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Abstract: Climate change, air and sea pollution, and social inequality are examples of current
challenges for global sustainability strategies. Manufacturing enterprises supplying the globalized
demand for products significantly contribute to these problems since they are responsible for several
environmental and social issues (e.g., greenhouse gases, waste, and poor working conditions). Re-
searchers have widely addressed these issues and warned politicians and society about the risk of the
collapse of ecosystems. Despite these warnings, enterprises still experience difficulties in improving
the sustainability of their production processes. Therefore, new technologies are required to support
them, so as to help them determine their production processes’ sustainability status considering
multiple aspects (economic, environmental, and social). The research presents a fuzzy decision
support system and a case study for sustainability-based production planning. For this approach,
systematic literature reviews were performed, analysing concepts methods for sustainability-based
production management and planning. The results show, among other things, that current methods
for sustainability-production planning are focused on single aspects of sustainability (e.g., energy or
waste planning). Therefore, a fuzzy decision support system was developed, simultaneously evaluat-
ing social, environmental, and economic aspects. The decision support system’s model identifies the
most significant opportunities in improving the production program’s sustainability and provides
recommendations on how to change it. The decision support system was tested and validated in a
case study in the production-planning laboratory at the University of Applied Sciences Emden. The
case study results elucidate problems, needs, and challenges affecting sustainability-based production
planning. Moreover, opportunities for future research were identified based on the limitations of the
case study.

Keywords: decision support systems; fuzzy logic; modeling and simulation; sustainability; sustain-
able development; sustainable manufacturing; production planning; Industry 4.0

1. Introduction

Globalization currently faces the challenge of meeting the continuously growing
worldwide demand for manufactured products and goods while simultaneously ensuring
sustainable development [1]. However, considering that the terms “sustainability” and
“sustainable development” have no standard definitions, it is necessary to clarify what they
mean in sustainable manufacturing practices.

The Brundtland Report by the World Commission on Environment and Development
proposed a still widely applied definition “development which meets the needs of current
generations without compromising the ability of future generations to meet their own
needs” [2]. Another widely accepted concept of sustainability is the Triple Bottom Line
(TBL) proposed by Elkington [3]. This concept has been used in several studies and de-
scribes sustainability as a balance of economic, environmental, and social pillars. According

Sustainability 2022, 14, 4092. https://doi.org/10.3390/su14074092 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14074092
https://doi.org/10.3390/su14074092
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0524-3100
https://orcid.org/0000-0002-0428-0930
https://doi.org/10.3390/su14074092
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14074092?type=check_update&version=1


Sustainability 2022, 14, 4092 2 of 19

to these widely accepted definitions and concepts, sustainable system development can
only be achieved if the needs of current and future generations of humans are considered
in terms of the three pillars of sustainability, of economic, environmental, and social.

The global problems and need for sustainability have been presented by researchers
in numerous reports in the last five decades, such as the study “Limit of Growths” [4,5] or
the Intergovernmental Panel on Climate Change (ICPP) special report “Global Warming of
1.5 ◦C” [6]. Moreover, the United Nations (UN) has acknowledged the need for sustainabil-
ity and has organized yearly conferences to discuss political goals and actions. The results
of this initiative include the Paris Agreement from the 2015 UN Climate Change Confer-
ence (UNCCC) in Paris [7] and the 2030 Agenda for the Sustainable Development Goals
(SDGs) presented at the 2015 UN Conference on Sustainable Development (UNCSD) in
New York [8]. Consumer expectations are also changing, and sustainability concerns affect
buying decisions. An increasing number of consumers are concerned with, for example,
product origin, fair payment, and animal welfare [9]. Despite warnings from researchers,
favorable political framework conditions, and changing consumer expectations, enterprises
still have difficulties improving the sustainability of their production processes. The prob-
lems include, for instance, the high-effort nature and the complexity of strategic, tactical,
and operative sustainability-based production management [10].

Enterprise development is generally achieved through strategic, tactical, and opera-
tional production management in order to create economic value, such as investment in
production capacities, material selection, and resource scheduling [1]. Sustainable enter-
prise development requires additional strategic and tactical planning efforts for new or
existing production processes [11], such as investments in on-site renewable energy supply,
the integration of recycling processes, and ergonomic design of workplaces. Therefore,
operational production management (so-called production planning) involves planning
and controlling the actual production activities within these framework conditions to pro-
duce an expected production output that is as sustainable as possible through, for example,
demanding available renewable energy, avoiding waste, and reducing occupational risks.

A production planning system supports production schedulers in planning production
processes—in accepting customer orders, controlling the transformation process of materi-
als to products, and delivering the products to the customers [12]. Conventional production
planning is a complex task because many factors of a production system contribute to its
planning processes, such as machine failures, breakdowns, and lack of materials. Address-
ing additional sustainability goals, such as limits for emissions, renewable resource usage,
and social issues, makes production planning much more effortful and complex [13–15].

Decision support systems offer one opportunity to assist sustainability-based produc-
tion planning by helping decision makers in operational, tactical, and strategic production-
management activities [16,17]. In a sustainability problem context, relevant data, informa-
tion, and knowledge are collected, prepared, and evaluated, with a focus on sustainability
goals. Based on the evaluation results, recommendations are provided by the decision
support system to the decision maker with regard to operative decisions that improve sus-
tainability aspects. Therefore, decision support systems can be used to reduce the burden
and complexity of production planning performed by considering additional sustainability
goals [13,18,19]. For this approach, research is required to identify relevant and suitable
sustainability planning goals and to develop a suitable model that can evaluate these goals
for the considered production system.

The paper presents a formulation and case study of a Fuzzy Inference Model (FIM)
developed for sustainability-based production planning. The FIM helps to identify im-
provement potentials for sustainability and offers recommendations to the production
scheduler. The case study demonstrates the functionality of the FIM, considering sev-
eral production scenarios. Moreover, problems, needs, and challenges are identified for
production planning by considering sustainability aspects.

The paper’s structure is as follows: Section 2 presents sustainability definitions and a
literature review regarding decision making for sustainability-based production manage-
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ment. The scope of the case study is illustrated in Section 3. Based on this scope, the FIM
for production planning is formulated in Section 4. Section 5 presents the case study results
a nd discussion. Finally, the general research results are discussed in Section 6, followed by
the conclusion and recommendations for future work in Section 7.

2. Literature Review

The following subsections present the authors’ understanding of sustainability and
production planning based on common definitions and concepts. Moreover, systematic
literature review results are presented of commonly used decision-making methods, goals,
and variables for production management according to sustainability aspects.

2.1. Definition of Production Planning According to Sustainability Aspects

As mentioned before, sustainable development is widely defined as “development
that meets the needs of the present without compromising the ability of future generations
to meet their own needs” [2]. This definition of “sustainable development” has become very
common. However, its meaning for designing or improving an existing system, especially
for manufacturing systems, remains quite vague. Generically, to develop a system means
to first assess the actual improvement potential of the current context compared to an
envisaged better state and, second, to identify alternative lines of action to reach this better
state and then implement the ones that are acceptable, viable, and feasible [20]. Moreover,
the flexibility of systems plays an essential role and must also be considered for responding
to potential events or context changes affecting the system’s intended performance [21].

From a manufacturing perspective, production planning tools are used to determine
and optimize the future states of manufacturing systems according to actual framework
conditions (e.g., available resources), planning goals (e.g., specific production output), and
production system flexibilities. Production flexibility indicates the production system’s
ability to adapt to changing framework conditions and considered planning goals. It can be
expressed by the opportunity to handle different materials, change production sequences,
and shift production tasks, among others [21].

However, production planning is already well described in the standards and liter-
ature for production management. It is defined as a decision-making process by which
to schedule the timely acquisition, utilization, and allocation of production resources
(machines, labor, and material inputs) to specific production activities in the short term,
producing a specific production output [22]. Conventional production planning aims to
reach a manufacturing status that satisfies customer requirements in the most efficient way
regarding product quantity, quality, and economic aspects [23].

For sustainability purposes, the goal of production planning must be extended to
encompass environmental and social aspects [13,24]. For this approach, several definitions
exist to describe the sustainable status that manufacturing systems need to reach with the
help of production planning tools [25]. For example, the US Environmental Protection
Agency (EPA) proposed the following definition for sustainable manufacturing: “The
creation of manufactured products through economically sound processes that minimize
negative environmental impacts while conserving energy and natural resources. Sustain-
able manufacturing also enhances employee, community, and product safety” [26]. Despite
being widely used [25], this definition provides only a basic view of sustainable manu-
facturing. For sustainable decision-making purposes, the economic, environmental, and
social aspects must be described in more detail [27,28], by considering, for example, specific
production costs, Greenhouse Gas (GHG) emissions, and employees’ safety and health.

However, a definition for sustainability-based production planning is derived from
these commonly accepted and used definitions of sustainable development, sustainable
manufacturing, and production planning. This paper defines sustainability-based produc-
tion planning as “the planning of production activities to achieve conventional (economic)
production goals, ensuring the enterprises’ operation. Moreover, additional sustainability
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goals must be achieved, avoiding, reducing, or compensating environmental damages and
social issues” [29].

2.2. Decision-Making Methods for Production Management According to Sustainability Aspects

The following literature review results have been adapted from previous systematic
literature reviews conducted by the authors [27,29,30]. For this approach, the results were
updated, newly published literature was accounted for, and adapted for the following re-
search questions: What are commonly used decision-making methods, goals, and variables,
and how can these methods be adapted for sustainability-based production planning?

First, a suitable decision-making method must be selected to address a sustainabil-
ity problem in the context of production systems. For this purpose, 26 decision-making
studies for production management were reviewed, which used one or multiple decision-
making methods to simultaneously evaluate economic, environmental, and social sustain-
ability aspects (see [27]). Table 1 presents the literature review results for the decision-
making methods that have been identified relating to strategic, tactical, and operational
production planning and management activities, including product and production de-
sign (1), production planning (2), production (3), and remanufacturing of processes and
products (4).

Table 1. Number of decision-making methods relating to strategic, tactical, and operational produc-
tion management activities.

Decision-Making Method Design
(1)

Planning
(2)

Production
(3)

Remanufacturing
(4) Total

Analytic Hierarchy and Network Process (AHP/ANP) 9 0 5 0 14
Fuzzy Logic 3 0 6 2 11

Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) 1 0 1 1 3

Elimination Et Choix Traduisant la Realité (ELECTRE) 1 0 0 1 2
Weighted Sum Model (WSM) 2 0 0 0 2

Preference Ranking Organisation Method for Enrichment
Evaluations (PROMETHEE) 2 0 0 0 2

Sustainability Balanced Scorecard (SBSC) 0 0 1 0 1
Complex Proportional Assessment of Alternatives (COPRAS) 0 0 1 0 1

Interpretive Structural Modeling (ISM) 0 0 1 0 1
Nondominated Sorting Genetic Algorithm (NSGA) 0 0 0 1 1

Grey Relational Analysis (GRA) 1 0 0 0 1
Decision-Making Trial and Evaluation Laboratory

(DEMANTEL) 1 0 0 0 1

Monte Carlo Simulation 1 0 0 0 1
Preference Set-based Design (PSD) 1 0 0 0 1

In contrast to the literature review for a multicriteria analysis from Herva and Roca [31],
Analytic Hierarchy and Network Processes (AHP/ANP) were found as the most used
decision-making approach for sustainability-based production management. This result is
consistent with the literature review for multicriteria methods conducted by Diaz-Balteiro
et al. [32]. It seems that the combination of AHP/ANP with a different technique to weigh
and evaluate the sustainability variables (e.g., fuzzy logic) is a commonly used method
for solving sustainability decision problems. However, no decision-making method was
identified for production planning that simultaneously evaluates the economic, environ-
mental, and social aspects. The identified production planning approaches were limited
to a single sustainability aspect, which was also concluded in the literature review for
sustainability in operation scheduling conducted by Giret et al. [13] and Jamwal et al. [15].
Moreover, the literature review results show no trend related to specific decision-making
methods and production management activities. A reason for this result could be that
the selection of decision-making methods follows no generally accepted procedure, and
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decision support system developers did not clearly explain the selection of any specific
decision-making method. However, another reason could be that the categorization of the
decision-making methods is too generic. A more detailed categorization of the decision-
making methods is required, for example, by accounting for enterprises’ branch, specific
sustainability problems, type of production, or product.

Second, relevant sustainability goals and variables need to be selected for sustainability-
based production planning. As mentioned above, the number of studies on decision-
making approaches to production planning that simultaneously consider economic, envi-
ronmental, and social factors is very limited. Therefore, the systematic literature review
criteria were changed, and 62 production planning studies were reviewed that included at
least two sustainability aspects (see [29]). Figure 1 presents the literature review results for
the identified sustainability goals and variables in relation to the TBL. The results present
19 unique sustainability goals and variables sorted by the frequency of their use in the
reviewed studies.
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For the economic sustainability aspect in their decision-making methods, most studies
consider the production time in the form of makespan to finish the job, processing time,
or the tardiness time. These economic goals and variables are usually combined, by
considering environmental sustainability goals, such as energy demand, water use, or
carbon dioxide emission. The social dimension is mainly evaluated, considering the risks
for injuries associated with the production planning. However, fewer studies have been
found to encompass the social dimension compared to the other aspects, which confirms
the literature review findings of Giret et al. [13].

Moreover, the selection of variables follows no commonly accepted procedure, being
selected subjectively by the researchers based on no objective set of rules. Therefore, the
published decision-making results can hardly be considered for similar decision-making
problems. Thus, common criteria and selection procedures for methods and variables are
required (e.g., the sustainable variable framework proposed by NIST [33]) for the sustain-
able evaluation of manufacturing processes to objectively evaluate sustainability aspects
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and to make the decision-making results more transparent and comparable. Moreover,
standard procedures and methods for sustainable evaluation would also help to avoid
“greenwashing” of products and production processes by enterprises considering, for
example, an incomplete overview of sustainability aspects [34].

In general, the systematic literature review results for the decision-making method
and sustainability goals and variables show that fuzzy decision-making models are one
opportunity in the decision-making processes for sustainability-based production man-
agement (see [29]). The fuzzy decision-making models consider, for example, design
uncertainties [35], process alternatives, and product alternatives [14,36,37]. Moreover, sev-
eral fuzzy decision-making models support the strategic decision-making of the enterprises
using different sustainability variable frameworks, such as the Global Reporting Initiative
(GRI) [38], ISO 26000 [39], and individual frameworks [40,41].

However, existing fuzzy decision-making models for strategic production manage-
ment cannot be directly adapted for operative production planning, which is the focus
of this paper. The presented fuzzy decision-making models analyze sustainability goals
and variables by considering the ergonomic design alternatives of workplaces or on-site
renewable energy plants, which affect the production system in the long term. For opera-
tive production planning, the model must consider variables that analyze the production
system in a short time (e.g., day-to-day schedule), such as daily accumulated physical
stress on the worker and daily renewable energy availability. Moreover, the identified
fuzzy decision-making models only apply to specific products (e.g., evaluating product
design options [37,42]) and processes (e.g., evaluating supply alternatives for energy [43]
and material [36]). Operative production planning requires flexible and generic inference
models that can be easily customized for different production situations that produce
different amounts and kinds of products.

3. Scope of the Case Study

The case study uses data and information from the lab Learning Factory 4.0 of the
University of Applied Life Sciences Emden/Leer [44]. The learning factory demonstrates
a job shop manufacturing system producing products in different colors (white, red, and
blue) [45]. For the case study, the learning factory was simulated using the simulation
software AnyLogic®. The following section describes the scope of the case study based on
the definition for production planning (see Section 2.1) and the framework conditions of
the learning factory.

3.1. Production and Sustainability Goals

Based on this definition of sustainability-based production planning (see Section 2.1),
Figure 2 presents the general framework of sub-goals and variable categories for the
proposed FIM for production planning. The FIM aims to determine the most significant
potential to improve the sustainability status with the help of production planning. The
improvement potential consists of the production goal (f) combined with sustainability
goals expressed by the improvement potential (µP). The sustainability improvement
potential combines variables that determine the sustainability state (µS) and the production
flexibility (µF) to improve the production programs’ sustainability.

Based on the goal and variable category framework, Table 2 presents the specific plan-
ning production, sustainability goals and related variables (µS and µF) for the case study.
The production and sustainability goals are defined based on the literature review results
for commonly used sustainability goals and variables (see Section 2.2). The production
goal is limited to the production output. It is assumed that all delivery dates are met for
the manufactured products. Therefore, typical planning goals for the processing times are
not considered. The sustainability goals consider different sustainability aspects that save
on natural resources (1) and production costs (2), and that avoid social impacts (3).
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Table 2. Production planning goals and variables for the case study [29].

Production Goal Potential to Improve the Sustainability of the Production Program

Total Product Output Rate

• White Product Output [Products/h]
• Red Product Output [Products/h]
• Blue Product Output [Products/h]

Use of Renewable Energy Potential:
µS,1: Renewable Energy Utilization [Wh]
µF,1: Average Queue Time at Resources [s/product]
Use of Reused Carrier Potential:
µS,2: Total Reused Carriers [carriers/h]
µF,2: Total Product Output Rate [products/h]
Reduction of Human Stress Potential:
µS,3: Accumulated Work Load Peak [kJ]
µF,3: Average Queue Time Warehouse [s/product]

3.2. System Boundaries of the Learning Factory

Based on the production and sustainability planning goals, Figure 3 presents the
system boundaries of Learning Factory 4.0, collecting the required data for the case study.
For this approach, the system boundaries present relevant functional units and material
flows for the case study. The system boundaries border the relevant functional units and
material flows for the case study. Moreover, the system boundaries are the basis for the
decision behavior, improving the sustainability of the considered production program.
The functional unit production process, renewable energy plant, carrier reuse process,
and material preparation offer different framework conditions for the sustainability states,
which are evaluated by considering generally accepted sustainability rules [46–48]. For
example, the functional unit renewable energy plant produces renewable energy for the
production process. The renewable energy generation depends on weather conditions and
cannot be controlled. Therefore, there are different cases of renewable energy supply that
have different sustainability effects.
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• If the renewable energy generation is equal to the energy demand, no renewable
energy is sold to other companies.

• If the renewable energy generation is higher than the energy demand, the production
program can be changed to increase the renewable energy demand, renewable energy
can be stored, or renewable energy can be sold to other companies.

• If the renewable energy generation is lower than the energy demand, the production
program can be changed to decrease the energy demand, or energy needs to be satisfied
by purchasing from an external energy supplier, which causes higher energy costs and
(in the case of conventional energy) indirect GHG emissions. Therefore, the energy
demand should be reduced as long as it is economically possible.

The defined case affects the decision-model behavior as follows. The renewable energy
demand of the production system should always be as high as possible (µS,1 = 1). In
the case of renewable energy availabilities (µS,1 < 1), the renewable energy demand can
be increased by, for example, shifting production activities in times of high renewable
energy availability. These planning actions assume a flexible production program (µF,1 = 1).
However, if the production flexibility is low (µF,1 < 1), the production program needs to
be changed, increasing the flexibility through, for example, changing the release times for
production orders. More examples of decision-making processes of the FIM are presented
in Section 5.2.

4. Formulation of the FIM for Sustainability-Based Production Planning

The FIM basic concept for production planning was documented in previous ar-
ticles (see [49]), illustrating the general model scope and a first model formulation for
sustainability-based production planning. This concept was further developed and tested
using an initial case study (see [29]). That case study was extended after considering
multiple sustainability goals and production scenarios.

The results are presented in this paper. This section presents the formulation of
the FIM:

1. Determination of membership functions for the fuzzification process;
2. Selection of fuzzy operators for the inference model;
3. Definition of functions for the defuzzification process.
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4.1. Fuzzification

As the first step of the fuzzy model, the fuzzification process transforms the crisp
values of a variable (x) into dimensionless fuzzy values (µx) using fuzzy sets. A fuzzy set
interprets the degree of membership to an impression (e.g., small, young, or high) using
membership functions, which map each input element of a variable to a value in the interval
zero to one [50]. Variables for sustainability originate from a variety of scales and units,
which are not always consistent with each other. In fact, lower values may mean better
sustainability states for some variables but worse for others. For example, sustainability
improves when waste generation decreases but weakens when renewable energy demand
decreases [51]. Therefore, the membership functions must be carefully designed regarding
the considered goal and the variable’s nature for sustainability [52]. Common determination
methods are, e.g., mathematical models, sensitive analysis, or expert experience [29]. Based
on the case study scope (see Section 3), Table 3 presents the shape of membership functions,
the description of the fuzzy set values, and its mathematical formulations for the case study.

4.2. Inference Model

In the second step, the fuzzy values (µx) must be computed using one or multiple
fuzzy operator(s) [50]. For the inference processes, three basic fuzzy operator types have
different effects (e.g., degrading or reinforcing) on the model outcome [53]: intersection
operators (t-norm), union operators (s-norm), and average operators. Additionally, the
fuzzy operators can be parametric or nonparametric, and multiple fuzzy operators can be
combined to form a customized fuzzy operator function.

Several fuzzy operators were tested for the proposed inference model, representing
the expected fuzzy model outcome for known sustainability states (see [29]). Finally, a
customized fuzzy operator function was defined using basic nonparametric fuzzy operators.
The customized fuzzy operator function calculates the sustainability improvement potential
(µSP) in two steps. First, the fuzzy values for the state of sustainability (µS,j) and production
flexibility (µF,j) are combined, determining the sustainability improvement potential (µSP,j)
for single sustainability goals (see Equation (1)).

µSP,j =
1− µS,j + µF,j·

(
1− µS,j

)
2

(1)

Second, the fuzzy operator was selected to aggregate the multiple sustainability im-
provement potentials to evaluate the overall potential to improve the production programs’
sustainability (µSP). This operator was derived from the production planning definition of
the proposed FIM (see Section 2.1). According to the definition, all production and sustain-
ability goals must be achieved. Therefore, the overall potential is evaluated using a union
operator (in this case, the max operator) as this operator assesses the highest sustainability
improvement potential for a given production program (see Equation (2)).

µSP = ∪
j
µSP,j = max(µSP,1; . . . ; µSP,j) (2)
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Table 3. Overview of fuzzy sets for the case study.

Variable Membership Function Shape Description Value x1 Description Value x2 Membership Function

Renewable Energy Usage
(REU) µS,1
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4.3. Defuzzification

In the third step of the FIM, the potential to improve the production sustainability
fuzzy value (µSP) is defuzzified. In general, the defuzzification process converts a fuzzy
value to a crisp value using a defuzzification method [54]. The height method was applied
for the FIM (see [29]). This method defines an output function to determine the model
outcome. For this approach, three sustainability improvement potential classifiers were
defined to interpret the aggregated fuzzy value: low, medium, and high. The potential
classifiers have the following meanings and consequences for the improvement of the
sustainability decision-making process:

• Low improvement potential indicates a high state of sustainability. Therefore, no more
action is required to change the production program. The range should be as close
as required to zero because higher values decrease the planning effort to reach a low
sustainability state.

• High improvement potential indicates a low or medium state of sustainability and
high production flexibility. Therefore, the production program can be adjusted to
improve sustainability. According to the expected model outcome, the range should
begin between 0.55 and 0.75, which was determined by initial simulation experiments.

• Medium improvement potential indicates a low or medium state of sustainability
and low production flexibility. The production must be adjusted to increase pro-
duction flexibility. The range is between low and high potential to improve the
production program.

5. Case Study Results for Sustainable Production Planning

In general, the proposed FIM aims to determine the most significant potential to
improve the sustainability status with the help of production planning. Furthermore, FIM
functionality is demonstrated in a case study, through which the preparation, results, and
discussion of the limitations are presented.

5.1. Simulation Parameter and Scenarios

The FIM and decision-making process were tested by simulating 27 scenarios that were
run in the Learning Factory 4.0 lab, all of which differ in terms of the known sustainability
and production flexibility production conditions. The simulation results are compared with
expected results, thereby verifying the validity of the proposed FIM.

The production conditions differ in three states for production utilization, renewable
energy availability, and external carrier input (see Table 4). The scenarios aim to analyze
the behavior of the FIM in 27 scenarios for low, medium, and high sustainability and
production flexibility framework conditions.

Table 4. Scenarios for proof of concept.

Production Condition Production Output Renewable Energy Availability External Carrier Input

Low 14.9 products/h December 2020 4 products/h
Medium 17.8 products/h February 2021 8 products/h

High 21.8 products/h July 2021 12 products/h

The production output is directly controlled by the material input. The production
output was determined based on system tests varying the material input per hour. The
highest production output of the learning factory is 21.8 products/h, which was set as a
high condition for the case study. The low and medium production conditions were set
based on empirical knowledge from the lab operation experience.

The renewable energy availability depends on weather conditions and cannot directly
be controlled. For the case study, three existing renewable energy generation profiles
were considered. The profiles represent typical renewable energy generation cases for a
solar plant that produces renewable energy in winter (low renewable energy availability),
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autumn/spring (medium renewable energy availability), and summer (high renewable
energy availability). The data from a solar plant were collected and analyzed at the
University of Applied Sciences Emden/Leer [55]. For this approach, 15 min time-interval
profiles of daily average renewable energy generation were determined using data obtained
for the following months: December 2020, February 2021, and July 2021. The external
carrier input is controlled by rates based on initial simulation experiments. Finally, the
following basic simulation parameters were set for the Learning Factory 4.0 simulation
model and FIM:

• It was assumed that the production goal (f) was always fully achieved.
• The accumulated work stress started at zero.
• A total of 1000 Monte Carlo simulation runs were performed to determine the

average values.

5.2. Case Study Results

Figure 4 presents an overview of the scenario results for the sustainability improve-
ment potential. Several scenarios have the same or similar results. The scenarios were
sorted by increasing sustainability improvement potential (i.e., low to high). The resulting
clusters are explained by considering some example scenarios. Moreover, the results are
discussed regarding the level of satisfaction when the FIM outcomes meet the expectations.
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Figure 4. Scenario results overview.

Four scenarios point to a “low sustainability improvement potential” as an FIM
outcome. For instance, in scenario 9, the FIM indicates that all sustainability goals were
fully achieved (µS,1 = µS,2 = µS,3 = 1) due to a low production output with high renewable
energy availability and external carrier input. Nevertheless, the FIM outcome shows low
production flexibility. Since the sustainability state is as high as possible, low flexibility does
not affect the FIM outcome. Therefore, the FIM offered no recommendations to improve
the sustainability of the production program.

For an FIM outcome with a “medium sustainability improvement potential”, the
production conditions for sustainability range between medium and high, and production
flexibility ranges between low and medium. These production conditions were simulated
in 14 scenarios. Despite a similar classification, the FIM reasoning differs depending on the
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sustainability state for singular sustainability goals. Therefore, two scenarios were selected
to explain examples of the medium sustainability improvement potential.

In scenario 10 (see Table 5), the production output is medium, the renewable energy
availability is low, and the external carrier input is medium. Due to these conditions, a
medium sustainability improvement potential is indicated (µSP = 0.68). However, the FIM
identifies the carrier reuse variable as the main reason (µS,2 = 0.05). Due to the medium
production flexibility (µF,2 = 0.44), the simulation model recommended that the production
planner increase the carrier reuse process’s capacity and/or purchase more external reused
carriers from other companies (if possible).

Table 5. Proof of concept. Scenario 10 (S10) example.

Variable Value Fuzzy Value Aggregated Fuzzy
Value (µSP,j)

Aggregated Fuzzy
Value (µSP)

Defuzzification
(Model Outcome)

REU 15.92 Wh µS,1 0.75
0.24

0.68
Potential to improve the
production program’s

sustainability is Medium

QT_PP 10.11 [h−1] µF,1 0.91

CRU 9.26 [h−1] µS,2 0.05
0.68PO 17.78 [h−1] µF,2 0.44

WL 1106 µS,3 0.57
0.39QT_WH 17.54 [h−1] µF,3 0.84

In scenario 18 (see Table 6), the production output is medium, while the renewable
energy and external carrier inputs are high. Due to the medium production output, the
medium renewable energy and carrier inputs are sufficient to supply the production system
(µS,1 = 0.97, µS,2 = 1). However, the increased production output leads to a higher workload
at the material preparation stations (µS,3 = 0.58), which results in a medium sustainability
improvement potential (µSP = 0.34). Due to the medium production flexibility (µF,3 = 0.61),
the FIM recommended that the production planning process increases the breaks between
two material preparations and/or increases the workforce at the material preparation
station (if possible).

Table 6. Proof of concept. Scenario 18 (S18) example.

Variable Value Fuzzy Value Aggregated Fuzzy
Value (µSP,j)

Aggregated Fuzzy
Value (µSP)

Defuzzification
(Model Outcome)

REU 59.75 Wh µS,1 0.97
0.03

0.34
Potential to improve the
production program’s

sustainability is Medium.

QT_PP 11.29 [h−1] µF,1 1

CRU 16.95 [h−1] µS,2 1.00
0.00PO 17.78 [h−1] µF,2 0.44

WL 1105 kJ µS,3 0.58
0.34QT_WH 12.56 [h−1] µF,3 0.61

For an FIM outcome with a “high sustainability improvement potential”, production
conditions for sustainability and production flexibility range between medium and high.
These production conditions were simulated in nine scenarios. The selected FIM reasoning
example relates to scenario 14.

In scenario 14 (see Table 7), the production utilization, renewable energy availability,
and external carrier input are medium. Due to these conditions, the renewable energy and
external carrier are limited. The workload is also high, which results in a high improvement
potential (µSP = 1). In this case, the simulation model identifies the renewable energy
utilization variable as the main contributing factor (µS,1 = 0). Due to the high production
flexibility (µF,1 = 1), the simulation model recommended that the production planner
increases renewable energy utilization by shifting production activities to periods of high
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renewable energy availability and/or by reducing the production output in periods of low
renewable energy availability.

Table 7. Proof of concept. Scenario 14 (S14) example.

Variable Value Fuzzy Value Aggregated Fuzzy
Value (µSP,j)

Aggregated Fuzzy
Value (µSP)

Defuzzification
(Model Outcome)

REU 46.23 Wh µS,1 0
1

1
Potential to improve the
production program´s
sustainability is High.

QT_PP 11.29 [h−1] µF,1 1

CRU 13.26 [h−1] µS,2 0.59
0.29PO 17.78 [h−1] µF,2 0.44

WL 1105 kJ µS,3 0.58
0.37QT_WH 15.16 [h−1] µF,3 0.73

5.3. Case Study Results, Discussion, and Limitations

The case study demonstrates that the proposed FIM can determine the sustainability
improvement potential for multiple sustainability goals and offers recommendations for
improving sustainability. The FIM results were verified by comparing the expected results
for known sustainability and production flexibility conditions.

For this approach, the FIM was implemented and tested in the Learning Factory lab of
the University of Applied Sciences Emden/Leer. This lab offers ideal framework conditions
to test the FIM in a simulated environment. The FIM and decision-making process were
validated by evaluating 27 scenarios that offered known sustainability and production
flexibility conditions. Therefore, the FIM implementation and the tests performed are
deemed sufficient to reach Technology Readiness Level (TRL) three.

Nevertheless, several limitations were identified for the presented FIM formulation
and case study. The case study was limited to a job shop production system simulating a
repetitive production process. Other production types (e.g., batch and flow production)
have not yet been considered. Moreover, the case study was performed using a learning
factory lab that offers ideal test conditions. The FIM prototype should be applied in
industrial test cases, accounting for different production types and lot sizes (individual
production as well as series production) to reach TLR four and higher.

Besides this, the case study was limited to one production goal and three sustainability
goals. Due to the limited data provided by the learning factory, testing a greater number of
goals was not possible. For this approach, a high amount of production data is required to
evaluate several production goals (e.g., product forecasts, customer orders, delivery dates)
and other sustainability goals (e.g., production waste and effluent, health and safety data
of the employees) for a comprehensive sustainability evaluation of the learning factory.
These data must be connected to the production activities for planning purposes, which is
challenging even for a learning factory lab.

Moreover, it is assumed that the production goal for the total product output rate is
always achieved and is not adjusted for production planning purposes. In case of low
renewable energy availability or carriers, a production output decrease could be one option
by which to achieve the considered sustainability goals. However, a production output
decrease could also lead to missed production goals, which has additional consequences
(e.g., non-compliance with delivery dates).

Finally, the decision-making scope is focused on typical production and sustainability
processes and neglects management processes for inventory, maintenance, quality control,
and product refurbishment and remanufacturing. For this approach, more production data
and research are required to implement these processes in the FIM concept for sustainability-
based production planning.
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6. Discussion

In general, sustainable system development can only be achieved if the needs and
impacts for current and future generations are considered according to the following
three dimensions of sustainability [2,3]: economic, environmental, and social. Therefore,
decision-making models aim to predict and evaluate impacts on current and future systems’
sustainability (e.g., financial losses, environmental damages, social issues). However, it
has been difficult for enterprises to improve the sustainability of their manufacturing
systems. This difficulty is due to different needs, problems, and challenges faced in
sustainable manufacturing. Based on the literature review results and analysis of case
studies for production planning, the following general implications were derived from
different perspectives.

From an organizational perspective, the existing approaches for production planning
processes usually focus on partial sustainability aspects (economic and/or environmental).
More specifically, the social dimension has been neglected in previous research studies.
Several reasons for this fact were identified in the literature review. Driven by financial-
market expectations, most companies still consider the economic aspect more important
than the other two [56]. Moreover, Bhanot et al. pointed out that one of the main barriers
for implementing sustainability practices is the lack of knowledge and the complexity of
sustainability [10]. Moreover, the presented literature review shows that the sustainability
state of a manufacturing system can only be evaluated indirectly by considering a set
of variables [51,57]. The selection of variables and evaluation methods for sustainabil-
ity depends on the considered system and expert preferences. Moreover, sustainability
variables are usually compared against an ideal system state in the form of thresholds or
conditions that have been defined as sustainable. This definition is based on knowledge
from, e.g., experts, rules for sustainability, or political goals (e.g., SDGs). The lack of general
evaluation methods and variable selection criteria makes a comparison of sustainability
study results impossible. Therefore, new technologies and practices for sustainable man-
ufacturing should provide clear and transparent communication about the meaning of
sustainability (definition), goals, and related variables. Moreover, uniform selection criteria
and methods are required which compare evaluation results for sustainability studies.

From a technological perspective, digitalization is a key enabler for sustainability-
based production planning. Integrating data collection and analysis technologies in existing
processes is essential in determining sustainability benefits and impacts in manufacturing
processes. However, because of the lack of knowledge and complexity, manufacturing
enterprises do not know what and when to measure and how measured data can be con-
nected and analyzed to create new information to meet new management requirements for
sustainable development [58,59]. Moreover, the case study illustrated the amount of data
required to predict a production system’s future sustainability state for at least three sus-
tainability goals. For example, collected energy demand needs to be statistically analyzed
and correlated for single production activities, and producing specific products. Then, the
determined energy demand profiles need to be connected with future production programs
by predicting the required energy demand. The same procedure must be repeated for
different sustainability goals, which produce high amounts of data. Therefore, virtual-
ization and cloud-based services are required, planning and controlling manufacturing
operations [60]. Nevertheless, technical and organizational challenges of reusing data and
information must be understood to ensure that new technologies meet data requirements
for sustainability-based production planning. Moreover, the author suggests a focused
procedure of applying sustainability goals in production planning. The implemented
planning system should consider the most relevant sustainability aspects in the production
system only, where the sustainability impact of decision making is most beneficial.

From a human perspective, one of the most important criticisms for the previous three
industrial revolutions and their associated policies is the failure to solve the most pressing
issues that continue to face modern societies. These include climate change, chronic
diseases, and inequality. With the transition to Industry 4.0, policy and decision-makers



Sustainability 2022, 14, 4092 16 of 19

should rethink their behavior, considering its global impacts on current and future human
generations. Society at large should benefit from such industrial transformations because
consumers and producers are largely connected, and both can participate in the production
and consumption process [61]. Moreover, an important part of this transformation to
Industry 4.0 is the emphasis on being human-centered. The human-centered design allows
for a paradigm shift from independent automated and human activities to a human–
automation symbiosis characterized by the cooperation of machines with humans in work
systems which are designed not to replace the skills and abilities of humans but rather to
co-exist with and assist in becoming more efficient and effective [62,63]. However, it is
important to acknowledge individuals’ behaviors and interests in the various production
planning processes. The knowledge of what they do, where they do it, and how they do it
needs to be clearly understood to identify sustainability impacts on these individuals in
manufacturing systems.

7. Results and Outlook

Production planning that considers economic, environmental, and social aspects is
a complex and challenging task for manufacturing enterprises. Existing approaches for
sustainability-based production planning lack a clear definition for the considered system
and its sustainability problem. Moreover, the selection of decision-making methods and
sustainability goals and variables follows subjective reasoning. It is especially clear that
the social dimension has been neglected in previous approaches for production planning.
These are a number of reasons and issues behind why manufacturing enterprises have
problems in developing their production processes so that they are more sustainable.

The paper presents a concept and case study of a decision support system for
sustainability-based production planning to overcome these challenges for manufactur-
ing enterprises. For this approach, existing decision support systems were reviewed for
sustainability-based production planning by analysing selected decision-making methods
and sustainability goals and variables. The review results show that the selection of a
decision-making method follows no general guidelines or rules. There is no common
decision-making method for sustainability-based production planning. However, fuzzy
logic has been widely used for decision support systems for sustainable manufacturing
and therefore has also been used in this research, so as to evaluate sustainability goals
and variables. Moreover, the review results show a comprehensive collection of economic,
environmental, and social goals and variables, which are commonly used for production
planning. The relevance of these goals and variables are evaluated according to their
frequency of use in the literature.

Based on the sustainability goals and variables, an FIM was developed, which is able
to simultaneously evaluate economic, environmental, and social variables for production-
planning purposes. The model outcome indicates the most significant potential to improve
the sustainability of the planned production. Moreover, recommendations are made avail-
able to the production scheduler on how the planned production must be changed, thereby
improving sustainability. For this approach, variables for the sustainability state and the
production flexibility are combined through the use of fuzzy operators. The research shows
that common fuzzy operators are not applicable for this combination of variables. There-
fore, a new customized fuzzy function has been derived which evaluated sustainability
and production flexibility conditions.

Finally, a case study was conducted to test and verify the decision support system
concept for sustainability-based production planning. The lab Learning Factory 4.0 of the
University of Applied Sciences Emden/Leer was used for the case study. The learning
factory offers several opportunities for sustainability-based production planning, such as
energy plants for the on-site renewable energy supply and processes for the reuse, recycling,
or remanufacturing of materials and products. The FIM and decision-making process were
tested by evaluating 27 production scenarios and by considering economic, environmental,
and social goals and variables simultaneously. The FIM results were verified by comparing
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the model results with the expected results for the learning factory’s sustainability state
and production flexibility. In all scenarios, the FIM results meet the expected results.

Nevertheless, several limitations were identified for the presented case study, e.g., the
case study was limited to a job shop production system simulating a repetitive production
process in a lab environment. However, the implementation of the decision support system
and the tests performed are sufficient to successfully reach TRL three. In order to reach TRL
four and higher, the lab prototype should be applied in industrial test cases that include
different production types and lot sizes, e.g., individual production and series production.
Moreover, it is assumed that the production goal for the total product output rate is always
achieved and is not adjusted for production planning purposes. In the case of suboptimal
sustainability production conditions (e.g., low renewable energy availability), a production
output decrease could be one option by which to achieve the considered sustainability
goals. However, a production output decrease could lead to missing the production goals,
which has economic consequences (e.g., non-compliance with delivery dates).

Based on these limitations, the research offers several opportunities for future research.
The decision support system prototype should be applied to industrial-use cases, reaching
technology readiness levels of four and higher. For this approach, additional software
development is required that implements digital communication interfaces according to
industrial standards. Moreover, the case study was limited to three sustainability goals only.
Additional goals should be implemented after comprehensively analyzing the production
system´s sustainability. Finally, the decision-making scope is focused on typical production
processes and ignores management processes for inventory, maintenance, quality control,
product refurbishment, and product remanufacturing. Additional research is also required
to implement these processes in the concept for sustainability-based production planning.
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