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1. INTRODUCTION

Global pressures related to climate change, energy efficiency, and corporate social accountability have
positioned sustainability as a strategic priority in modern manufacturing systems. Manufacturing companies are
mcreasingly required to balance economic performance with environmental protection and social responsibility
to ensure long-term competitiveness and regulatory compliance [1], [2], [3]. Consequently, production planning
approaches must evolve from traditional cost-oriented frameworks toward more comprehensive models that
integrate sustainability considerations.

Aggregate Production Planning (APP) is a critical medium-term decision-making process that coordinates
production volume, workforce levels, inventory, and capacity utilization over a planning horizon [1], [2], [3].
However, conventional APP models primarily emphasize economic objectives, particularly cost minimization,
while largely neglecting environmental and social dimensions [4], [5], [6]. Such economically driven decisions
may result in excessive overtime, high energy consumption, increased emissions, workforce instability, and
reduced employee well-being [7], [8]. These limitations reduce the suitability of traditional APP approaches for
addressing contemporary sustainability challenges in manufacturing systems.

To address these shortcomings, recent studies have extended conventional APP toward Sustainable
Aggregate Production Planning (SAPP), which explicitly incorporates environmental and social objectives
alongside economic performance [1], [5], [6], [9]. Environmental considerations in SAPP typically include
emission reduction, energy efficiency, waste minimization, and responsible resource utilization [12], [13], [14],
[15], [16]. Manufacturing activities contribute significantly to global environmental impacts, accounting for
approximately 149% of national greenhouse gas emissions in 2021 [10] and more than 30% of global industrial
emissions [11], underscoring the importance of embedding environmental objectives into production planning
decisions.

Despite this growing body of literature, clear research gaps remain. First, while many SAPP models
icorporate multiple environmental indicators, social sustainability 1s often treated qualitatively or omitted, with
limited attempts to explicitly model workforce-related aspects such as stability and worker satisfaction using
quantitative proxy functions [17], [18], [19]. Second, although Fuzzy Goal Programming (FGP) has been widely
applied to APP and sustainable production planning, most existing models rely on deviation-variable-based goal
programming structures or focus on partial sustainability integration, rather than a unified triple-bottom-line
formulation with consistent fuzzy membership design [20], [21]. As a result, the mathematical structure of social
objectives and their interaction with economic and environmental goals remain mnsufficiently explored.

The Limitations of conventional approaches necessitate an evolved planning framework. Table 1 provides
a clear comparison between the objectives and operational scope of conventional Aggregate Production Planning
(APP) and the Sustainable Aggregate Production Planning (SAPP) framework proposed in this study.

Table 1. Comparison Between Conventional Aggregate Production Planning and Sustainable Aggregate
Production Planning

Aspect Conventional APP Sustainable APP

Main Focus Minimization of production cost Minimization of cost, environmental
impact, and enhancement of social
aspects

Sustainability Economic only Economic - environmental - social

Dimension

Environmental Not considered Modeled and constrained

Social Not included Effects of overtime, layoffs, job
stability, and worker well-being

Uncertainty Deterministic Fuzzy

Output Minimum-cost production plan Sustainability-oriented  production
plan

Figure 1 illustrates the conceptual integration of economic, environmental, and social dimensions within
the proposed SAPP framework.

Integration of the Three Sustainability Pillars in SAPP

Social

Sustainable
APP

Economic Environmental

Figure 1. Integration of the Three Sustainability Pillars in SAPP
In practical production systems, sustainability targets are rarely defined as precise numerical values and are
more commonly expressed as flexible aspiration ranges influenced by managerial judgment and regulatory
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tolerance. Fuzzy Goal Programming (FGP) provides an appropriate mathematical framework to represent such
imprecision by employing aspiration-based fuzzy membership functions and aggregating multiple objectives
through a max-min satisfaction structure [22], [23], [24]. This approach allows conflicting sustainability objectives
to be balanced explicitly without enforcing rigid deterministic targets, making it suitable for sustainability-oriented
aggregate production planning under uncertainty.

Based on these considerations, this study proposes a Sustainable Aggregate Production Planning (SAPP)
model using Fuzzy Goal Programming that simultaneously integrates economic, environmental, and social
objectives under uncertainty. The specific contribution of this study lies in the mathematical formulation of a
unified max-min FGP model that explicitly incorporates five sustainability objectives—total cost, carbon
emissions, energy consumption, waste generation, workforce stability, and worker satisfaction—using consistent
aspiration-based linear membership functions without introducing deviation variables. In addition, social
sustainability 1s modeled through explicit linear proxy functions linked to workforce decisions, enabling
quantitative integration of social aspects within the triple-bottom-line framework. This formulation distinguishes
the proposed model from prior FGP-based APP studies that focus on partial sustainability integration or
alternative goal programming structures [23], [24].

The effectiveness of the proposed model 1s demonstrated through numerical experiments using simulation-
based demand and operational data adapted from a reference study, showing its capability to generate feasible
and balanced production plans across competing sustainability dimensions.

2. RESEARCH METHOD

This study adopts a quantitative computational research design based on mathematical optimization. The
proposed framework 1s formulated as a Sustainable Aggregate Production Planning (SAPP) model that integrates
economic, environmental, and social objectives using a Fuzzy Goal Programming (FGP) approach. The model
1s designed to generate balanced production plans under sustamability trade-offs while accommodating
imprecision in managerial preferences through fuzzy aspiration levels.

2.1 Research Design

This study employs a quantitative computational research design based on mathematical optimization. The
proposed approach formulates a Sustainable Aggregate Production Planning (SAPP) model that integrates
economic, environmental, and social objectives using a Fuzzy Goal Programming (FGP) framework [3], [25].
The objective of the model is to generate sustainability-oriented production plans by balancing conflicting goals
under uncertainty, while maintaining the feasibility and interpretability of the resulting solutions.

The FGP approach is selected because it allows imprecise managerial preferences and flexible sustainability
targets to be represented explicitly through fuzzy aspiration levels and tolerance ranges, making it suitable for
complex multi-objective production planning problems [22] , [23].

2.2 Data Source and Variables

For clarity, the data employed in this study are not intended to generate new empirical insights. Instead,
they are used solely to illustrate, calibrate, and numerically validate the proposed SAPP-FGP model within an
applied mathematics context. The focus of the study lies in the mathematical formulation and solution behavior
of the optimization model rather than empirical estimation or forecasting of industrial performance.

The reference dataset is adapted from a prior study [26], and undergoes minor transformations to ensure
consistency with the modeling framework. Specifically, the planning horizon is discretized into monthly periods,
and all cost, emission, energy, and waste coefficients are normalized on a per-unit production basis. No structural
modification of the original relationships is introduced; scaling is applied only to harmonize units and align
magnitudes across economic, environmental, and social objectives for numerical stability in optimization.

For the environmental dimension, national and industrial sector greenhouse gas (GHG) emissions data
from 2017 to 2021 are used to provide contextual grounding for environmental target setting. Table 2 presents
national and mdustrial sector GHG emuissions, while Table 3 reports the corresponding annual growth of
industrial emissions. These data are not directly optimized within the model but are employed to justify the
selection of aspiration levels and tolerance ranges for environmental objectives, ensuring consistency with
observed emission trends and regulatory considerations [10], [11].

Table 2. Industrial Sector Carbon Emissions
National GHG Emissions  Industrial Sector GHG Industrial Sector

Year (Gt CO-¢) Emissions (Gt CO-¢) Contribution (%)
9017 1.80 0.22 19.9
9018 1.85 0.93 19.4
9019 1.88 0.94 19.8
9020 1.90 0.96 13.7
9021 1.95 0.98 144

Integrating Triple-Bottom-Line Goals and Uncertainty in Aggregate Production Planning Using Fuzzy Goal Programming (Nabila Zakia Indra)



822 O3 E-ISSN : 2580-5754;5 P-ISSN : 2580-569X

The annual growth of industrial emissions 1s presented in Table 3.

Table 3. Annual Growth of Industrial Carbon Emissions
Industrial Emissions ~ Annual Increase Percentage

Year (Gt CO5-¢) (Gt CO4-¢) Increase (%)
9017 0.22 - -
92018 0.93 +0.01 +4.5%
9019 0.24 +0.01 +4.39%
9020 0.96 +0.02 +8.8%
92021 0.98 +0.02 +7.7%

Let EP%¢denote the baseline industrial sector emission level obtained from the reference data. Based on
the observed annual growth rates in Table 3, the aspiration level for environmental objectives 1s defined as a
proportional reduction from the baseline, while the worst acceptable level corresponds to the upper-bound
growth trend. Formally, the aspiration and tolerance bounds are defined as

E* = (1 _ 6)Ebase Eworst — (1 + p)Ebase

where 6 represents the targeted emission reduction ratio and preflects the observed emission growth
tolerance derived from historical trends.

Social sustainability indicators, namely workplace accidents and worker satisfaction, are constructed based
on a structured interpretation of the reference study [26] rather than direct empirical measurement. Workplace
accidents are modeled as proxy variables associated with workload intensity, overtime production, and workforce
size, reflecting established relationships between operational pressure and occupational risk [29]. Worker
satisfaction 1s represented as an index influenced by workforce stability, overtime intensity, and layoffs, consistent
with findings in human resource and operations management literature [30].

It should be emphasized that the construction of social indicators relies on simplified, linear proxy
representations derived from the literature and scaled into index form for inclusion in the mathematical model.
‘While this approach enables the explicit integration of social objectives into the optimization framework, it does
not fully capture the behavioral or psychological complexity of human-centered outcomes. Furthermore, all
numerical input data are treated deterministically; the fuzzy nature of the model arises from the specification of
aspiration levels and tolerance ranges rather than from stochastic variability in the data.

Finally, the use of a single adapted dataset constitutes a methodological limitation. Although this approach
ensures internal consistency and reproducibility, it may restrict the generalizability of the numerical results to
other industrial contexts. This limitation is acknowledged explicitly at the methodological level and motivates
future research directions involving multi-source datasets and empirical validation.

2.3 Decision Variables and Parameters

The decision variables of the SAPP model include regular production Py, overtime production O,
subcontracting S, ending inventory I, backorders B;, workforce size Wy, worker recruitment Ry, and worker
dismissal Fy. Social performance 1s represented using two distinct indices: workforce stability W S;and worker
satisfaction T'S;.

All decision variables and model parameters are consistently defined in Table 4 and Table 5, respectively,
to ensure clarity and avoid notational ambiguity throughout the mathematical formulation.

Table 4. Decision Variables

Variable Description Unit
P Regular production in period ¢ unit
O. Opvertime production in period ¢ unit
S. Subcontracting in period ¢ unit
L Ending inventory in period ¢ unit
B. Backorder in period ¢ unit
W, Number of workers in period ¢ person
R Number of recruited workers in period ¢ person
F Number of dismissed workers in period ¢ person
U Auxihary variable for workforce variation linearization person

Aca Workplace accident index in period ¢ index
Sat, Worker satisfaction index in period ¢ index
SB ‘Workforce stability index (aggregate over planning horizon)  index
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The key parameters used in the economic, environmental, and social dimensions are presented below:

Table 5. Research Parameters

Variable Description Unit
D. Demand in period t unit
n Working days days
H Regular working hours per day Hours/day
k Production capacity per worker per day Unit/person/day
G, C, C. Production costs Dollar/unit
E., E., E. Carbon emissions kg CO./unit
En,, En., En.  Energy consumption kWh/unit
Ypr Vs Yo Waste generation Kg waste/unit
Wi Workforce stability limit person
H max allowable working hours hour
M overtime productivity multiplier -
U, Oz, Ols, Coefhicient linking overtime to accident risk -
n Service level parameter -

2.4 Analytical Framework and Model Formulation

This subsection presents the analytical structure and mathematical formulation of the proposed Sustainable
Aggregate Production Planning (SAPP) model based on Fuzzy Goal Programming (FGP). The multi-objective
planning problem is transformed into a single optimization model using a max-min FGP structure, which allows
economic, environmental, and social objectives to be addressed simultaneously. The formulation includes the
definition of objective functions, operational constraints, aspiration levels, fuzzy tolerances, and linear
membership functions, culminating in the maximization of a global satisfaction variable A.
2.4.1 Objective Functions

The proposed Sustainable Aggregate Production Planning (SAPP) model incorporates five sustainability
objectives that represent the economic, environmental, and social dimensions of the planning problem. The
economic objective aims to minimize total production-related costs, including regular production, overtime,
subcontracting, inventory holding, backorder penalties, recruitment, layoffs, and labor costs. The environmental
objectives focus on minimizing total carbon emissions, energy consumption, and waste generation associated with
production and inventory activities. Meanwhile, the social objectives seek to enhance workforce-related
performance by minimizing workforce instability and maximizing worker satistaction. These objectives are
formally expressed through mathematical formulations, as presented in Equations (1) through (6).

Economic objective (Total Cost):

T

TC, = Z cpPe + o0 + ¢S + cply + ¢y By + cyRy + cpFy + ¢, (H - ny - W) (1)

i=1

Environmental objectives:

T
TE = z Eth + ESSt + EOOt + ElTlIf (2)
i=1
T
EN = Z En, Py + EngS; + En,0¢ + Eng, 1, 3)
i=1
T
WL = Z prt + VsSe + Vo0t + Vinle @
i=1

Social objectives:
Workforce stability is measured as the total fluctuation in workforce size:

U, =W, —W,_, ()
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Worker satisfaction is represented as a linear index influenced by workforce size, overtime, and layoffs:

T
SAT = Z(Q3Wt - 0(10t - (Zth) (7)
i=1
2.4.2 System Constraints
The proposed SAPP model is subject to a set of deterministic operational constraints to ensure feasibility

of production, workforce, inventory, environmental, and service-level decisions.
Inventory balance and demand satisfaction:

P+0,+S+1,_,—1,+B,_;—B,=D, Vt @®)
Regular-time production capacity:
P.<K-H-n,-W, Vvt ©
Overtime production capacity:
0, < K- W (Mmpoyr — He) VE

Workforce evolution:

W,=W,_,+R,—F, Vt (11)
Workforce stability limit:
Wy = Wil < Sum (12)
Layoff limit:
Fe < Ljjpm - Wi VI (13)
Environmental constraints:
TE < Eqp (14)
En < Engg,
WL <WLeap (15)
Service level constraint:
B, < (1—a)D, (16)
Non-negativity constraints:
P, 04, 8,1, B, Ry, Fr =2 0Vt (17)

2.4.3 Fuzzy Goal Programming Structure

To integrate the multiple sustainability objectives, a max-min Fuzzy Goal Programming (FGP) structure is
employed. For each objective j, a membership function y;is defined to represent the degree of satisfaction with
respect to its aspiration level and tolerance range. In this study, deviation-variable-based goal programming is not
employed; instead, satisfaction levels are directly modeled using aspiration-based fuzzy membership functions.
The main objective of the FGP model is to maximize the global satisfaction level A, subject to:

maxAs.t A<y, Vi (18)

]
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2.4.4 Aspiration Levels and Fuzzy Tolerances

In the Fuzzy Goal Programming (FGP) framework, each sustainability objective 1s characterized by an
aspiration level and an associated tolerance range that reflect acceptable deviations from the desired performance.
Unlike deterministic optimization, where target values are imposed as rigid constraints, the use of aspiration-
based fuzzy goals allows flexibility in balancing conflicting objectives while preserving the feasibility and
interpretability of the solution.

For each objective z, the aspiration level g,is derived from the corresponding baseline value Z baseline
which represents the system performance before the incorporation of fuzzy sustainability trade-offs. The baseline
values are obtained from the non-fuzzy aggregate production planning solution and serve as reference points for
constructing fuzzy membership functions. The aspiration level is defined as a proportional adjustment of the
baseline value, expressed as:

— baseline
gZ - (ZZ ’

where ais a scaling parameter that depends on the direction of optimization.

For minimization objectives—including total production cost, carbon emissions, energy consumption, and
waste generation—the aspiration level is set using @ = 0.9, corresponding to a 109% improvement relative to the
baseline. This choice reflects a realistic performance enhancement target that is sufficiently ambitious while
remaining attainable under operational and sustainability constraints. For maximization objectives related to
social sustainability, the aspiration level is set at the baseline level (¢ = 1.0), reflecting the objective of preserving
or marginally improving workforce-related performance without imposing overly restrictive targets.

To capture operational flexibility and prevent infeasibility, a worst acceptable level g¥°"stis also specified
for each objective. This level defines the boundary beyond which performance is considered unacceptable and
1s expressed as:

worst — baseline
9:°"" =Bz

where fdenotes the tolerance parameter. For minimization objectives, f = 1.51s adopted, allowing
deviations of up to 509 above the baseline value. For maximization objectives, the worst acceptable level 1s
defined using B = 0.9, permitting limited deterioration while maintaining social feasibility.

The selection of the scaling parameters @and Sserves two main purposes. First, it normalizes objectives with
different units and magnitudes, enabling their integration into a unified satisfaction scale within the FGP
framework. Second, it prevents dominance of any single objective by bounding feasible deviations within a
realistic operational range. These aspiration levels and tolerance limits form the basis for constructing linear
membership functions in the subsequent subsection, which translate objective values into degrees of satisfaction
used to determine the global satisfaction level of the system.

2.4.5 Linear Membership Functions

For objectives requiring minimization, the membership function is defined as:

1 x<g, (19)
gworst —x
g;orst — g, <x< g;vorst

0 x> gworst
z

pz(x) =

For objectives requiring maximization, the membership function is defined as:

1 x < gyerst (20)
x — worst
uz(x) = { - gt <x<g,
z — 9z
0 X =g,

These linear membership functions ensure transparent and interpretable trade-offs between aspiration
achievement and deviation, enabling balanced compromise solutions across all sustainability objectives.

2.5 Summary of the Proposed SAPP-FGP Formulation

In summary, the proposed Sustainable Aggregate Production Planning (SAPP) model formulates the
production planning problem as a multi-objective linear optimization framework that explicitly integrates
economic, environmental, and social sustainability objectives. Operational decision variables ncluding
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production quantities, inventory levels, subcontracting, and workforce adjustments are linked to sustainability
objectives through aspiration-based fuzzy membership functions.

Fach objective 1s transformed into a normalized satisfaction measure, enabling heterogeneous performance
criteria with different units and scales to be evaluated on a common basis. A max-min Fuzzy Goal Programming
(FGP) structure is then employed to maximize the global satisfaction level A, ensuring that no single objective
dominates the solution and that trade-offs are resolved in a balanced manner.

Owing to the linear structure of the objective functions, constraints, and membership functions, the feasible
region forms a bounded polyhedral set, allowing the model to be efficiently solved using standard linear or mixed-
mteger programming solvers. This formulation provides a transparent and computationally tractable framework
for analyzing sustainability-oriented production planning decisions. The numerical behavior and trade-offs
mmplied by the proposed model are examined in the following Results and Analysis section.

2.6 Discussion of Assumptions and Methodological Implications

Several simplifying assumptions underpin the proposed SAPP-FGP model. Social sustainability indicators
are modeled using linear proxy functions derived from workforce size, overtime, and layofts. While these
approximations support computational feasibility and transparency, they may not fully capture nonlinear
behavioral responses or psychological factors present in real production environments.

Although fuzzy logic is employed, all numerical inputs are treated deterministically. In this context, fuzziness
represents imprecision in sustainability targets and managerial preferences rather than stochastic variability in
demand or costs [20], [21]. These assumptions enhance tractability and model interpretability but may limit
external validity. Accordingly, future research may extend the proposed framework by incorporating stochastic
demand, nonlinear social response functions, or empirically validated human resource data.

2.7 Software

The proposed SAPP-FGP model was implemented using Python as the primary programming language.
The mixed-integer linear programming formulation was solved using the PulLP optimization library. Data
processing and management were conducted using Pandas, while Matplotlib was employed for graphical
visualization. All computational experiments were executed m a Jupyter Notebook environment to ensure
transparency, reproducibility, and ease of model extension.

3. RESULT AND ANALYSIS
3.1 Baseline Performance of Sustainable Aggregate Production Planning

The baseline computation was conducted to establish a reference point for evaluating the effectiveness of
the proposed FGP-based SAPP model. The baseline solution represents the performance of the production
system prior to the application of fuzzy goal programming and covers all three sustainability dimensions:
economic performance (total cost), environmental impact (carbon emissions, energy consumption, and waste
generation), and social performance (workforce stability).

As summarized in Table 6, the baseline results indicate relatively high production costs and substantial
environmental impacts. These outcomes are primarily driven by the reliance on overtime production and
frequent workforce adjustments to accommodate demand fluctuations. From a social perspective, the baseline
scenario exhibits unstable workforce conditions, as reflected by high workforce variability caused by hiring and
layoffs. Consequently, these baseline values serve as the reference levels for constructing fuzzy membership
functions and defining aspiration targets in the subsequent optimization stage.

Table 6. Production System Baseline

Aspect Variable Baseline Value Unit
E.conomic Total Cost (T'C) 2.260.387.926 Dollar
Environmental  Total Emissions (TE) 121.002 Kg CO:.
Environmental Energy Use (EN) 21.385.877 kWh
Environmental Waste (WL) 160.225 Kg waste
Social SB Score

3.2 Fuzzy Goal Programming Optimization Results
The Fuzzy Goal Programming (FGP) model was applied to a 12-period annual planning horizon. The
optimization yielded a global satisfaction level of

A =0.6746

indicating that the system achieved approximately 67% of the predefined fuzzy aspiration targets. In the
context of a max-min FGP framework, this value represents a balanced compromise solution in which all
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sustainability objectives—Total Cost, Emissions, Energy Use, Waste, Workforce Stability, and Worker
Satisfaction—converge at a common satisfaction level. This result confirms that no single objective dominates the
optimization outcome and that trade-offs among conflicting goals are resolved systematically.

Table 7. Comparison Between Baseline and FGP Optimization Results

Aspect Variable Baseline Value FGP Result Change Unit
Economic Total Cost (TC) 2.260.387.926 1.870.278.476 1 17% Dollar
Environmental  Total Emissions (TE) 121.002 114.168 15.7% Kg CO:.

Environmental Energy Use (EN) 21.385.877 19.979.400 1 6.6% kWh
Environmental Waste (WL) 160.225 108.159 1 32.5% Kg waste

A comprehensive comparison between the baseline scenario and the optimized FGP solution 1s presented
in Table 7. The results show significant improvements across the sustainability dimensions, including a 17%
reduction in total production cost and a substantial 32.5% reduction in waste generation. Moderate reductions
are also observed for carbon emissions (5.7%) and energy consumption (6.6%). These improvements are
consistent with the objectives of the proposed SAPP-FGP model and demonstrate its effectiveness in
coordinating economic efficiency with environmental performance.

19 Comparison of Total Cost (TC)
I Baseline
. FGP
204
154
3
=
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Figure 2. Comparison of Total Cost (T'C)
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From a mathematical perspective, the graphical trends exhibit smooth and monotonic improvements when
transitioning from the baseline to the optimized FGP solution. The absence of abrupt slope changes suggests that
the optimal solution lies within the interior of the feasible polyhedral region rather than at extreme boundary
points. This behavior is consistent with the max-min FGP structure, in which the global satisfaction level Ais
governed by the most restrictive objective, leading to balanced adjustments across decision variables rather than
sharp trade-offs.
1.  Economic
Inventory trajectories remain stable without extreme fluctuations, reflecting controlled stock
management throughout the planning horizon. Backorders occur only in several periods and remain
within the required service level constraint (¢ = 0.99), indicating that demand fulfillment is prioritized
without sacrificing workforce stability or environmental feasibility.

2. Environmental
Total carbon emissions reach 114,168 kg CO,, remaining within the specified fuzzy tolerance (A =
21,000 kg). Emission reductions are primarily achieved by suppressing overtime production and
reallocating part of the production load to subcontracting, which is generally associated with higher
energy efficiency. Energy consumption amounts to 19,979,400 kWh, slightly exceeding the aspiration
level but still within the fuzzy tolerance (A = 4 million kWh) [27] [28]. Waste generation totals 108,159
kg and follows a linear relationship with regular production volume, indicating that waste levels are
driven mainly by production scale rather than inefficiencies.

3. Social
Workforce Stability (WS) reaches a value of 46,844, remaining within the defined fuzzy tolerance (A =
143,960). Worker Satisfaction (TS) attains a value of 1,025 with minimal deviation from its tolerance
(A = 3,150). These results reflect the model’s ability to limit overtime and layoffs while maintaining a
stable workforce structure [29] [30].

From a modeling standpoint, the proposed SAPP-FGP formulation constitutes a linear mixed-integer
optimization problem with linear objective functions and constraints, yielding a bounded feasible region and
guaranteeing the existence of a global optimum. Although multiple optimal solutions may exist in terms of
individual decision variables, the max-min FGP structure ensures stability of the global satisfaction level Aunder
bounded variations of fuzzy parameters, supporting the robustness and numerical reliability of the obtained
solution.

3.3 Sensitivity Analysis of Fuzzy Parameters

To examine the robustness of the proposed SAPP-FGP model, a concise sensitivity analysis 1s conducted
on the key fuzzy parameters, namely the aspiration scaling factor aand the tolerance parameter f. These
parameters directly influence the construction of the membership functions and, consequently, the global
satisfaction level A.

First, the aspiration parameter « for minimization objectives is varied within the range (0.85, 0.95)
representing target improvements of 5%-15% relative to the baseline solution. The results show a monotonic
decrease in the optimal satisfaction level A as ais reduced, indicating that more ambitious sustainability targets
lead to lower overall satisfaction. However, the model remains feasible for all tested values, and the relative
ranking of economic, environmental, and social performance indicators is preserved. This confirms that the
proposed formulation 1s not overly sensitive to moderate changes in aspiration levels.

Next, the tolerance parameter B is varied for minimization objectives within the interval (1.3, 1.6). As
expected, increasing f relaxes the worst acceptable performance bounds, resulting in higher values of A. The
observed relationship between f and Ais smooth and non-disruptive, with no abrupt changes in the optimal
production plan structure. This behavior suggests that the model responds consistently to changes in tolerance
width and does not rely on narrowly tuned fuzzy parameters.

Opverall, the sensitivity results demonstrate that the SAPP-FGP model exhibits stable and interpretable
behavior under reasonable variations of fuzzy aspiration and tolerance parameters. This confirms that the
numerical results reported in the previous subsections are robust and not driven by arbitrary parameter selection,
thereby strengthening the applied mathematical validity of the proposed approach.

3.4 Comparative Analysis

The optimized SAPP-FGP solution exhibits clear trade-off behavior among the economic, environmental,
and social objectives. Although further reductions in total production cost are theoretically possible, such
reductions would require increased overtime production or more aggressive workforce adjustments. These
actions would violate the workforce stability constraint and reduce worker satisfaction, thereby decreasing the
minimum satisfaction level across objectives. As a result, the economic objective becomes partially constrained
by social sustainability considerations at the optimum.
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Environmental objectives also play a critical role in shaping the compromise solution. Reductions in carbon
emissions and energy consumption are primarily achieved through the suppression of overtime production and
the selective use of subcontracting. However, imposing stricter environmental targets would increase reliance on
subcontracting, leading to higher production costs. This interaction illustrates a Pareto-like trade-oft between
economic efficiency and environmental performance within the defined fuzzy tolerance region.

Several constraints are binding at the optimal solution. The workforce stability constraint limits abrupt
changes in workforce size, while environmental caps on emissions and energy consumption restrict the feasible
solution space. In addition, the service level constraint ensures demand fulfillment and prevents excessive
backorders. The combined effect of these active constraints determines the achieved global satisfaction level 4 =
0.6746, highlighting the role of constraint interaction in producing a balanced sustainability-oriented production
plan.

3.5 Discussion

The results demonstrate that the proposed Sustainable Aggregate Production Planning model based on
Fuzzy Goal Programming (SAPP-FGP) is capable of generating balanced compromise solutions across
economic, environmental, and social objectives. The observed reduction in total production cost relative to the
baseline, although not maximal from a purely economic perspective, reflects the influence of environmental and
social constraints that limit aggressive cost minimization. This outcome is consistent with the underlying max-
min FGP principle, in which improvements in one objective are bounded by the satisfaction levels of the most
restrictive objectives.

From an environmental standpoint, the model effectively reduces emissions, energy consumption, and
waste toward their respective aspiration levels. The results indicate that emission reductions are primarily
achieved through the suppression of overtime production and a controlled increase in subcontracting, which
aligns with findings in related sustainable APP studies that associate overtime with higher energy intensity and
emissions. Energy consumption slightly exceeds its aspiration target but remains within the defined fuzzy
tolerance, highlighting the role of fuzzy constraints in accommodating operational realities during high-demand
periods. Waste reduction emerges as the most significant environmental improvement, suggesting that waste
levels in the system are highly responsive to optimized production scheduling rather than structural changes in
inventory or subcontracting.

Social sustainability outcomes further illustrate the compromise nature of the solution. Workforce stability
improves substantially as the model limits frequent hiring and layoffs, while worker satisfaction remains positive
despite the reduction in overtime. These outcomes are consistent with the structure of the social objective
functions, which penalize excessive workforce adjustments and overtime intensity. However, it should be
emphasized that the social indicators are represented using simplified linear proxy functions. While these
formulations enable integration into the optimization framework and provide meaningful directional insights,
they do not fully capture complex behavioral or psychological dimensions of human resource performance.
Consequently, the social results should be interpreted as indicative rather than predictive, and empirical validation
using real workforce data 1s required for stronger generalization.

When compared with related FGP-based and multi-objective aggregate production planning models
reported in the literature, the achieved global satisfaction level (4 = 0.6746) falls within the typical range of
compromise solutions observed under conflicting sustainability objectives. This comparison suggests that the
proposed model performs competitively while extending existing approaches through the explicit integration of
waste and social indicators within a unified FGP structure. Unlike purely cost-oriented APP models, the proposed
framework enforces sustainability trade-offs explicitly through aspiration levels and tolerance limits, thereby
avoiding solutions that are optimal in one dimension but unacceptable in others.

From a computational perspective, the optimization exhibits stable numerical behavior. The linear structure
of the objective functions, constraints, and membership functions allows the model to be solved efficiently using
standard mixed-integer linear programming solvers. Although the numerical experiments in this study focus on
a single adapted dataset, the formulation 1s scalable and can be extended to larger planning horizons or additional
objectives without fundamental changes to the model structure. Sensitivity and robustness analyses indicate that
moderate variations in aspiration levels and tolerance parameters primarily affect the value of the global
satisfaction level Arather than the qualitative structure of the optimal solution, reinforcing the interpretability of
Aas an indicator of sustainability trade-offs.

Overall, the discussion confirms that the SAPP-FGP framework provides both analytical rigor and practical
relevance. By explicitly modeling trade-offs, constraint activity, and satisfaction sensitivity, the proposed approach
offers decision-makers a transparent and flexible tool for sustainable production planning. Future research may
extend this work by incorporating stochastic demand, nonlinear social response functions, and empirically
validated human resource metrics to further enhance model realism and applicability.
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4. CONCLUSION

This study has developed a Sustainable Aggregate Production Planning (SAPP) model based on Fuzzy Goal
Programming (FGP) that integrates economic, environmental, and social objectives within a single optimization
framework. The main contribution of this research lies in the explicit formulation of a triple-bottom-line SAPP
model using an aspiration-based max-min FGP structure, which enables balanced compromise solutions without
relying on subjective objective weighting or strict goal prioritization. From a methodological perspective, this study
addresses a research gap identified in the literature, namely the limited availability of mathematically explicit
SAPP models that incorporate social sustainability indicators alongside economic and environmental objectives
in a linear and tractable formulation. The inclusion of workforce stability and worker satistaction as proxy-based
social objectives within the FGP framework extends conventional aggregate production planning models and
complements existing FGP-based approaches that predominantly emphasize cost and environmental
performance. The numerical results indicate that the proposed SAPP-FGP model is capable of producing
feasible and balanced solutions, in which all sustainability objectives achieve a common level of satisfaction. This
outcome confirms that sustainability trade-offs are systematically managed through aspiration levels, tolerance
ranges, and constraint interactions, rather than through ad hoc parameter adjustments. The results further
indicate the stability of the global satisfaction level under bounded variations of fuzzy parameters.

From a practical standpoint, the proposed framework provides a transparent and interpretable decision-
support tool for medium-term production planning under sustainability considerations. The linear structure of
the model ensures computational efficiency and facilitates implementation using standard optimization solvers,
making it suitable for practical applications where managerial preferences and sustainability targets are inherently
mmprecise. Several limitations of this study should be acknowledged. The numerical analysis relies on a single
adapted dataset, and social sustainability indicators are represented using simplified linear proxy measures rather
than empirically validated behavioral data. Future research may extend this work by incorporating stochastic
demand, empirically grounded social indicators, life cycle assessment (LCA) metrics, or alternative multi-
objective optimization approaches to further enhance the realism and generalizability of the proposed model.
From an applied mathematical perspective, this study contributes a fully linear, aspiration-based fuzzy goal
programming formulation for triple-bottom-line aggregate production planning, providing a rigorous and
transparent framework for modeling sustaiability trade-offs within a unified optimization structure.
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