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ABSTRACT

This paper presents a novel Al-assisted approach to Heat Exchanger Network (HEN) synthesis using fuzzy analogical gates.
The proposed methodology involves three key steps: (1) normalization of critical design variables, (2) evaluation using a
fuzzy analogical gates network comprising symmetric (AND) and asymmetric (Invoke) gates, and (3) selection of the optimal
minimum approach temperature based on a computed weight index. The symmetric gate integrates the hot utility requirements
along with ATmin, while the second gate combines this output with cold utility demand. The method was validated using real
aromatic plant case study. Results demonstrate that this technique reliably identifies optimal design parameters, reduces total
annual cost, and is simple enough for manual implementation—offering a competitive alternative to more complex
optimization models.
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1. INTRODUCTION

Heat Exchanger Network (HEN) synthesis is a critical aspect of process integration in chemical and petrochemical industries,
aimed at minimizing energy consumption and optimizing utility usage. Since the introduction of the pinch analysis concept
in the 1970s, numerous techniques have been developed to improve energy recovery, reduce operating costs, and enhance
process efficiency [1-3].

Early approaches, such as pinch analysis [4-9] utilized thermodynamic principles and heuristic rules to identify energy-saving
opportunities. These were followed by optimization-based methods, including linear programming (LP), nonlinear
programming (NLP), mixed-integer linear programming (MILP), and mixed-integer nonlinear programming (MINLP). More
recently, hybrid methods and heuristic algorithms have emerged to address the combinatorial complexity of large-scale HEN

problems. However, a few of these approaches combine Al-inspired reasoning with interpretable, hand-calculable strategies
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Despite extensive progress, many existing methods are either computationally intensive or require specialized optimization
software. There remains a need for a reliable, accurate, and easy-to-implement approach, especially in preliminary design

stages or in academic environments with limited computational tools [10-19].

This paper proposes a novel fuzzy logic-based strategy using analogical gates for determining the optimum minimum
approach temperature in HEN design. The method leverages both symmetric (AND) and asymmetric (Invoke) gates to
integrate key performance variables— ATmin, hot utility, and cold utility—into a decision framework. By applying fuzzy
analogical reasoning, the method enables accurate prediction of optimal design conditions with minimal computational

burden.

The proposed strategy is validated through two benchmark case studies commonly cited in the literature. Comparative analysis

with previous works demonstrates the method’s robustness, economic effectiveness, and simplicity of application.
2. ANALOGICAL GATES

Analogical gates are mathematical constructs inspired by logical gate behavior, designed to process continuous variables

within a fuzzy logic framework. In this work, two types of analogical gates are used: symmetric and asymmetric.
2.1 Symmetric Gates (AND Gate)

The symmetric analogical gate models logical intersection behavior, where output increases only when both inputs increase

simultaneously [20-21]. This is analogous to the behavior of a fuzzy AND gate. The mathematical formulation is:

m
n
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In this formulation, x and y are normalized inputs (e.g., minimum approach temperature and minimum hot utility), and
constants a and b control the gate sensitivity. In this study, empirically derived values of a =2.28466 and b = - 0.089817 were
used.

The key behavior of the symmetric gate:
e No output is produced if either input is zero.
e  Output increases rapidly when both inputs are high.

2.2 Asymmetric Gates (Invoke Gate)

The asymmetric gate (also referred to as the Invoke gate) introduces priority among inputs. One input (typically the output
from the AND gate) is given dominance, while the second input (e.g., cold utility) has a supporting influence.

m

> w
. ]
Fig.1 (b) Symbols for the analogical Invoke gate

The output of the Invoke gate is given by:
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The values used for the constants are:
(ay = 1.4749267,3, = 0.92870491,a, = 2.6317713,5, = 0.2287955)
Key properties of the Invoke gate:

e Output is inhibited when the dominant input is absent.

e When the dominant input is present, it controls the output.

e The secondary input contributes when the dominant input is weak.
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2.3 Gate Behavior and Implications

These fuzzy analogical gates enable soft decision-making by combining key variables in a nonlinear yet interpretable manner.
The AND gate models have simultaneous importance, while the Invoke gate introduces a conditional hierarchy. Together,
they provide robust computational logic for identifying the optimal approach temperature in heat exchanger network synthesis.

3. FUZZY ANALOGICAL GATES STRATEGY

The fuzzy analogical gates strategy provides a systematic approach for determining the optimum minimum approach
temperature (ATmin) in Heat Exchanger Network (HEN) synthesis. The method combines normalized thermodynamic
variables with fuzzy logic to evaluate different ATmin scenarios and select the most cost-effective one [32-34]. The strategy
is divided into three sequential steps:

3.1 Step 1: Normalization of Input Variables

Three key variables influence the selection of AT in:

e L Area
L4 a2l QH min
o l-l3: QC min

For each ATmin value, the corresponding QHmin and QCin values are determined using a cascade diagram, as described in
Linnhoff and Hindmarsh [7]. These values are then normalized using the following formula:

U fam] p=0 if f=f .
ﬂ_[fmax—fmin]’ e pu=11if f=f (M

3.2 Step 2: Fuzzy Analogical Gates Network

The normalized variables are then passed through a two-layer fuzzy gate system:

e  First Gate (Symmetric / AND Gate): Combines [ and 1> to evaluate simultaneous performance of ATmi, and hot
utility.

e Second Gate (Asymmetric / Invoke Gate): Combines the output of the first gate with ps, emphasizing the
influence of QC win in decision-making.

This sequential structure is illustrated in Figure 2, where:

n2 1K}

y v
m —» AND M—' Weight Index

Figure 2. Flow diagram of the fuzzy analogical gates network used in HEN synthesis.
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3.3 Step 3: Selection of the Best Weight Index

The final step is to identify the optimal ATwin by computing a weight index (W.I.) for each scenario and selecting the
maximum value:

Weight Index = max {®, ©2, s ...... } ®)

The corresponding ATwin is considered optimal, as it balances energy utility demands with economic feasibility.
Summary

This approach integrates engineering insight with fuzzy decision-making tools, offering a flexible and efficient framework
for HEN synthesis. By reducing reliance on complex mathematical solvers, the method can be executed manually or with
simple computational tools.

4. PROBLEM STATEMENT

The objective of Heat Exchanger Network (HEN) synthesis is to design a network that enables effective heat recovery
between process streams while minimizing energy consumption and overall cost. Given a set of hot streams (to be cooled)
and cold streams (to be heated), along with associated thermodynamic and economic parameters, the goal is to determine:

e The optimal (ATmin)

e The minimum (QHmin) and (Qcmin) required

e A network configuration that minimizes the (TAC), which includes utility and capital costs.
Design Inputs:

e Inlet and outlet temperatures of process streams

Heat capacity flowrates (MCp) for each stream

Overall heat transfer coefficients

e Cost parameters for utilities and equipment
e  Economic factors such as plant life and interest rate

Traditional optimization approaches often involve complex nonlinear programming models or heuristic algorithms. In
contrast, this work employs a Fuzzy Analogical Gates Strategy to determine the optimum ATy, based on the weighted
contribution of normalized utility and temperature metrics.

By systematically analyzing various ATmin scenarios through the fuzzy gate system, the method identifies the one with the
highest weight index, reflecting a balanced trade-off between energy recovery and cost. The selected AT, is then used to
construct a cost-effective HEN design.

5. CASE STUDY : AROMATICS PLANT PROBLEM

To evaluate the effectiveness of the proposed fuzzy analogical gates method, a benchmark problem from the literature was
selected: the Aromatics plant problem. Thise case study are widely used in HEN research and provides a basis for
comparison with other synthesis techniques such as MINLP, super-targeting, and stream-splitting strategies. This case study
involves a more complex network with four hot streams, five cold streams, and utilities including hot oil and water.
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Stream and plant data are listed in Tables 1 and 2. The cost Analysis of HEN at different ATmi, for Aromatics HEN case is
shown in Table 3.

Table 1. Stream specifications for Aromatics HEN case study (hot/cold streams and utilities).

Str Ts T M Cp h
(°C) (°O) (KW/°K) (kW/m*K)
HI 327 40 100 0.50
H2 220 160 160 0.25
H3 220 60 60 0.30
H4 160 45 400 0.18
Cl1 100 300 100 0.25
C2 35 164 70 0.27
C3 85 138 350 0.25
Cc4 60 170 60 0.15
C5 140 300 200 0.45
Hot Oil 330 250 - 0.30
Water 15 30 - 0.20

Table 2. Economic and design parameters used in the Aromatics HEN case

Utility data Fuel gas cost =60 (US$/kW.yr)
Cooling water cost =6 ($/kW.yr)

Plant Data Rate of interest (i) =0%
Lifetime (n) =5 years

Capital cost data Installed unit cost =10,000 + 350 A (%)

Table 3. Cost Analysis of HEN at different ATmin for Aromatics HEN case

AT QHmin Annual hot Qcmin Annual Area (m?) Capital Annualized

utility cost cold utility cost (%) total cost
($/Yr) cost ($/Yr) ($/yr)

20 21680 1,300,800 29400 176,400 17514.8 1,506,304 2,983,504
22.5 23080 1,384,800 30800 184,800 15360.6 1,375,402 2,945,002
25 24480 1,468,800 32200 193,200 13881.5 1,291,018 2,953,018
30 27280 1,636,800 35000 210,000 11060.6 1,121,088 2,967,888
35 30080 1,804,800 37800 226,800 9049.9 1,042,377 3,273,977

the fuzzy method was applied to evaluate various ATmin values. As shown in Table 4, the optimal condition was found at
ATmin = 25°C, corresponding to a weight index of 0.708.

Table 4. Weight index calculations for different ATmin values using the fuzzy method for Aromatics HEN case

AT 151 u2 us3 (O]

20 0.000 1.000 1.000 0.000
22.5 0.333 0.833 0.833 0.286
25 0.667 0.667 0.667 0.708
30 0.833 0.333 0.333 0.302

35 1.000 0.000 0.000 0.000
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The final design produced a utility requirement of Qu = 24.48 MW and Qc = 32.20 MW, with a total area of 13,881 m?
and an annualized total cost of $2.95 million/year. The design is shown in Figure 3.

T T MC
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Figure.3. Grid diagram for the Aromatics HEN synthesis problem using the proposed fuzzy method at AT, = 22.5°C,
representing the final optimized configuration.

Table 5 compares this result to solutions from various authors. The fuzzy method outperformed all non-split solutions and
was only slightly above the best stream-split design by Pettersson [24]. This confirms the method’s robustness, especially
given its reduced computational complexity.

Table 5. Annualized cost comparison for Aromatics HEN problem using different synthesis techniques.

Stream Area Qumin Qcmin TAC
Authors Method Split (m?) (MW)  (MW) (MS$ /Yr)

Linnhoff  [28] Simple model 0 17,400 25.31 33.03 2.960
Zhu [29] NLP 2 16,630 26.22 33.94 2.970
Zhuetal. [29] NLP 0 16,380 26.83 34.55 2.980
Lewin [30] GA 2 17,050 25.09 32.81 2.936
Lewin [31] GA 0 16,880 25.69 33.41 2.946
Petterson [24] SMR 7 17,473 24.27 31.99 2.905
Krishna  [23] DEM 0 16,536 25.88 33.60 2.942
Azeez [27] STBS 7 — e e 2.922
Present work A.G 0 13,881 24.48 32.20 2.953
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Discussion

Across the real aromatic case study, the fuzzy analogical gates method demonstrated:
e Competitive total cost performance
e  Simplicity in application (no stream splitting or advanced solvers required)
e  Flexibility to evaluate multiple AT, scenarios systematically

These results validate the method’s usefulness in both academic and industrial HEN synthesis tasks, especially during early-
stage conceptual design.

6. CONCLUSIONS

This work presents a lightweight, Al-inspired fuzzy logic framework for HEN synthesis using fuzzy analogical gates, a
decision-making framework that integrates fuzzy logic with analogical reasoning. The method simplifies the process of
selecting the optimal minimum approach temperature (ATmin) by evaluating normalized values of key performance
indicators—hot utility, cold utility, and targeted area through a two-layer gate system.

The proposed approach was applied to real Aromatics plant case study: the fuzzy method successfully identified AT i values
that resulted in competitive total annual costs, without requiring stream splitting or complex solvers. These findings
validate the method’s effectiveness, accuracy, and practicality. The method is particularly valuable for small-scale industries
and energy audits where commercial optimization tools may not be available

Key advantages of the fuzzy analogical gates strategy include:
e  Simplicity: Can be implemented manually or with basic programming tools.
e Flexibility: Applicable across a range of process scales and stream configurations.

e Cost-effectiveness: Produces low-cost solutions comparable to advanced optimization models.

While this method provides a strong foundation for preliminary design, future research could focus on:
e  Extending the approach to multi-period or dynamic HEN problems
e Integrating it with multi-objective optimization frameworks
e Developing a graphical software tool to assist engineers in practical design settings

In summary, the fuzzy analogical gates method presents a reliable and accessible tool for energy integration, making it
particularly valuable for early-stage design, academic instruction, or resource-constrained engineering environments.

NOMENCLATURE

Al Artificial Intelligence

HENS Heat Exchanger Networks

LP Linear Programming

NLP Non-Linear Programming

MILP Mixed Integer Linear Programming

MINLP Mixed Integer Non-Linear Programming
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Wi Weight Index

EMAT Exchanger Minimum Approach Temperature (°C)
HRAT Heat Recovery Approach Temperature
IBMS Interval Based MINLP superstructure
STBS Supply and Target Based Superstructure
SMR Sequential match reduction

SS Stainless Steel

CS Carbon Steel

AG Analogical Gates

GA Genetic Algorithm.

DEM Differential Evolution Method.

S.M Simple Model

ATomin Minimum Approach Temperature (°C)

Qu Minimum Hot Utility Requirement (kW)
Qc Minimum Cold Utility Requirement (kW)
TAC Total Annualized Cost ($/year)

MCp Heat Capacity Flow Rate (kW/°C)

1, U2, p3 Normalized values of ATmin, Qtimin, and Qcmin respectively
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