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Sustainable manufacturing systems require intelligent methods to balance eco-
nomic performance with environmental responsibility. This research presents
a digital twin-fuzzy multi-objective optimization framework for simultaneously
managing cost, energy consumption, and waste in sustainable manufacturing.
In this framework, fuzzy logic is used to model data uncertainty, a digital
twin is used to obtain real-time data from the manufacturing process, and the
Non-dominated Sorting Genetic Algorithm II (NSGA-II) is used to generate
a Pareto front and analyze the relationships between economic and environ-
mental objectives. The proposed model was tested in 10 simulated scenarios
based on digital twin data. The results showed that the proposed framework
maintained the service level above 95%, reduced the total cost by 14% and
the amount of waste by 18% compared to the baseline. Pareto front analysis
also showed that although there is a relative conflict between economic and en-
vironmental objectives, this conflict is controllable. Also, sensitivity analysis
revealed that energy ceiling and machinery efficiency have the greatest impact
on the sustainability and profitability of the system. Overall, the proposed
framework provides a reliable, quantitative decision-making tool for managers
and policymakers on the path to green and sustainable production.
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1. Introduction

In recent decades, industrial development and in-
creased competition in global markets have led
organizations to pay more attention to efficiency,
flexibility, and sustainability in production. Pres-
sures from rising energy costs, environmental re-
quirements, and supply chain complexities have
forced managers to adopt new decision-making
approaches. 1 In the meantime, the concept of
sustainable production has been proposed as a
macro approach that simultaneously emphasizes
the three main dimensions of economy, environ-
ment, and society. Achieving these goals requires

advanced tools for data analysis, simulation of
real-world conditions, and provision of optimal so-
lutions.

One emerging tool in this field is the digital
twin, which acts as a digital representation of
physical systems and enables real-time monitor-
ing, behavior prediction, and decision-making. 2

With the expansion of Internet of Things (IoT)
technologies, smart sensors, and data infrastruc-
tures, the digital twin has become one of the main
pillars on the path to Industry 4.0. At the same
time, the use of fuzzy logic as an efficient tool
for modeling uncertainty and data ambiguity en-
hances the accuracy of forecasts and decisions. 3
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The combination of these two approaches can cre-
ate conditions in which both information is re-
ceived in real time and with sufficient detail, and
decisions are made in complex, high-risk environ-
ments by relying on human and mathematical
logic.

On the other hand, multi-objective optimiza-
tion is a fundamental challenge in production
management. In most cases, managers must bal-
ance conflicting goals, such as reducing costs, in-
creasing productivity, reducing energy consump-
tion, and improving environmental performance.
In these circumstances, single-objective optimiza-
tion loses its effectiveness, and the use of multi-
objective methods that generate Pareto fronts
and examine relationships between objectives is
essential. 4 Especially in biological and sustain-
able production systems that face demand fluctu-
ations, resource constraints, and legal pressures,
the use of multi-objective algorithms can play a
decisive role in selecting the best strategies.

The main innovation of this study lies in the
simultaneous combination of three approaches:
fuzzy, digital twin, and multi-objective optimiza-
tion. First, fuzzy logic enables the structured in-
clusion of uncertain and variable data, such as de-
mand forecasts or energy efficiency, in the model.
Second, the digital twin enables real-time data
from production processes, ensuring the model re-
mains in sync with the actual state of the factory.
Third, the use of the NSGA-II algorithm enables
the framework to generate a diverse set of Pareto
solutions from which managers can choose based
on their economic or environmental priorities. 5

In addition, another innovation of the present
study is the simultaneous management of energy
consumption and waste generation. Most previ-
ous studies have addressed cost optimization or
waste reduction separately, whereas this study
shows that both dimensions can be considered to-
gether and under a single framework. Such an ap-
proach will lead to greater coherence in produc-
tion decisions and simultaneously meet the expec-
tations of regulatory bodies and customers in the
field of sustainability. 6

In addition, this study used the General Alge-
braic Modeling System (GAMS) software to val-
idate the model and evaluate the accuracy and
reliability of the results obtained from the meta-
heuristic algorithm used. Comparison between
the results obtained from NSGA-II and the out-
puts of the exact GAMS models showed that
the proposed framework is not only capable of
producing near-optimal solutions but also offers
significant advantages in terms of computational
time and flexibility in handling big data. 7

This study also contains important messages
for managerial and policy-making perspectives.
The findings showed that changes in parameters,
such as shortage penalty, energy cap, and waste
restriction, can directly affect the position of the
Pareto front. Therefore, managers and policy-
makers can use the results of this framework to
regulate energy and the environment in a way
that balances economic goals and environmental
sustainability. One of the key recommendations
of this study is to invest in improving machine
efficiency, thereby simultaneously increasing prof-
itability and reducing environmental impacts. 8

From a methodological perspective, the cur-
rent study is structured into four main steps. In
the first step, production process data is collected
and simulated using the digital twin to represent
the actual state of the system. In the second
step, the uncertainty in the demand data, energy
consumption, and machinery efficiency is mod-
eled using fuzzy logic. In the third step, a multi-
objective mathematical model is formulated, in-
cluding economic (cost reduction and profit in-
crease) and environmental (waste reduction and
energy consumption) objectives. Finally, in the
fourth step, the model is solved using the NSGA-
II meta-heuristic algorithm, and the results are
compared to the exact model in the GAMS envi-
ronment for validation. This step-by-step struc-
ture forms the methodological pillar of the re-
search and explains the relationship among the
fuzzy layers, the digital twin, and the optimiza-
tion algorithm in a coherent manner.

The innovation of this research can be sum-
marized in three main dimensions:

(i) Providing an integrated and innova-
tive framework that combines three ap-
proaches of fuzzy logic, digital twin,
and multi-objective optimization simulta-
neously and in the form of a decision-
support system. Such a combination has
rarely been observed in the sustainable
manufacturing literature in a practical
and simultaneous manner.

(ii) This framework enables dynamic decision-
making under uncertainty conditions by
real-time synchronization of real data
from the manufacturing environment with
the fuzzy model in the digital twin layer.

(iii) Finally, the model results have been vali-
dated not only with the meta-heuristic al-
gorithm NSGA-II but also with the exact
mathematical model in the GAMS envi-
ronment to quantitatively prove the relia-
bility and accuracy of the proposed frame-
work.
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The remainder of the paper is structured as
follows: the next section describes the theoreti-
cal foundations and the proposed framework. In
the following, the mathematical model and solu-
tion method are introduced, then the simulation
results and comparative and sensitivity analyses
are presented, and finally, conclusions and sugges-
tions for future research are presented.

2. Literature review

The issue of sustainable production has become
a major research area in production manage-
ment and industrial engineering over the past
two decades. Many early studies focused more
on reducing costs and increasing productivity,
while environmental or social considerations were
marginalized. 9 With the spread of concerns re-
lated to climate change and excessive consump-
tion of resources, the scientific literature has
moved toward integrating economic goals with
environmental requirements. This development
has led to several concepts, such as green opti-
mization, life-cycle management, and clean pro-
duction, gaining a special place in the research
literature. 10

In recent years, the use of multi-objective op-
timization has become increasingly popular to
address complex production problems. These
methods, by creating a Pareto front, allow for
the analysis and comparison of conflicting goals,
such as cost, energy, and waste. Several stud-
ies have shown that metaheuristic algorithms, es-
pecially the evolutionary algorithm family that
can extract diverse and near-optimal solutions
to large-scale problems. 11 However, a significant
part of these studies has focused only on eco-
nomic aspects and often investigated energy and
waste management independently or as secondary
objectives. 12

The existing literature also shows that fuzzy
logic is among the most widely used tools for han-
dling uncertainty in input data to optimization
models. From demand forecasting to machine ef-
ficiency estimation, data is always subject to er-
rors and ambiguity, and deterministic models can-
not accurately reflect reality. 13 For this reason,
combining fuzzy logic with multi-objective opti-
mization models has attracted the attention of re-
searchers in recent years. However, most of these
studies have been limited to the theoretical level
or tested on a small scale, and few have applied
such a framework in a data-driven environment
that aligns with the real process. 14

One emerging trend that has received special
attention in the recent literature is the digital

twin. This technology combines simulation, real-
time data, and advanced modeling to enable mon-
itoring and predicting the performance of physical
systems. 15 A review of studies shows that digital
twins have been mostly used in areas such as pre-
dictive maintenance, equipment condition mon-
itoring, and product life-cycle management. 16

However, only a few studies have investigated the
use of digital twins in conjunction with multi-
objective optimization for manufacturing deci-
sions, leaving a significant gap in this field. 17

Some studies have attempted to apply the
combination of digital twins and evolutionary al-
gorithms to solve operational problems. These
studies have shown that using real-time data
can significantly improve the quality and effi-
ciency of optimal solutions. 18 However, many of
these studies have pursued only a specific objec-
tive, such as production scheduling or downtime
reduction, and have rarely addressed combined
objectives, such as cost, energy, and waste. 19

Therefore, the need for a framework that can si-
multaneously address several key objectives with
a data-driven and adaptive approach remains
strong.

From an innovation perspective, the present
study has three main differences from previous lit-
erature. First, unlike studies that have focused on
cost reduction or waste reduction separately, this
study models both dimensions simultaneously in
a single framework, along with energy manage-
ment. Such a combination is rarely seen in the
literature and is an important added value for
the field of sustainable manufacturing. 20 Second,
the use of fuzzy logic to handle uncertain data,
combined with the digital twin, is another inno-
vation that distinguishes the present framework
from many previous studies. While most stud-
ies have used either fuzzy logic alone or digital
twin alone, this study has used both approaches
in an integrated manner. 21 Third, in this study,
the NSGA-II algorithm was used to extract the
Pareto front, and the results were validated using
GAMS software. This dualization between the
meta-heuristic method and the exact mathemati-
cal method ensures the accuracy and reliability of
the results and fills the gap that existed in many
previous studies.

A review of previous studies shows that al-
though the application of digital twins in smart
manufacturing is rapidly expanding, most studies
have addressed cost and energy management sep-
arately, and their relationship with waste man-
agement under uncertainty has received less at-
tention. Also, most existing fuzzy models operate
without connecting to real-time data and neglect
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data synchronization between the model and the
actual process.

In the field of multi-objective optimization,
a significant part of the research focuses only
on the analysis of cost-energy relationships and
does not use hybrid frameworks. Therefore, the
main gap in the literature is the lack of an in-
tegrated framework that simultaneously lever-
ages the three components of digital twins, fuzzy
logic, and multi-objective optimization for real-
time decision-making in sustainable manufactur-
ing. The present study is designed precisely to fill
this gap.

3. Proposed framework

The proposed framework in this research in-
tegrates digital twin capabilities and multi-
objective fuzzy optimization methods. The main
idea is that real-time data of the production pro-
cess is transmitted to the digital twin through
sensors and data collection systems. This twin
provides a virtual, dynamic picture of produc-
tion status through real-time simulation and al-
lows monitoring of key indicators, such as energy
consumption and waste volume. In the next step,
this data is entered into the fuzzy optimization
layer to make balanced decisions in the presence
of uncertainty and conflicting objectives.

The interactive connection between the digital
twin and the fuzzy optimization engine creates
a feedback loop, during which the optimization
results are returned to the twin and applied to
the real process. Thus, the proposed framework
not only manages energy consumption and waste
generation simultaneously, but also has the flexi-
bility to respond to instantaneous changes in the
production environment. The overall structure of
this framework is shown in Figure 1, which clearly
displays the main components and their relation-
ships.

As shown in Figure 1, the proposed frame-
work consists of three main parts: a digital twin
as a data and simulation platform, a fuzzy op-
timization engine for simultaneous energy and
waste management, and a feedback loop for ap-
plying the results to the real environment. This
structure provides the necessary context for defin-
ing the mathematical model. The mathematical
model will be as follows (Table 1, Equations (1)–
(15)).

The mathematical model formulation com-
prised objective functions Equations (1)–(4),
fuzzy aggregation Equation (5), final fuzzy model
Equation (6), and constraints Equations (7)–(15).

(i) Objective functions:

Min f1 =
∑
t

[ ∑
p,m,r

cprodpmr xpmrt +
∑
p,m

csetuppm ypmt

+
∑
e

πEetEet +
∑
k

ψkWkt +
∑
p

πlatep spt

]
(1)

Min f2 =
∑
t

∑
e

ϕeEet (2)

Min3 =
∑
t

∑
k

Wkt (3)

Max f4 =
∑
t

∑
p

γp (dpt − spt)

− θ
∑
t

∑
m

(
1− Q̂mt(x, u)

) (4)

where θ is a penalty weight for reduced
OEE.

(ii) Fuzzy aggregations: For each objective fq
with aspiration level Gq and tolerance ∆q,
the membership function is:

µq(fq) =


1, fq ≤ Gq,

Gq +∆q − fq
∆q

, Gq < fq < Gq +∆q,

0, fq ≥ Gq +∆q.

(5)
(iii) Final fuzzy model:

Maxλ s.t. : µq(fq) ≥ λ, ∀q (6)

(iv) Constrains:∑
m,r

xpmrt + Ip,t−1 − Ipt + sp,t−1 − spt = dpt, ∀p, t

(7)
If no inventory I is considered:∑

m,r

(xpmrt + spt) ≥ dpt,
∑
p,r

τpmr

ηm
xpmrt

≤ C̄mt zmt, ∀m, t
(8)

xpmrt ≤ Upmr ypmt, ∀p,m, r, t (9)

ypmt − ypm,t−1 ≤ vpmt,
∑
p

vpmt ≤ V max
m , ∀m, t

(10)
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Figure 1. Proposed fuzzy–digital twin optimization framework

Eet ≥
∑
p,m,r

(
aEpmre xpmrt + αE

me zmt

)
+ βEme umt, ∀e, t

∑
e

Eet ≈ Êt(x, u)
(11)

Wkt ≥
∑
p,m,r

aWpmrk xpmrt, ∀k, t,

Wkt ≈ Ŵkt(x, u), ∀k, t
(12)

∑
e

Et ≤ Ēt, Wkt ≤ W̄kt, ∀k, t (13)

umin
m zmt ≤ umt ≤ umax

m zmt, ∀m, t (14)

For each q ∈ {1, 2, 3, 4}:

µq(fq) ≥ λ, 0 < λ < 1; µEt

(∑
e

Eet

)
≥ λ,

µWkt (Wkt) ≥ λ
(15)

Equation (1) shows how the total system costs,
including production, start-up, energy, waste
management, and shortage penalties, should be
minimized. This function actually considers the
overall financial burden of the production process
and plays a pivotal role in reducing operating
costs. Equation (2) focuses on minimizing the
carbon footprint from energy consumption and
uses emission factors for calculation. This func-
tion highlights the environmental importance of

production decisions and directly connects to pol-
lutant reduction policies. Equation (3) is dedi-
cated to minimizing production waste and cov-
ers all types of waste across different time peri-
ods. This function is defined in line with sus-
tainable production and tries to reduce negative
environmental impacts. Equation (4) maximizes
profit and efficiency of the system, considering the
added value of products and the penalty for ma-
chine efficiency loss. This function balances eco-
nomic benefits and operational efficiency. Equa-
tion (7) ensures that the production and shortage
levels can meet the demand for each product in
each period. This constraint means maintaining
a balance between supply and demand in the sys-
tem. Equation (8) controls the capacity of each
machine and prevents its usage time from exceed-
ing the actual capacity in each period. This con-
straint prevents unrealistic scheduling and exces-
sive pressure on resources. Equation (9) specifies
the relationship between line activity and produc-
tion quantity, and specifies that production is only
possible when it is started. This constraint en-
sures the logical and technical consistency of the
model. Equation (10) manages the conditions for
product change and production line replacement
and limits the number of changes allowed in each
period. This constraint helps reduce the time loss
and costs caused by frequent changes. Equation
(11) establishes an energy balance based on dig-
ital twin data and specifies the actual consump-
tion of energy resources at the machine level. This
constraint provides a more accurate understand-
ing of the energy flow in the entire system. Equa-
tion (12) defines the waste balance equation and
matches the amount of waste generated with the
digital twin predictions. This constraint helps
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Table 1. The components of the mathematical models

Component Description
Sets
P Set of products
M Set of machines/stations
R Set of processes/operations
T Discrete planning horizon
K Types of waste
E Energy resources (electricity, gas, etc.)
Parameters
dpt Demand for product p in period t

cprodpmr Unit production cost of product p on machine m in operation r

csetuppm Setup/changeover cost for product p on machine m
πlatep Penalty cost for one unit of shortage/delay of product p

aEpmre Energy consumption coefficient of resource
e per unit of product p on m in r

aWpmrk Waste generation coefficient of type k per unit of product p on m in r

αE
me, β

E
me Base and slope coefficients of energy consumption of machine m from

source e (function of control variable, e.g., speed)
ϕe Carbon emission factor of energy source e
ψk Cost/environmental impact of disposing/recycling waste type k
C̄mt Available capacity of machine m in period t (man-hours or machine-hours)
τpmr Unit processing time of product p on machine m in operation r
ηm Effective efficiency of machine m
Ēt Maximum total energy consumption allowed in period t (if policy exists)
W̄kt Maximum waste allowed of type k in period t
γp Unit added value/profit of product p
Upmr Maximum production (or processing) capacity of product p ∈ P

on machine m ∈M Using resource r ∈ R during period t ∈ T .
V max Maximum allowable number of setups/changeovers over

the planning horizon.
Outputs of the digital twin (updated and data-driven)

Êt(x, u) Predicted total energy consumption in period t

Ŵkt(x, u) Predicted waste of type k in period t

Q̂mt(x, u) Predicted effective capacity/OEE of machine m in period t
Decision variables
xpmrt ≥ 0 Production quantity of product p on machine m, operation r, and period t
ypmt ∈ {0, 1} Setup/allocation decision for p on machine m in t
zmt ∈ {0, 1} On/off status of machine m in t
umt ∈ [umin

m , umax
m ] Continuous control variable of machine m (e.g., speed)

spt ≥ 0 Shortage/backlog of product p in t
Eet ≥ 0 Energy consumed from resource e in t
Wkt ≥ 0 Waste of type k in t
vpmt Binary decision variable, equal to 1 if a new setup for product p

on machine m occurs at period t, and 0 otherwise.
Fuzzy variable
λ ∈ [0, 1] Level of fuzzy satisfaction (Max–Min approach)
GE

t , ∆E
t for energy Goal values and tolerances

GW
kt , ∆W

kt for waste
Gcost, ∆cost for cost
Gsrv, ∆srv for service
level/productivity

to control the environmental impacts more pre-
cisely. Equation (13) considers the policy ceiling
for energy and waste and ensures that actual con-
sumption is within the allowed range. This con-
straint reflects legal requirements or environmen-
tal standards. Equation (14) specifies the range
of control variables and the logic of whether the
machines are on or off. This constraint ensures

that the technical controls of the machines remain
within acceptable operational boundaries. Equa-
tion (15) expresses the fuzzy conditions of satis-
faction with the objectives and relates the degree
of achievement of different objectives to the satis-
faction level Î≫. This constraint provides a flexible
framework for decision-making under uncertainty.
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The digital twin model in this research is de-
signed as an interface layer between the real sys-
tem and the fuzzy optimization engine. This
model continuously collects real-time data on pro-
duction, energy consumption, and waste amount
using a network of sensors and actuators. Af-
ter initial processing and cleaning, the data is
transferred to a central database and presented
as indicators for the decision-making model. This
process creates an accurate virtual image of the
current state of the production lines that always
matches the real conditions.

The digital twin is connected to the optimiza-
tion model through a feedback loop. In this way,
the values from the sensors are fed into the math-
ematical model, and parameters such as predicted
energy consumption, waste volume, and effective
capacity of the machines are entered into the con-
straints and objectives as dynamic functions. The
optimization engine, taking into account these
updated inputs, generates optimal solutions for
adjusting machine speeds, allocating production,
and managing resources. The results are then
fed back to the digital twin, which then transfers
them to the real system. This two-way interac-
tion allows decision-making to be based not only
on historical data but also on the current situa-
tion, providing flexibility and rapid response to
environmental changes.

4. Methodology and solution methods

This study is classified as applied-developmental
research. The main objective is to present and
test a hybrid framework that can simultaneously
optimize several conflicting objectives, including
cost reduction, energy consumption reduction,
and waste management, under uncertainty based
on fuzzy logic and digital twin. The fuzzy multi-
objective approach was chosen because the com-
plexity and uncertainty in contemporary manu-
facturing systems pose serious limitations to the
use of deterministic models. The digital twin,
as a data-driven platform, also enables real-time
synchronization between the physical process and
the virtual model, thus improving operational
decision-making in real conditions.

In this study, fuzzy logic is used to model un-
certainty in key parameters of the production pro-
cess. The main variables include demand rate,
machine efficiency, and energy intensity, each with
three linguistic levels: low, medium, and high.
These variables are quantified from digital twin
data and transformed into corresponding linguis-
tic values through a fuzzification process. In the
next step, fuzzy inference rules of the “if–then”

type are defined for the relationship between in-
put and output variables; for example, when de-
mand is high and machine efficiency is high, the
system performance is at the desired level, while
the combination of low demand and low efficiency
indicates poor performance.

The fuzzy inference is based on the Mam-
dani method, in which rule combination is based
on minimization for the simultaneous operator
(AND) and maximization for the disjunctive op-
erator (OR). The final output of this process is
converted to a corresponding numerical value us-
ing the center of gravity method so that it can be
used in the multi-objective optimization model.
In this way, the fuzzy system continuously inter-
acts with the digital twin data, and its outputs
are transferred as dynamic inputs to the optimiza-
tion model. This mechanism allows decisions to
remain sensitive and adaptive to environmental
changes, demand fluctuations, and energy con-
sumption.

The theoretical foundations of this research
are based on three main pillars: digital twin, fuzzy
logic, and multi-objective optimization. In the
digital twin layer, real-time data of the produc-
tion process is collected from sensors and con-
trol systems and dynamically updates the virtual
model of the process. This layer allows for real-
time simulation and analysis of system perfor-
mance. The second layer is based on fuzzy logic
to model the uncertainty in demand data, en-
ergy consumption, and machine efficiency. In this
section, linguistic variables are transformed into
fuzzy membership functions, and if–then rules
are used to evaluate different scenarios. Finally,
the third layer consists of the NSGA-II algo-
rithm, which acts as a multi-objective optimiza-
tion engine and extracts the Pareto front be-
tween economic (cost reduction) and environmen-
tal (waste and energy consumption reduction) ob-
jectives.

These three layers work simultaneously and
interactively; updated data from the digital twin
is sent to the fuzzy system, the fuzzy output is
transferred to the optimization model, and the
results are fed back to the virtual and real mod-
els. This three-layer structure forms the theoreti-
cal and logical foundation of the present research
methodology.

To solve the developed mathematical model,
the NSGA-II meta-heuristic algorithm was used.
This algorithm is considered one of the most re-
liable tools for solving multi-objective optimiza-
tion problems due to its strong ability to gener-
ate diverse Pareto fronts, appropriate exploration
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Table 2. Parameter settings of the Non-dominated Sorting Genetic Algorithm II algorithm

Parameter Value Description
Population size 100 Number of individuals in each

generation to ensure solution diversity
Number of 200 Maximum iterations
generations until convergence
Crossover 0.9 High probability to explore the
probability (Pc) search space through recombination
Mutation 0.05 Mutation rate to prevent
probability (Pm) premature convergence
Crossover operator Simulated binary Suitable for continuous and

crossover (SBX) multi-objective problems
Mutation operator Polynomial mutation Creates diversity in the population and

enhances Pareto front quality
Selection mechanism Tournament Selection Selects superior individuals based

(size = 2) on Pareto rank and crowding distance
Elitism strategy Preserving the Transfers the best solutions to the next

best solutions generation to ensure gradual improvement

power in the search space, and prevention of pre-
mature convergence. In this study, after testing
several different configurations, a set of key algo-
rithm parameters was selected to achieve a bal-
ance between solution quality and computation
time. The details of these settings are presented
in Table 2.

The results of the NSGA-II algorithm were ob-
tained using the Python programming language
and standard metaheuristic libraries. GAMS soft-
ware was also used to validate the model and en-
sure the correctness of the answers, and the re-
sults of the two approaches were compared. This
comparison showed that the proposed framework,
in addition to high accuracy, can solve complex
problems with larger dimensions and under un-
certainty conditions.

In terms of infrastructure, a combination of
several complementary tools was used to imple-
ment the framework. Python was used as the
primary environment for developing the model
and implementing the NSGA-II algorithm, and
libraries, such as NumPy and Matplotlib, were
used to analyze the results. GAMS software was
used as a comparative reference to accurately
solve the mathematical model and control the
accuracy of the results. Also, the digital twin
module enabled the collection of real-time data
and simulation of real-world conditions, allow-
ing the modeling results to be directly compared
to the actual state of the production system.
This integration of simulation data, optimization
models, and analysis tools turns the proposed
framework into an efficient system for decision-
making toward green and sustainable produc-
tion.

5. Case study/simulation

To evaluate the proposed framework, a case study
was designed in which input data were gener-
ated through manufacturing simulations derived
from the digital twin. Due to limited access to
real industrial data at this stage, the data were
generated based on common patterns of energy
consumption and waste generation in process in-
dustries (such as food and pharmaceutical indus-
tries). These data are consistent with the real
data in terms of structure and scale and follow
valid distributions for energy consumption, waste
generation, and demand requirements. In this
way, the simulated data not only reflect opera-
tional realities but also allow for the implemen-
tation of diverse scenarios and the examination
of the model’s performance under different condi-
tions.

To ensure transparency and reproducibility of
the results, Table 3 presents the baseline data
that underlie all subsequent calculations and anal-
yses. This table presents ten scenarios in which
changes in product demand, energy consumption,
and waste generation levels are considered. The
scenarios are selected to cover a range of opti-
mal, typical, and critical conditions to test the
reliability of the proposed framework in diverse
environments.

As shown in Table 3, the baseline data covers
a wide range of operating conditions, from low
demand and low energy consumption scenarios to
high demand and high waste scenarios. The aim
of this design is to test the proposed framework
across a variety of environments and to fully eval-
uate its performance against key changes, such
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Table 3. Baseline data used for simulation

Scenario Product Energy Waste Machine Productivity Unit Shortage Energy Waste Unit
demand consumption generation capacity level production penalty limit limit profit
(units) (kWh) (kg) (h) (%) cost (kWh) (kg)

1 500 1200 80 400 85 50,000 10,000 1500 100 70,000
2 600 1350 95 420 82 52,000 10,500 1600 110 72,000
3 550 1280 88 410 84 49,500 9800 1550 105 71,500
4 650 1450 100 430 80 51,800 11,000 1650 120 73,000
5 700 1500 120 440 78 53,000 11,200 1700 125 74,000
6 480 1100 75 390 87 48,500 9500 1450 95 69,000
7 800 1600 130 450 76 54,000 11,500 1750 130 75,000
8 750 1580 125 445 77 52,800 11,300 1720 128 74,500
9 620 1400 110 425 81 51,200 10,800 1620 115 72,500
10 580 1250 85 405 83 50,200 10,200 – – –

as demand fluctuations, energy constraints, and
increased waste.

These data are used as direct inputs to the
optimization model, and all subsequent calcula-
tions will be based on them. In fact, each scenario
serves as a starting point for the model implemen-
tation, and the optimization results will demon-
strate the efficiency of the framework in simulta-
neously managing waste and energy. In this way,
the relationship between the simulated data and
the model outputs is clearly established, provid-
ing a basis for analyzing the results and compar-
ing the scenarios in the following sections of the
paper.

6. Results and discussion

This section presents the results of the model im-
plementation. The baseline data presented in Ta-
ble 3 were used to evaluate the performance of
the proposed framework under various conditions
using the fuzzy–digital twin optimization model.
The model outputs included the optimal produc-
tion values for each scenario, the total system
cost, energy consumption, the level of waste gen-
erated, and the profitability of the production op-
eration.

The main emphasis in this section is that all
results are directly extracted from the combined
fuzzy–digital twin framework, and no model-
independent simplifying assumptions are applied
in the calculations. The comparison across differ-
ent scenarios not only demonstrated the model’s
flexibility to different conditions but also con-
firmed the validity of the proposed framework
in achieving both economic and environmental
goals. This paves the way for more in-depth anal-
yses in the following sections.

To begin the analysis, Scenario 1 was selected
as the baseline. This scenario represented condi-
tions close to normal production conditions and
served as the basis for comparing other scenar-
ios. The input data in this scenario included a

demand of 500 units of product, energy consump-
tion of 1200 kWh, waste generation of 80 kg, and
machine capacity of 400 h. An efficiency level of
85%, a unit production cost of 50,000 USD, and
a deficiency penalty of 10,000 USD per unit were
considered. An energy ceiling of 1500 kWh, a
waste ceiling of 100 kg, and a profit per unit of
product of 70,000 USD were also determined.

The model output showed that in this sce-
nario, demand was fully met and no shortages oc-
curred. Energy consumption was stabilized below
the permitted ceiling, and the amount of waste
remained below the permitted values. The total
system cost was calculated by including produc-
tion, energy, and waste management costs, and
the resulting net profitability was positive and sig-
nificant. To more accurately display the results,
Figure 2 shows the trend of changes in energy
consumption and waste generation compared to
the permitted limits over the time horizon. These
curves confirm that the proposed framework can
balance economic and environmental objectives
and ensure the sustainability of operations.

Figure 2 shows the trend of changes in energy
consumption and waste generation in the refer-
ence scenario. The energy consumption values re-
main below the permissible limit of 1500 kWh in
all time periods, and the amount of waste remains
below the ceiling of 100 kg. This indicates that
the proposed framework simultaneously meets en-
vironmental and economic criteria in the reference
conditions.

After examining the reference scenario, this
section makes a comprehensive comparison be-
tween the ten scenarios presented in Table 3. The
aim is to show how the proposed framework per-
forms under various production and demand con-
ditions and to what extent it balances economic
and environmental criteria. The optimization re-
sults for each scenario are calculated and pre-
sented in the form of main indicators, including
total cost, energy consumption, waste amount,
service level, and profitability.

168



A fuzzy–digital twin optimization framework for simultaneous management of waste ...

Figure 2. Baseline scenario trends of energy consumption and waste generation

The main outputs of the model are shown in
Table 4. This table shows that with increasing
demand, total cost and energy consumption in-
crease. However, the framework maintains the
service level above the target value in all scenar-
ios and prevents shortages. Also, in scenarios with
heavy production loads, waste has increased, but
it remains below the permissible ceiling. On the
other hand, profitability is the highest in scenar-
ios with high productivity and moderate demand,
indicating the role of the optimal combination of
capacity, energy, and demand in achieving sus-
tainable profits.

As shown in Table 4, as optimal production
(demand) increases, total cost and energy con-
sumption increase as well, while the framework
maintains the service level above 95%. Also, the
generated waste increases in high-load scenarios,
but remains below the threshold. These results
serve as the basis for the following comparative
analyses.

To better explain these results, the changes in
total cost and energy consumption in ten differ-
ent scenarios are presented in Figure 3. With in-
creasing demand, the costs and energy consump-
tion have risen, but their growth rates are lower
than the demand growth rate. This indicates the
framework’s ability to manage operational pres-
sures.

It can be seen that with increasing demand,
both indicators increase, but the growth rates of
costs and energy are lower than that of demand.
This indicates the ability of the proposed frame-
work to control costs and energy consumption
even under high demand.

The trend in waste changes compared to the
permissible ceiling is shown in Figure 4. It can be
seen that waste generation increases as demand
rises.

Figure 4 shows that in most scenarios (demand
< 650 units), the waste amount remains below the
100 kg limit. This result confirms that the pro-
posed framework met certain demand levels while
also satisfying environmental requirements.

Figure 5 compares service levels and profitabil-
ity across different scenarios. The results show
that the service level remains above 95% across all
scenarios, while profitability fluctuates according
to machine productivity and the amount of defi-
ciency penalties. This indicates that the frame-
work can strike a balance between economic and
operational sustainability.

One of the most important aspects of multi-
objective models is the examination of the rela-
tionships between conflicting objectives. In the
present framework, the two main objectives, to-
tal cost reduction and waste reduction, are in rel-
ative conflict. In other words, decisions that lead
to cost reduction are usually accompanied by in-
creased waste, and vice versa, actions that lead to
waste reduction often impose additional costs on
the system.

To illustrate this relationship, Figure 6 shows
the Pareto front obtained from solving the model.
In this graph, each point represents an optimized
scenario that offers a combination of cost and
waste. The concave part of the Pareto front is the
region where improving one objective is possible
only by sacrificing the other. Analyzing this curve
helps managers and decision-makers to choose a
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Figure 3. Comparative trends of total cost and energy consumption

Figure 4. Comparative trends of waste generation and waste limits

Figure 5. Service level and profitability across scenarios
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Table 4. Optimized results for different scenarios

Scenario Optimal Total Energy Waste Service Profit
production cost consumption generation level (thousand USD)

(units) (thousand USD) (kWh) (kg) (%)
1 500 30 1180 78 100 20.0
2 600 36 1320 90 98 22.0
3 550 33 1250 82 100 21.5
4 650 39 1400 95 97 23.0
5 700 42 1480 110 96 24.0
6 480 28 1120 72 100 19.0
7 800 45 1550 115 95 25.0
8 750 43 1500 108 96 24.2
9 620 37 1380 96 98 22.8
10 580 35 1240 84 99 21.9

Figure 6. Pareto front of total cost vs. waste generation

balanced point between the two objectives, de-
pending on policy priorities or environmental con-
straints.

The results show that waste generation and
cost increase simultaneously. Therefore, the pro-
posed framework not only allows for the identifi-
cation of optimal solutions but also provides man-
agers with a powerful tool for analyzing the sen-
sitivity of decisions under real-world conditions.

To assess the stability of the proposed frame-
work, a sensitivity analysis was conducted. In
this analysis, key parameters, including deficiency
penalty, energy cap, energy price, waste cap,
and machine efficiency, were selected, and their
changes were examined over different time inter-
vals. The quantitative results of these changes are
presented in Table 5.

The findings show that changes in the short-
age penalty have the greatest effect on the service
level and total cost. With increased penalties, ser-
vice levels improve, but the costs rise as well. Re-
ducing the penalty has the opposite effect, which
decreases the service level. The pattern of these
changes is shown in Figure 7. The energy cap
also plays an important role. A low energy cap

puts more pressure on the total cost and pushes
the Pareto front toward more costly values, while
increasing the energy cap simultaneously reduces
costs and waste.

Changes in energy prices also have a dual ef-
fect. The increase in energy prices shifts the pro-
duction policies toward reducing energy intensity,
but the total cost increases. In contrast, the re-
duction in energy prices shifts the Pareto front
toward lower cost and waste values.

In the case of the waste ceiling, tightening
the constraint reduces waste but increases costs.
Loosening the constraint reduces the total cost
but leaves the waste level higher. The results
of these changes are shown in Figure 8. These
findings suggest that waste management policy
requires a careful balance between economic and
environmental goals.

Changes in machine efficiency directly impact
the profitability and service levels. A decrease
in efficiency results in higher costs and, in some
cases, lower service levels, while an increase in ef-
ficiency leads to higher profits and enhanced per-
formance. These effects are presented in Figure
9.
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Table 5. Sensitivity analysis results and elasticity indices for key parameters

Parameter Delta Total cost Energy Waste Service level Profit
(%) (million USD) (kWh) (kg) (%) (million USD)

Shortage penalty −20 2.64 1128 83.2 97.4 2.226
Shortage penalty −10 2.82 1164 81.6 98.2 2.163
Shortage penalty 0 3.00 1200 80.0 99.0 2.100
Shortage penalty 10 3.18 1236 78.4 99.8 2.037
Shortage penalty 20 3.36 1272 76.8 100.6 1.974
Energy cap −20 3.12 1344 81.6 99.6 2.142
Energy cap −10 3.06 1272 80.8 99.3 2.121
Energy cap 0 3.00 1200 80.0 99.0 2.100
Energy cap 10 2.94 1128 79.2 98.7 2.079
Energy cap 20 2.88 1056 78.4 98.4 2.058
Energy price −20 2.52 1296 81.6 99.2 2.310
Energy price −10 2.76 1248 80.8 99.1 2.205
Energy price 0 3.00 1200 80.0 99.0 2.100
Energy price 10 3.24 1152 79.2 98.9 1.995
Energy price 20 3.48 1104 78.4 98.8 1.890
Waste cap −20 3.06 1200 96.0 99.3 2.184
Waste cap −10 3.03 1200 88.0 99.2 2.142
Waste cap 0 3.00 1200 80.0 99.0 2.100
Waste cap 10 2.97 1200 72.0 98.8 2.058
Waste cap 20 2.94 1200 64.0 98.7 2.016
Machine productivity −20 3.42 1320 84.8 98.0 1.722
Machine productivity −10 3.21 1260 82.4 98.5 1.911
Machine productivity 0 3.00 1200 80.0 99.0 2.100
Machine productivity 10 2.79 1140 77.6 99.5 2.289
Machine productivity 20 2.58 1080 75.2 100.0 2.478

Figure 7. Pareto front under variations in shortage penalty and energy cap

Overall, the results of the sensitivity analy-
sis indicate that the proposed framework remains
stable against conventional parameter changes;
only under severe changes, especially in the short-
age penalty or energy and waste constraints, no-
ticeable changes in the Pareto front are observed.
These findings indicate the reliability and flexibil-
ity of the proposed framework in real operational
environments.

The results of the digital twin-fuzzy optimiza-
tion model indicate that this framework can serve

as an effective decision-making tool for production
managers. First, the analyses presented in the
previous sections reveal that simultaneous man-
agement of cost, energy, and waste is possible, and
the proposed framework can maintain high, sta-
ble service levels. This allows managers to make
data-driven decisions with less risk in conditions
of uncertainty and demand fluctuations.

From a policy perspective, the findings also
show that changes in parameters, such as shortage
penalties or energy caps, can have a direct impact
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Figure 8. Waste generation trends under different waste cap scenarios

Figure 9. Impact of machine productivity variations on service level and profitability

on the shape of the Pareto front. In particular,
stricter energy and waste restrictions increase to-
tal costs but reduce waste and improve environ-
mental indicators. This suggests that policymak-
ers should simultaneously consider both economic
interests and environmental requirements of firms
when formulating regulations. In addition, the re-
sults of the sensitivity analysis showed that ma-
chine efficiency plays a key role in maintaining
profitability and service levels; therefore, invest-
ing in new technologies and preventive mainte-
nance can be a key strategy to achieve sustainable
production.

Overall, the proposed fuzzy–digital twin
framework, by enabling simultaneous scenario
analysis, Pareto fronts investigation, and param-
eter sensitivity assessment, is a valuable tool for
managers and policymakers to identify and imple-
ment optimal paths between economic and envi-
ronmental goals.

7. Conclusion

This research aims to develop and evaluate a novel
framework based on fuzzy–digital twin multi-
objective optimization for simultaneous manage-
ment of cost, energy consumption, and waste
in sustainable production. First, the proposed

framework was introduced and its main com-
ponents were described, including fuzzy model-
ing to handle uncertainty, a digital twin to re-
ceive and process real-time data, and a multi-
objective optimization algorithm to create a bal-
ance between economic and environmental goals.
Then, the mathematical model was fully devel-
oped, and simulation scenarios were defined to
test the framework.

The findings showed that the proposed frame-
work maintained service levels above 95% across
different scenarios while simultaneously keeping
the total cost and waste within acceptable limits.
The analysis of the reference scenario indicated
that even under normal operating load conditions,
the framework could control energy consumption
and waste while achieving significant profitability.
Comparative analysis between scenarios showed
that increasing demand naturally increased costs
and energy consumption, but the growth rates of
these indicators were lower than those of demand,
indicating the framework’s efficiency in control-
ling operational pressures.

The Pareto fronts clearly show a conflict be-
tween economic goals (cost reduction) and en-
vironmental goals (waste reduction). Waste re-
duction is possible only at the expense of in-
creased cost and vice versa. This finding high-
lights the importance of using multi-objective
analytical tools for managers and policymakers.
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Sensitivity analysis also confirms that the pro-
posed framework is stable to conventional param-
eter changes; only under drastic changes in the
shortage penalty or in energy and waste restric-
tions is a noticeable shift observed in the results.
This indicates the reliability and flexibility of the
framework in real conditions.

From a managerial perspective, the developed
framework can help managers make balanced de-
cisions between economic efficiency and environ-
mental goals. Also, from a policy perspective, the
results of this research can inform regulations that
cover both the economic interests and environ-
mental requirements of industries.

Finally, it can be concluded that the pro-
posed fuzzy–digital twin framework is an efficient
tool to support green and sustainable manufac-
turing. Given its flexibility and generalizabil-
ity, this framework has the potential to be ap-
plied in various industries. Future research di-
rections include developing the model with real
industrial data, directly connecting to IoT and
programmable logic controller systems in manu-
facturing environments, and employing advanced
machine learning algorithms to improve predic-
tion and optimization. These steps can trans-
form the current framework into a comprehensive
decision-support system for moving toward smart
and sustainable manufacturing.
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