iete |

" heritage digital twin



S 1y ol f laginsw g9, >l (pl Sog3 Jleel (gaiaiign p ogdle (g3lne o 5’5‘3 slso

&=l

[1] Mour, A., Kenley, C. R., Davendralingam, N., & DeLaurentis, D. (2013). Agent! /Based
Modeling for Systems of Systems. INCOSE International Symposium, 23(1), 973-987.
https://doi.org/10.1002/5.2334-5837.2013.tb03067.x

[2] Baldwin, W. C., & Sauser, B. (2009). Modeling the Characteristics of System of Systems.
IEEE International Conference on System of Systems Engineering.

[3] Gorod, A., Sauser, B., & Boardman, J. (2008). System-of-Systems Engineering
Management: A Review of Modern History and a Path Forward. /IEEE Systems Journal,
2(4), 484—499. https://doi.org/10.1109/JSYST.2008.2007163

[4] Pistikopoulos, E. N., Barbosa-Povoa, A., Lee, J. H., Misener, R., Mitsos, A., Reklaitis, G.
V., Venkatasubramanian, V., You, F., & Gani, R. (2021). Process systems engineering —
The generation next? Computers & Chemical Engineering, 147, 107252.
https://doi.org/10.1016/j.compchemeng.2021.107252

[5] Klatt, K.-U., & Marquardt, W. (2009a). Perspectives for process systems engineering—
Personal views from academia and industry. Computers & Chemical Engineering, 33(3),
536-550. https://doi.org/10.1016/j.compchemeng.2008.09.002

[6] Leng,J., Zhu, X., Huang, Z., Li, X., Zheng, P., Zhou, X., Mourtzis, D., Wang, B., Q1, Q.,
Shao, H., Wan, J., Chen, X., Wang, L., & Liu, Q. (2024). Unlocking the power of industrial
artificial intelligence towards Industry 5.0: Insights, pathways, and challenges. Journal of
Manufacturing Systems, 73, 349-363. https://doi.org/10.1016/j.jmsy.2024.02.010

[7] Takamatsu, T. (1983). The nature and role of process systems engineering. Computers &
Chemical Engineering, 7(4), 203—218. https://doi.org/10.1016/0098-1354(83)80012-X

[8] Hangos, K. M., & Cameron, 1. T. (2001). Process modelling and model analysis.
Academic Press.

[9] Grossmann, I. E., & Westerberg, A. W. (2000). Research challenges in process systems
engineering. AIChE Journal, 46(9), 1700-1703. https://doi.org/10.1002/aic.690460902

[10] Srinivasan, K., Puliyanda, A., Thosar, D., Bhakte, A., Singh, K., Addo, P., Srinivasan, R.,
& Prasad, V. (2025). Artificial intelligence and machine learning at various stages and
scales of process systems engineering. The Canadian Journal of Chemical Engineering,
103(3), 1004-1035. https://doi.org/10.1002/cjce.25525

[11] Martin, M., & Adams Ii, T. A. (2019). Challenges and future directions for process and
product synthesis and design. Computers & Chemical Engineering, 128, 421-436.
https://doi.org/10.1016/j.compchemeng.2019.06.022

[12] Reis, M. S., & Saraiva, P. M. (2021). Data-centric process systems engineering: A push
towards PSE 4.0. Computers & Chemical Engineering, 155, 107529.
https://doi.org/10.1016/j.compchemeng.2021.107529

[13] Armyoon, Amin; Vaziri Yazdi, Seyed Ali; Honarvar, Bijan; Fazaeli, Reza; and Esfandiari,
Nadia. (2024). Optimization of Operational Conditions for Amino Acid Extraction Using
Supercritical Carbon Dioxide. Iranian Chemical Engineering Journal, 23(135), 74-89.
doi: 10.22034/ijche.2023.404055.1328. (IN PERSIAN)



[14] Ahmadi, Seyed Hossein, and Khosrojerdy, Mohammad Javad. (2025). Data Driven Fault
Detection in the Gas Refining Process: A Case Study Using Support Vector Machine
Regression and Gaussian Process. (€219388). Iranian Chemical Engineering Journal, (),
€219388. doi: 10.22034/ijche.2025.495041.1482. (IN PERSIAN)

[15] Shiri,A. and Fakhroleslam,M. (2025). Surrogate Model Development for Rapid
Simulation and Analysis of Linepack Dynamics in Gas Transmission Networks During
Peak Consumption. (€235714). Iranian Chemical Engineering Journal, (), €235714 doi:
10.22034/ijche.2025.541217.154. (IN PERSIAN)

[16] Zahedi, Gholamreza, and Karami, Zohreh. (2008). Simulation of a Delayed Coking Unit
Using an Artificial Neural Network. (e112070). Iranian Chemical Engineering Journal,
7(38), €112070. (IN PERSIAN)

[17] Paredes, R., & Reis, M. S. (2025). Causality in Process Systems Engineering:
Fundamentals, Applications, and Emerging Trends. Computers & Chemical Engineering,
203, 109345. https://doi.org/10.1016/j.compchemeng.2025.109345

[18] Chiang, L. H., Braun, B., Wang, Z., & Castillo, 1. (2022). Towards artificial intelligence
at scale in the chemical industry. AIChE Journal, 68(6), ¢e17644.
https://doi.org/10.1002/aic.17644

[19] Feise, H. J., & Schaer, E. (2021). Mastering digitized chemical engineering. Education
for Chemical Engineers, 34, 78-86. https://doi.org/10.1016/j.ece.2020.11.011

[20] Leng, J., Guo, J., Xie, J., Zhou, X., Liu, A., Gu, X., Mourtzis, D., Q1, Q., Liu, Q., Shen,
W., & Wang, L. (2024). Review of manufacturing system design in the interplay of
Industry 4.0 and Industry 5.0 (Part I): Design thinking and modeling methods. Journal of
Manufacturing Systems, 76, 158—187. https://doi.org/10.1016/j.jmsy.2024.07.012

[21] Maddikunta, P. K. R., Pham, Q.-V., B, P., Deepa, N., Dev, K., Gadekallu, T. R., Ruby, R.,
& Liyanage, M. (2022). Industry 5.0: A survey on enabling technologies and potential
applications.  Journal of Industrial Information Integration, 26, 100257.
https://doi.org/10.1016/5.j11.2021.100257

[22] Barata, J., & Kayser, 1. (2024). How will the digital twin shape the future of industry 5.0?
Technovation, 134, 103025. https://doi.org/10.1016/j.technovation.2024.103025



