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Abstract: Due to crises (e.g., climate crisis, extinction of species, shortage of natural resources,
human health crisis), customer requirements for conventionally produced products shift to more
sustainably produced products, reducing and avoiding negative environmental and social impacts.
Circular thinking in production systems offers new opportunities to meet these new customer
expectations. However, it enlarges new challenges for production planning too. Research gaps
exist in production planning approaches, considering all three sustainability aspects (economic,
environmental, and social) simultaneously. This paper presents a concept of a fuzzy inference
model (FIM) to assess the sustainability of production programs. The FIM concept is demonstrated
and tested using a single case study considering lab production schedules. The model’s outcome
indicates the most significant opportunities to improve production programs’ sustainability using
experts’ knowledge.

Keywords: sustainable production planning; circular economy; fuzzy inference model; sustain-
able development

1. Introduction

German industrial manufacturing of goods accounts for over 80% of the country’s
exports. This large number of exports lies at the heart of the German economy [1]. Moreover,
it is also responsible for several environmental crises, such as climate change, extinction
of species, and shortage of natural resources in Germany [2]. After nearly half a century
of intensive efforts and financial investments, Germany, as well as the global community,
is still far from solving sustainability problems in our time [3]. If creating sustainable value
means maintaining our current and future living standards [4], current production modes
have to change massively. In the current economic and political environment, the shift
from linear thinking (production, consumption, and disposal) to circular manufacturing by
closing material and energy loops becomes an important and challenging task, achieving
national and global sustainable development goals [5]. The circular economy’s research
topic seeks to address this challenge by improving the exchange of resources (materials
and energy) between production units and local industry networks.

The implementation of circular thinking in production systems and local industrial
networks offers new opportunities to exchange materials and energy, which can be recov-
ered from, e.g., by-products, waste, and effluent [6]. The synchronization of processes for
the generation and demand of these resources among production units within a factory or
industry park is a challenging production planning task [7]. Additionally, covering other
sustainability aspects in the production planning process increases the challenge. Several
problems in assessing sustainability need to be solved, such as combining qualitative and
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quantitative sustainability variables and solving several objective functions simultane-
ously [8,9]. Existing sustainable production planning approaches consider single variables
only, which leads to an incomplete sustainability assessment [8]. The social-sustainability
dimension, in particular, has been neglected in previous studies for sustainable produc-
tion planning [8,10,11].

In general, sustainability as a planning objective is a vague and complex problem
and cannot be described by a single measure [12]. For example, the sustainability of a
production system can be determined by variables considering, e.g., value added, use of
materials, and number of occupational accidents [13]. Therefore, sustainability needs to be
determined through a composition of functions of several variables for a specific evaluation
goal and scope [12,14]. Another issue is that mathematical models require input- and
output measurements to validate a model’s performance. Sustainability assessment models
consider several input measures, but the models lack output measures, e.g., production
sustainability [14]. Fuzzy logic provides opportunities to combine multiple qualitative
and quantitative input variables to determine the sustainability state of a system [15].
The relevance of fuzzy logic for sustainability decision making is also shown in previous
literature reviews for, e.g., green supply chain [16], energy management [17], sustainability
system assessment [18].

This paper presents a concept of a fuzzy inference model (FIM) to support production
planning processes and indicates the most significant opportunities to improve production
programs’ sustainability using experts’ knowledge. The FIM combines multiple variables
for the economic, environmental, and social aspects of sustainability to overcome the
presented challenges and issues. The model’s outcome can support decision-making in pro-
duction planning processes considering the exchange and demand of resources following
different objectives, such as decreasing production costs, saving resources, and improving
employees’ wellbeing.

The paper’s research methodology uses a single case study to demonstrate and test the
concept of the FIM for sustainable production planning. For this approach, first, a narrative
literature review has been performed to define the context and theoretical background
of the paper and the scope of the FIM. Second, the general mathematical formulation of
the FIM and a procedure to develop the FIM is presented. Third, the FIM parameter and
operators are tested in a single case study using simulation data for a lab job shop learning
factory for digitalization and sustainability [19].

Based on this research methodology, the structure of the paper is as follows. Section 2
presents the theoretical background and related literature about definitions for sustain-
able development, sustainable production planning, and examples of how fuzzy logic is
already used to evaluate systems according to sustainability aspects. The FIM’s general
scope is explained in Section 3, followed by the FIM’s general mathematical formulation
and procedure to develop the FIM in Section 4. Section 5 shows the single case study
results in developing and executing the FIM. Finally, the paper discusses challenges and
opportunities using the model in local manufacturing systems located in industrial net-
works, improving the overall sustainability to achieve national and global sustainable
development goals in Section 6.

2. Theoretical Background and Methods

This section presents the theoretical background and related literature to evaluate
production programs according to sustainable aspects using fuzzy logic. For this approach,
the first subsection presents definitions of sustainable development and sustainable pro-
duction planning. The second section shows fuzzy logic basics and examples of how
fuzzy logic is already used to evaluate enterprise management processes according to
sustainability aspects.
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2.1. Production Planning from a Sustainable Development Perspective

Sustainable production planning is rarely defined in the scientific landscape [20].
Therefore, the authors develop a definition using common definitions for sustainable
(system) development, sustainable manufacturing, and production planning.

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” [4]. This definition of sustainable development has become very familiar, while the
meaning of sustainable development, especially for manufacturing systems, has remained
vague. In general, to develop something means, first, to determine the potential of a system
to a fuller, higher, or better state and, second, to elaborate possible actions to reach this
better state [21].

From a production perspective, production planning tools are used to determine and
improve the state of future manufacturing systems. Production planning is already well
described in standards and literature for production management. It is defined as a decision-
making process to schedule the timely acquisition, utilization, and allocation of production
resources (machines, labor, and production inputs) to specific production activities in the
short term [22]. Conventional production planning aims to reach a manufacturing state
that satisfies customer requirements in the most efficient way in terms of product quantity
and quality [22,23].

Due to crises (e.g., climate crisis, extinction of species, shortage of natural resources,
health crisis) [2], the customer requirements for conventionally produced products shift
to more sustainably produced products that avoid negative environmental and social
impacts [24]. Therefore, the goal of production planning needs to be extended by an
environmental and social perspective [25]. For this approach, several definitions exist
to describe a sustainable state of manufacturing systems [26] that needs to be reached
with the aid of production planning tools. For example, the American Environmental
Protection Agency (EPA) proposed the following widely used definition for sustainable
manufacturing: “The creation of manufactured products through economically-sound pro-
cesses that minimize negative environmental impacts while conserving energy and natural
resources. Sustainable manufacturing also enhances employee, community, and product
safety” [27]. However, conventional production planning is already a complex task because
many factors of a production system contribute to its planning processes, such as large
production systems, changing product portfolio, unpredictable events, and machine break-
down. Addressing sustainability objectives, such as limits for emissions and resources,
the health status of employees in manufacturing operations scheduling, in addition to
classical production objectives for quantity and quality, makes production scheduling
much more complex [8,10].

From the presented and widely used definitions for sustainable development, sustain-
able manufacturing, and production planning, sustainable production planning for this
research contribution is defined as the planning of production activities to achieve a set of
production (output) goals by securing the operation of the production and achieving a set
of sustainability goals avoiding economic losses, environmental damage, and social issues.

2.2. Fundamentals for Sustainability Evaluation of Enterprise Systems Using Fuzzy Logic

Mathematical models require input and output measurements to validate the per-
formance of a model [28]. The sustainability assessment of systems lacks output data
because sustainability cannot be directly determined or measured. Assessing the degree of
sustainability of a system is a complex problem requiring expert knowledge and evaluation
of multiple input variables [12,14]. Fuzzy set theory is one opportunity to overcome this
problem, for several reasons.

In general, the fuzzy set theory was developed by Zadeh to take into account the
inherent uncertainty and complexity involved in the process of modeling a real-world
problem [15]. For this approach, fuzzy logic provides appropriate mathematical models to
access the state of systems using expert knowledge, which can be represented in various
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ways, such as mathematical functions, linguistic rules, numerical values, or linguistic
expressions [15]. Moreover, quantitative and qualitative variables can be normalized to
evaluate systems using soft thresholds [15].

In general, a fuzzy model consists of the following three key steps [29]:

1. The fuzzification step fuzzifies selected variables (x) into fuzzy values (µx) in an
interval between zero and one using membership functions.

2. The aggregation step aggregates the fuzzy values to a single membership value using
single or multiple fuzzy operators.

3. The defuzzification step converts the aggregated membership value into a crisp value
determining the fuzzy model’s output.

This general procedure is used to categorize the following literature review results,
which present existing approaches using fuzzy models for sustainability assessment (see
Table 1). The narrative literature review is focused on sustainability assessment models that
evaluate enterprise systems and included sub-systems, such as the production system and
product system. Other target systems, such as countries, households, and supply chains,
are not considered in the literature review.

The literature results state that fuzzy models are one opportunity in the decision-
making processes for product and process design and strategic enterprise planning, con-
sidering sustainability aspects. These models consider, for example, various design un-
certainties [30], process alternatives [31], and product alternatives [32–34]. Moreover,
several studies support the strategic decision-making of the enterprises using different
sustainability variable frameworks, e.g., Global Reporting Initiative [35], ISO 26000 [36],
and individual frameworks [13,37,38].

However, existing fuzzy models for decision support in sustainable product and
process design and strategic enterprise planning cannot be directly adopted for operative
production planning, which is a focus of this paper. These models consider variables that
are not applicable for operative planning. The developed fuzzy models analyze variables
considering, for example, ergonomic design of workplaces and design of renewable energy
plants, which affect the production system in the long term. For operative sustainable pro-
duction planning, the model must consider variables that analyze the production system
in the short term (e.g., day-to-day schedule), such as accumulated physical stress on the
worker and renewable energy availability. Moreover, the developed inference engines are
applicable for specific products and processes only. Operative production planning needs
flexible and generic inference engines that can be easily adapted for different production
situations producing different amounts and kinds of products [39]. Another problem
is that existing approaches for sustainable production planning consider single sustain-
ability aspects only. A decision-making process needs to be developed that is applicable
independently of the nature of the variable accessing the state of sustainability.
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Table 1. Existing approaches for the evaluation of systems according to sustainability aspects.

Reference Goal of the Model Target System Input Variables (Membership Function) Aggregation Defuzzification

[36] Ranking of relevant sustainability issues for strategic
decision-making Enterprise - 7 core subjects of ISO 26000 (Triangular MF) - Analytic hierarchy process Centroid defuzzification

[35] Corporate sustainability evaluation of an enterprise Enterprise
- 7 environmental indicators (Trapezoidal)
- 3 economic indicators (Trapezoidal)

- If-Then rules
- MIN-MAX operator Centroid defuzzification

[40] Ranking of GRI indicators for sustainability reporting Enterprise - Global Reporting Initiative (GRI) indicators - Analytic hierarchy process

[37] Social performance of an enterprise Enterprise - 60 social indicators (Triangular) - Weighted arithmetic averaging
operator Average score

[41] Corporate sustainability evaluation of an enterprise Enterprise - 18 indicators (Triangular) - If-Then rules
- MIN-MAX operator Height method

[13] Sustainable evaluation of a chemical plant Enterprise - 11 IChemE indicators (Triangular) - If-Then rules
- MIN-MAX operator Score

[31] Sustainability evaluation of renewable energy plants Production
- Basic indicators for the evaluation of the triple

bottom line (Triangular)
- If-Then rules
- Algebraic product aggregation Singleton defuzzification

[33] Sustainable electrical power generation Production
- Set of environmental, social, and economic

indicators (Triangular) - If-Then rules Centroid defuzzification

[42] Production planning of an assembly line Production

- Cycle time (Linear)
- Overall physical workload (Linear)
- Accumulated risk of postures (Non-Fuzzy

Goal)

- Weighted functional operator Genetic algorithm to maximize
aggregated value

[34] Ranking of pavement options Products
- 16 sustainability environmental and social

indicators

- Weighted geometric averaging
operator

- Weighted arithmetic averaging
operator

[32] Sustainable product design Product
- Set of environmental, social, and economic

indicators (Triangular) - If-Then rules Weighted score
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3. General Scope of the Fuzzy Inference Model Evaluating Production Programs
According to Sustainability Aspects

The definition of the scope is an essential element of sustainability assessment pro-
cedures. The scope includes a description of the system boundaries, relevant processes,
and corresponding input and output flows [43]. Figure 1 presents the generally applica-
ble presentation of the system boundaries (red dashed line) of a production system for
production planning.
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Figure 1. General system boundaries for production systems.

The production system contains different processes (containers) and input and output
flows (arrows) that differ depending on the manufactured products and company philos-
ophy for sustainable manufacturing. As mentioned above, production planning aims to
achieve a set of production (output) goals by securing the operation of the production.
In general, the following key process categories exist to secure the basic operation of the
production system [22]:

• The production process converts production inputs (raw materials, energy, workforce,
and information) into production outputs (products, by-products, emissions) with the
required quality, safety, and timeliness.

• The inventory process coordinates, directs, controls, and tracks inventory and re-
sources (material and energy) movements within the production system.

• The maintenance process maintains the equipment and tools to secure their avail-
ability for production processes and to ensure scheduling for periodic or preventive
maintenance.

• The quality process coordinates, directs, and tracks the processes that test materials
and equipment to measure and verify quality measures.

However, the presented FIM for sustainable production planning is focused on the
production processes. Inventory, maintenance, and quality processes are not considered
for the FIM in this paper because further research is required to implement these processes
in the FIM for the sustainability assessment. The presented production process needs to be
extended by processes enabling sustainable production.

The following sub-production processes are relevant for sustainable production
planning [7]:
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• The on-site generation of energy process provides energy to the production process.
The energy can be generated by, e.g., renewable energy plants, heating boilers, and en-
ergy recovery systems.

• The water and material reuse process returns effluent and used materials in the
production process, so long as the effluent and used materials still have an acceptable
quality level.

• The product refurbishment process returns products from the customer in the produc-
tion system. The product is repaired, cleaned, and sold as a second-hand product to
customers.

• The product remanufacturing process returns products from the customer in the
production system, too. The product is dismantled, repaired, cleaned, and sold as a
new product to customers.

However, the presented FIM for sustainable production planning is focused on the
on-site generation and recovery of (renewable) energy and reuse of materials (see also green
marked processes and flows in Figure 1). Product refurbishment and remanufacturing are
not considered for the FIM in this paper because further research is required to implement
these processes in the FIM for the sustainability assessment.

4. General Procedure and Mathematical Formulation of the Fuzzy Inference Model

Based on the general model scope, the following general procedure has been followed
to develop the FIM:

1. Selection of suitable variables for sustainable production planning,
4. Definition of membership function for the fuzzification process,
5. Selection of a rules engine and suitable fuzzy operator,
6. Definition of a function for the defuzzification process, and
7. Decision-making procedure for sustainable production planning.

The author expects readers of this paper are working in the scientific field of produc-
tion planning and sustainability assessment. Therefore, the following subsections describe
the procedure steps in a deductive methodology. First, general information is given about
the fuzzy set theory. Second, the fuzzy model’s mathematical formation is presented to
evaluate production programs according to sustainability aspects. Third, examples are
presented to explain the mathematical formulation.

4.1. Selection of Suitable Variables for Sustainable Production Planning

The formulation of the FIM requires a selection of suitable variables for sustainable
production planning. The selection of suitable variables is an individual process that
depends on the goal for production and sustainability (see Section 2.1), and the model
scope (see Section 3). As mentioned above, sustainable production planning aims to
achieve a set of production (output) goals by securing the operation of the production and
achieving a set of sustainability goals avoiding economic losses, environmental damage,
and social issues. Based on this main goal, Figure 2 presents the general framework of
sub-goals and variables for sustainable production planning.

The framework consists of two main categories of goals and variables required for
the FIM. First, the FIM considers one or multiple conventional production planning goals.
These goals need to be fully achieved (f = 1) to secure the production’s operation. Second,
the FIM aims to identify the potential to improve a production program according to
sustainability aspects. The potential is determined using a fuzzy model, which expresses
production programs’ sustainability as a number between one (µP = 1: high potential to
improve sustainability) and zero (µP = 0: low potential to improve sustainability).

The potential is determined by multiple sets of variables consisting of two groups of
variables targeting the:

1. State of Sustainability (µS) considering economic, social, and environmental aspects
of the production system, and
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2. Flexibility (µF) to implement a defined change of state in a production system through,
e.g., shifting the start of production activities, interrupting production activities,
using alternative resources for activities, adjusting the process parameter.
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Based on this framework, a literature review was performed to create a general list
of goals and variables that have already been used for sustainable production planning.
Several recently published reviews (2015–2020) have been found for sustainable production
planning that have been used to develop the list. These reviews consider sustainability
from a fragmented perspective, neglecting at least one sustainability aspect (see Table 2).

Table 2. Overview of existing literature reviews for sustainable production planning.

Reference Economic
Sustainability

Environmental
Sustainability

Social
Sustainability

[8] X X
[44] X X (Focus on Waste Reduction)
[17] X X (Focus on Energy Efficiency)
[11] X X
[45] X X

Therefore, an analysis of the presented studies in the found reviews has been per-
formed to compile a comprehensive list of sustainable production planning goals and
variables considering the economic, environmental, and social sustainability.

For this approach, the following criteria have been used to identify relevant studies:

• Publication date must be between 2000 and 2020.
• Publication must be available in the usual databases (e.g., Science Direct, Scopus).
• The study must consider at least one sustainability aspect of machine scheduling for

the manufacturing industry sector. Studies that consider only conventional production
planning goals (e.g., reduction of makespan) are not considered.

• Approaches considering product- or machine-related planning problems (e.g., cutting-
stock, single machine energy efficiency) are not considered.

Table 3 presents the literature review results for classical production goals and vari-
ables. These goals and variables aim to produce a product in a minimal time (makespan)
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or produce a specific production output. At least one of the presented classical goals and
variables has usually been used in sustainable production planning models.

Table 3. Overview of objective functions and suitable variables for conventional production planning.

Objective Function (Unit) Variable

Processing of jobs within a certain makespan (h) Makespan
Minimal total makespan to finish jobs (h) Makespan

Minimal total tardiness time of jobs (h) Tardiness time
Threshold for production volume (%) Production volume

Minimal total inventory of products and
semi-products (number of
products/semi-products)

Inventory of products and semi-products

Table 4 presents the literature review results for sustainable production goals and
variables. At least one of the presented sustainable goals and variables has usually been
combined with classical production goals in sustainable production planning models.
However, it is not useful to integrate all presented sustainable goals and variables in a
single model. The variables need to be independent of each other, avoiding double-counting
sustainability benefits and impacts. For example, the planning goal “reduction of energy
costs” can be achieved by reducing the total energy demand [46]. Nevertheless, a reduction
of the total energy demand also reduces greenhouse gas (GHG) emissions. Therefore,
an additional goal for GHG emissions that also considers the variable total energy demand
makes no sense. Another reason is that integrating all presented sustainable goals and
variables leads to a highly complex model, which leads to high computational efforts in
handling the model.

Table 4. Overview of objective functions and suitable variables for sustainable production planning.

Objective Function (Unit) Variable

Economic
Sustainability

Minimal energy production costs (Euro) Energy cost
Minimal disassembly and shredding costs for recycling

purposes (Euro) Disassembly and shredding costs

Minimal total production costs (Euro) Production costs
Minimal cost-weighted processing quality instability index

(Euro)
Cost-weighted processing quality

instability index

Environmental
Sustainability

Minimal total non-processing energy (kWh) Non-processing energy
Threshold for the peak power (kW) Peak power

Minimal carbon dioxide (equivalents) emission (tons CO2) Carbon dioxide (equivalents) emission
Minimal total energy consumption (kWh) Energy consumption

Minimal number of setups of machines to avoid the
emission of waste, effluent, and greenhouse gases (number

of setups)
Number of setups

Minimal use of freshwater through reusing (m3) Use of freshwater

Social
Sustainability

Threshold for the minimum required human workforce for
job tasks (h) Human workforce

High learning rate of employees processing jobs (number of
processed jobs) Learning rate of employees

Low forgetting rates of employees processing jobs (time
period without processing the job) Forgetting rates of employees

Minimal risk of injuries and/or health impacts caused by
physical stress on employees (risk of injuries, (human)

energy expenditure performing jobs, Occupational Risk
Assessment (OCRA) index)

Risk of injuries caused by ergonomic stress
on employees; (human) energy expenditure

performing jobs

Maximal skill level of the employee Skill level of the employee
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Finally, Table 5 presents the literature review results for variables considering produc-
tion flexibility that have been considered to improve production systems sustainability.
In general, production flexibility indicates the production system’s ability to adapt to
planning goals [47]. However, flexibility variables can be divided into partial flexibilities to
describe a production system’s flexibility more accurately [48]. These partial flexibilities can
be used for production planning to improve sustainability aspects. Moreover, production
flexibility depends on the production process type (job shop, batch, or flow production).
Job shop production systems offer the highest flexibility, while flow production systems
offer the lowest flexibility [49].

Table 5. Overview of objective functions and suitable variables for flexibility [47,48].

Partial Flexibility Variable

Machine flexibility describes the convertibility of
machines to new products/materials. Setup time

Material handling flexibility describes the (re-)routability
and storage ability of materials. Queue time in buffer zones

Volume flexibility describes the capacity adaptability of
production resources. Production capacity

Process flexibility describes the versatility of processes to
adapt to new products. Number of possible product variations which can be produced

Routing flexibility describes the redundancy of production
resources. Number of available resources

The authors defined the following general criteria to support developers in selecting
relevant variables for sustainable production planning in a previous study [50]:

• The variable must be relevant regarding sustainable manufacturing for the considered
production system and set system boundaries (model scope).

• The variable for sustainability must be improvable through actions for production
planning (e.g., shifting or interrupting of production activities, change of resource
types), which is determined by variables for flexibility.

• The variables must be independent of each other. Double counting of benefits or
impacts (e.g., decrease in energy consumption, decrease in energy costs, as well as
GHG emissions) must be avoided.

• Data must be available and accessible for the selected variables considering production
inputs and outputs.

4.2. Fuzzification of the Variables

If suitable goals and variables have been selected for sustainable production planning,
the three-step fuzzy model starts (see Section 2.2). For this approach, first, the selected
variables need to be fuzzified. In general, the fuzzification process transforms crisp values
of the variables (x) into a unitless fuzzy value (µx) with the aid of fuzzy sets. A fuzzy set
is used to interpret a selected variable linguistically, e.g., sustainability is low, medium,
or high. A fuzzy set is mathematically formulated, where each element of the variable
is mapped to a value between zero and one using a membership function [15]. Figure 3
presents an example presentation and mathematical formulation of a triangle membership
function. The x-axis represents the selected variable (x), whereas the y-axis represents the
fuzzy value (µx) in the [0,1] interval. Similar membership functions exist presenting linear
and trapezoidal shapes [51].

Variables for sustainable manufacturing originate in a variety of scales and units.
Lower values mean better sustainability performance for some variables but worse sustain-
ability for others. For example, sustainability improves when waste generation decreases,
but weakens when renewable energy demand decreases [14]. Therefore, the membership
function must be carefully selected regarding the considered goal and the variable’s nature



Sustainability 2021, 13, 1355 11 of 29

for sustainability and flexibility [13]. In general, there are two methods for the selection of
fuzzy sets and their mathematical expression [13]:

• The subjective approach relies on the collection of experience and knowledge from
experts in the area of study, where experimental data are incomplete and imprecise
(e.g., determination of warm and cold room temperatures).

• The data-driven approach clusters experimental data into subregions that can be
linguistically interpreted as, e.g., low and high. Common data-driven methods are
data clustering, machine learning, benchmarks, statistical analyses, mathematical
models, and simulations.
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Sustainability is a vague concept for which assessments always need expert knowl-
edge to determine the sustainability state [52], while production planning is a data-driven
approach and requires information and communication technologies [23]. Therefore, a com-
bination of data-driven and subjective approaches is required for sustainable production
planning because experts must combine the results of, e.g., data clustering algorithms
with knowledge about sustainable production, e.g., knowledge of green and safe working
environments.

The proposed fuzzy model uses fuzzy sets that analyze variables between the most
desirable and the least desirable values to normalize the variables. According to the goal
and variables’ description and meaning, the fuzzy set shape must be carefully selected
for each variable. The following three examples are given for the nature of the goals and
variables, and the suitable fuzzy set shape:

1. For variables that aim to minimize or constrain sustainability impacts (e.g., GHG emis-
sions, production costs), the linear membership function seems most appropriate.
For this membership function, the upper limit x1 and lower limit x2 need to be de-
fined for the selected variables. The range between x1 and x2 presents the potential to
minimize or constrain sustainability impacts.

2. For variables that aim to balance a variable at a specific value (e.g., peak power),
the triangle membership function seems most appropriate. For this membership
function, the upper limit x2 and lower limits x1 and x3 need to be defined for the
selected variables. The range between x1 and x3 presents the potential to minimize or
constrain sustainability impacts.

3. For variables that aim to balance a variable at a specific range (e.g., recovery time),
the trapezoidal membership function seems most appropriate. For this membership
function, the upper limits x2 and x3 and lower limits x1 and x4 need to be defined
for the selected variables. The range between x1 and x2, and x3 and x4 presents the
potential to minimize or constrain sustainability impacts.

4.3. Aggregation of the Fuzzy Values

In the second step of the fuzzy model, the fuzzy values need to be aggregated. In gen-
eral, the aggregation process combines fuzzy values using rules and fuzzy operators [15].
For this approach, two general fuzzy rule inference engines exist [53]:
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1. For the individual rule inference engine, the rules are defined individually for a single
variable and defined fuzzy sets (e.g., low, medium, high). The number of rules rises
exponentially with the number of selected variables and defined fuzzy sets.

2. For the composition rule inference engine, the fuzzy set rules are aggregated in one
fuzzy membership function for a single variable. Therefore, the number of rules is
equal to the number of variables.

Individual rule inference engines are widely used for machine control automatization
problems (fuzzy control) because the rules can be set for non-linear process parameters
independently. However, individual rule inference engines’ complexity increases with
the number of selected variables and defined fuzzy sets. The FIM for sustainable pro-
duction planning should be easily adaptable for new production situations. Therefore,
a composition rule inference engine is applied for the FIM.

Next, an aggregation operator must be selected to combine multiple fuzzy inputs.
In general, three types of fuzzy operators exist for the aggregation process [53]: intersect
operator (t-Norm), union operator (s-Norm), and average operator. Additionally, para-
metric operators exist, and multiple fuzzy operators can be combined to form a custom
fuzzy operator. However, parametric operators are not considered in this paper. The fuzzy
operators have linguistically degrading or linguistically reinforcing effects on the model
outcome [53]. The fuzzy operator is crucial in interpreting the FIM results and needs to be
selected by experts according to the model’s goal.

Based on the model’s framework for sustainability variables (Figure 2), the aggregation
process consists of two steps for the presented FIM:

1. The single sustainability potential is determined by combining the variable for the
state of sustainability and flexibility.

2. The fuzzy values for multiple sustainability potentials are combined to determine the
overall sustainability potential to improve the production program.

The expected fuzzy output must be known for both steps related to the fuzzy input
identifying the applicable fuzzy operator. Therefore, a heatmap has been developed to
present the expected output for combining the state of sustainability and flexibility (see
Figure 4).
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The heatmap is clustered in three colored areas representing different expected fuzzy
outputs for the sustainability potential to improve production programs (µP). The colored
areas arise from the combination of the variables for the state of sustainability (x-axis) and
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flexibility (y-axis). Based on the combination, the following rules can be arrived at for the
expected output:

1. IF [State of Sustainability] is High THEN [Potential] is Low (µP → 0).
2. IF [State of Sustainability] is Low AND [Flexibility] is High THEN [Potential] is High

(µP → 1).
3. IF [State of Sustainability] is Low AND [Flexibility] is Low THEN Potential Medium

(µP → 0.5).

Moreover, four transition zones exist between the three main areas. These areas
describe the sustainability potential between low, medium, and high:

4.1. IF [State of Sustainability] is Low AND [Flexibility] is Medium THEN [Potential] is
High-Medium.

4.2. IF [State of Sustainability] is Medium AND [Flexibility] is High THEN [Potential] is
Medium-Low.

4.3. IF [State of Sustainability] is Medium AND [Flexibility] is Medium THEN [Potential]
is Medium.

4.4. IF [State of Sustainability] is Medium AND [Flexibility] is Low THEN [Potential] is
Medium-Low.

Based on the defined fuzzy output, common fuzzy operators are tested, combining
values for the state of sustainability (µS) and flexibility (µF). The results are presented as a
heatmap as well, to visually compare them with the expected results (see Appendix A).
The comparison shows that common fuzzy operators meet the expected results partially
for the FIM, only. Therefore, a custom fuzzy operator has been derived that represents the
expected outcome for the FIM. For this approach, the following assumptions have been
made to select and combine suitable fuzzy operators.

If the state of sustainability is high, the potential is low. Therefore, the complement of
the variable (µS,j) state of sustainability must be calculated (see Equation (1)).

µS,j = 1− µS,j, (1)

If the state of sustainability is high, no actions are necessary to improve the production
program’s sustainability. In this case, the flexibility variable can be ignored. Therefore,
an intersect operator (µµF·µS) needs to be selected to combine the complement of the state
of sustainability and flexibility (see Equation (2)).

µµF·µS = µF,j·µS,j, (2)

If the state of sustainability is low and flexibility is low, actions are necessary to
improve the production program’s flexibility. Therefore, an average operator (MAµ) needs
to be selected to combine the complement of the state of sustainability and the intersect of
the complement of the state of sustainability and flexibility (see Equation (3)).

MAµ =
µS,j + µµF·µS

2
, (3)

Based on these assumptions, Equation (4) presents the custom fuzzy operator to
determine the sustainability potential (µSP,j).

µSP,j =
1− µS,j + µF,j·(1− µS,j)

2
, (4)

Figure 5 presents the heatmap combining the values for the state of sustainability and
flexibility using the custom operator. The comparison of the expected results (see Figure 4)
shows that the custom fuzzy operators meet the expected results.
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Next, the fuzzy operator needs to be identified to combine multiple variables for
the overall potential to improve the production program. This operator is derived from
the definition of sustainable production planning (see Section 2.1). According to the
definition, all production and sustainability goals need to be achieved. Therefore, a union
operator is selected because the union operators have a linguistically reinforcing effect
that corresponds to the highest fuzzy value (see Equation (5)). The highest fuzzy value
indicates the highest potential to improve the production program, which can be used by
the production planner.

µSP = max(µSP,1; . . . ; µSP,j), (5)

Moreover, the sustainability potential fuzzy value needs to be combined with the
production goal value. The production goal is a crisp value that describes the production
goal as achieved (one) or not achieved (zero). Therefore, the sustainability goal fuzzy value
is multiplied by the production goal value to determine the fuzzy model outcome (see
Equation (6)).

µP = f ·max(µSP,1; . . . ; µSP,j), (6)

4.4. Defuzzification of the Aggregated Fuzzy Values

In the third step of the fuzzy model, the aggregated fuzzy values are defuzzified.
In general, the defuzzification process converts the single fuzzy value back to a crisp
value using a function [15]. For this approach, several methods exists [51], e.g., centroid
methods, average methods, max membership methods. The height method has been
applied for the FIM. This method define a output function to determine the model outcome.
For the FIM outcome, three potential states have been defined to interpret the aggregated
fuzzy value: Low, Medium, and High. The number of states is arrived at according to
expected aggregation output (see Section 4.3). The states have the following meanings and
possible ranges:

1. Low potential state 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.
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2. High potential state indicates a low or medium state of sustainability and high
production flexibility.

◦ Therefore, the production program can be adjusted to improve the sustainability.
◦ According to the expected model outcome, the range should be started be-

tween 0.55 and 0.75 (see Figure 5).

3. Medium potential state indicates a low or medium state of sustainability and low
production flexibility.

◦ The production must be adjusted to increase the flexibility.
◦ The range is between low and high potential to improve the production program.

The nature of the functions affects the decision behavior of the model. Figure 6
presents one possible function for the defuzzification process using the height method.
The presented function is used for the case study testing the FIM, too. However, the ranges
to determine the sustainability state of production programs need to be selected by experts
carefully, according to the model’s scope.
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4.5. Decision-Making Procedure for Sustainable Production Planning

Finally, the results of the fuzzy model need to be interpreted. For this approach,
Figure 7 presents a decision tree analyzing the FIM outcome for sustainable production
planning. The decision-making process starts with assessing the sustainability potential
according to selected variables and using the FIM. The assessment results are controlled in
the following two steps:

1. The production goal is controlled:

◦ If the production goal is not achieved (f = 0), the production goal variable
needs to be adjusted, and the sustainability assessment is repeated.

◦ If the production goal is achieved, no action is required.

2. The sustainability potentials are controlled:

◦ If the sustainability potential is medium or high, the sustainability goal variable
needs to be adjusted. For this approach, the sustainability variables are ranked
according to their sustainability potential identifying the highest sustainability
potential. The related variables need to be further controlled:

n If the flexibility variable is low (µF = Low), the flexibility variable needs
to be adjusted, and the sustainability assessment is repeated.
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n If the flexibility variable is medium or high (µF = Low, µF = Medium),
the sustainability variable needs to be adjusted, and the sustainability
assessment is repeated.

◦ If all production goals are achieved, and the sustainability potential is low,
no action is required, and the decision process is finished.
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The following general recommendations can typically be given to adjust the produc-
tion program depending on the FIM outcome:

• Shift specific production activities.
• Interrupt production activities.
• Turn machines off or on.
• Increase the capacity of machines/human workforce.
• Use machines with lower resource demand.
• Use resources with lower sustainability impact.
• Exchange employees for specific production activities.

5. Single Case Analysis of the Fuzzy Inference Model

The single case study aims to test and demonstrate the developed FIM for sustainable
production planning. The FIM is tested using different test scenarios. For this approach,
the FIM was implemented in a simulation model of the Learning Factory 4.0 [19]. The fol-
lowing methodology is used to perform the case study:

1. Definition of the single case studies scope,
2. Collection of required data for test scenarios (inventory analysis), and
3. Presentation of test scenario results.
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5.1. Scope Definition of the Case Study

The case study is performed using an simulation model of the Learning Factory 4.0.
In general, the learning factory has been developed in the production-planning lab of the
University of Applied Life Sciences Emden/Leer and demonstrates a job shop production
system [19]. The physical production system consists of the following typical production
stations: a warehouse, four working stations, two transport systems, and a quality con-
trol station (see Figure 8a). Moreover, the learning factory is digitally represented in an
enterprise resource management (ERP) system to plan and control production activities con-
ventionally. Additionally, the simulation model contains the following processes enabling
sustainable production (see Figure 8b): an energy supply system (renewable energy plant
and energy supplier) and an additional production process to dispose of or reuse materials
for the production process. The production outputs are colored wooden blocks (white, red,
and blue). The colored wooden blocks are transported in carriers through the production
system. The products have individual production sequences and energy demands.

Sustainability 2021, 13, x FOR PEER REVIEW  18 of 31 
 

 

system [19]. The physical production system consists of the following typical production 

stations: a warehouse, four working stations, two transport systems, and a quality control 

station (see Figure 8a). Moreover, the learning factory is digitally represented in an enter‐

prise resource management (ERP) system to plan and control production activities con‐

ventionally. Additionally, the simulation model contains the following processes enabling 

sustainable production (see Figure 8b): an energy supply system (renewable energy plant 

and energy supplier) and an additional production process to dispose of or reuse materi‐

als for the production process. The production outputs are colored wooden blocks (white, 

red, and blue). The colored wooden blocks are transported in carriers through the pro‐

duction  system.  The  products  have  individual  production  sequences  and  energy  de‐

mands. 

  
(a)  (b) 

Figure 8. Assembling of the Learning Factory 4.0: Physical System (a) and 3D simulation model (b). 

Figure 9 presents the system boundaries of the production system for the case study. 

The enterprise system contains four functional units, including input and output flows, 

which are relevant for sustainable production planning: 

The production system transforms materials and energy into finished products. The 

transformation  process  is  fully  automatic  and  requires  no workforce. The  production 

manager can individually set the production output for the three kinds of products. 

A renewable energy plant produces renewable energy  for  the production process. 

The  renewable  energy generation depends on weather  conditions  and  cannot be  con‐

trolled. This leads to the following cases: 

 If the renewable energy generation is higher than the energy demand, renewable en‐

ergy can be sold to other companies. 

 If the renewable energy generation is lower than the energy demand, conventional 

energy is purchased by an external energy supplier, which causes higher energy costs 

and  indirect GHG emissions. Therefore,  the demand  for renewable energy should 

always be preferred in the production process. 

The carrier disposal and reuse process represents a typical process in circular econo‐

mies [7] and transforms the used carrier from the production process into a reused carrier 

for the material preparation process. Not all carriers can be reused for the material prep‐

aration process, and external carriers need to be purchased. For this approach, two oppor‐

tunities exist: 

 Reused carriers can be purchased from other companies, which causes higher mate‐

rial costs only. 

 If reused carriers from other companies are not available, new carriers are purchased 

from an external supplier, which causes higher material costs and  impacts natural 

resources. Therefore, internal or external reused carriers should always be preferred 

for material preparation. 

The material preparation transforms new colored wooden blocks and carriers into 

material for the production process. The material preparation is manual work and causes 

physical stress on the worker. The physical work stress is modeled and evaluated accord‐

ing to data and knowledge from the reference [54]. 

Figure 8. Assembling of the Learning Factory 4.0: Physical System (a) and 3D simulation model (b).

Figure 9 presents the system boundaries of the production system for the case study.
The enterprise system contains four functional units, including input and output flows,
which are relevant for sustainable production planning:

Sustainability 2021, 13, x FOR PEER REVIEW  19 of 31 
 

 

 

Figure 9. System boundaries as a nested hierarchy of the systems for sustainable production plan‐

ning. 

The following goals and variables for the FIM are defined based on the functional 

units’ descriptions (see Table 6). 

Table 6. Overview of production planning goals and variables for the case study. 

Production Goal  Potential to Improve the Sustainability of the Production Program 

Total Product Output Rate 

 White Product Output [Prod‐

ucts/hour] 

 Red Product Output [Prod‐

ucts/hour] 

 Blue Product Output [Prod‐

ucts/hour] 

Use of Renewable Energy Potential: 

 μS: Renewable Energy Utilization [kWh] 

 μF: Average Queue Time at Resources [seconds/production hour] 

Use of Reused Carrier Potential: 

 μS: Total Reused Carriers [carriers] 

 μF: Total Product Output Rate [products/hour] 

Reduction of Human Stress Potential: 

 μS: Accumulated Work Load Peak [kJ] 

 μF: Average Queue Time Warehouse [seconds/production hour] 

5.2. Definition of the Fuzzy Sets for the Case Study 

Based on the case study scope, data needs to be collected for the selected variables to 

define the fuzzy sets and to test the FIM. For this approach, the following basic production 

data have been collected and analyzed: maximal production output,  lead  time, energy 

demand, and workload. 

Based on  these data,  the  following  reference production  scenarios  simulating  the 

Learning Factory 4.0 have been defined: 

 Only White Product 

 Only Red Product 

 Only Blue Product 

 Equal Product Mix (White/Red/Blue) 

In  these  reference  scenarios,  the production  system’s maximal  capacity  for  single 

products (only white, red, and blue) and an equal product mix is simulated for one hour 

of production  time. Appendix B presents  the  relevant basic data about  the production 

process. 

Figure 9. System boundaries as a nested hierarchy of the systems for sustainable production planning.

The production system transforms materials and energy into finished products.
The transformation process is fully automatic and requires no workforce. The production
manager can individually set the production output for the three kinds of products.
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A renewable energy plant produces renewable energy for the production process.
The renewable energy generation depends on weather conditions and cannot be controlled.
This leads to the following cases:

• If the renewable energy generation is higher than the energy demand, renewable
energy can be sold to other companies.

• If the renewable energy generation is lower than the energy demand, conventional
energy is purchased by an external energy supplier, which causes higher energy costs
and indirect GHG emissions. Therefore, the demand for renewable energy should
always be preferred in the production process.

The carrier disposal and reuse process represents a typical process in circular econo-
ies [7] and transforms the used carrier from the production process into a reused carrier for
the material preparation process. Not all carriers can be reused for the material preparation
process, and external carriers need to be purchased. For this approach, two opportunities exist:

• Reused carriers can be purchased from other companies, which causes higher material
costs only.

• If reused carriers from other companies are not available, new carriers are purchased
from an external supplier, which causes higher material costs and impacts natural
resources. Therefore, internal or external reused carriers should always be preferred
for material preparation.

The material preparation transforms new colored wooden blocks and carriers into
material for the production process. The material preparation is manual work and causes
physical stress on the worker. The physical work stress is modeled and evaluated according
to data and knowledge from the reference [54].

The following goals and variables for the FIM are defined based on the functional
units’ descriptions (see Table 6).

Table 6. Overview of production planning goals and variables for the case study.

Production Goal Potential to Improve the Sustainability of the Production Program

Total Product Output Rate

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

Use of Renewable Energy Potential:

• µS: Renewable Energy Utilization [kWh]
• µF: Average Queue Time at Resources [seconds/production hour]

Use of Reused Carrier Potential:

• µS: Total Reused Carriers [carriers]
• µF: Total Product Output Rate [products/hour]

Reduction of Human Stress Potential:

• µS: Accumulated Work Load Peak [kJ]
• µF: Average Queue Time Warehouse [seconds/production hour]

5.2. Definition of the Fuzzy Sets for the Case Study

Based on the case study scope, data needs to be collected for the selected variables to
define the fuzzy sets and to test the FIM. For this approach, the following basic production
data have been collected and analyzed: maximal production output, lead time, energy
demand, and workload.

Based on these data, the following reference production scenarios simulating the
Learning Factory 4.0 have been defined:

• Only White Product
• Only Red Product
• Only Blue Product
• Equal Product Mix (White/Red/Blue)
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In these reference scenarios, the production system’s maximal capacity for single
products (only white, red, and blue) and an equal product mix is simulated for one hour of
production time. Appendix B presents the relevant basic data about the production process.

With the aid of the reference scenarios, data are collected and analyzed to define the
fuzzy sets. As mentioned in Section 4.2, fuzzy sets analyze variables between the most
desirable and the least desirable values using membership functions to determine the state
of sustainability and production flexibility. For this approach, Table 7 presents the shape of
the membership functions, description of the fuzzy set values, fuzzy set values for the case
study, and data source and method to determine the fuzzy set ranges. The resulting fuzzy
sets are presented in Appendix C for the case study. However, the procedure to develop
a fuzzy set using sensitive analysis is exemplarily presented for the variable renewable
energy utilization.

In general, the renewable energy utilization is calculated through the quotient of the
renewable energy demand and energy generation (see Equation (7)).

Renewable Energy Utilization (%) =
Renewable Energy Demand (kWh)

Renewable Energy Generation (kWh)
·100%, (7)

If the total energy demand of the production system is lower than the renewable
generation, the calculation of the renewable energy utilization needs to be adjusted as
follows (see Equation (8)):

Renewable Energy Utilization (%) =
Renewable Energy Demand (kWh)

Total Energy Demand (kWh)
·100%, (8)

The renewable energy generation depends on the renewable energy plant’s design and
the weather conditions, which cannot be controlled. The renewable plant has a maximum
net performance of 24 kW (assumption from the author). The energy demand depends on
the production process and can be controlled through the production utilization. Based on
these framework conditions, the following scenario parameters are set to determine the
fuzzy set for the renewable energy utilization variable. The reference scenario product
mix is simulated for one hour because it represents an average production of all products
and uses the production system’s full capacity. The renewable energy generation varies
between 9–24 kW. Based on these parameters, a sensitivity analysis has been performed to
determine the low and high state of sustainability.

Figure 10 presents the results of the sensitivity analysis. In the low sustainability state,
renewable energy utilization is as low as possible at 18 kW renewable energy generation.
A decrease or increase in the renewable energy generation leads to higher renewable
energy utilization in this scenario. The high sustainability state is set at 24 kW renewable
generation because it provides optimal conditions for sustainability.

Figure 11 presents the resulting fuzzy set for the renewable utilization variable based
on the defined low and high states of sustainability. With the aid of the fuzzy set, random
conditions for the renewable energy generation and energy demand can be evaluated for
sustainable production planning.
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Table 7. Overview of fuzzy sets for the case study.

Variable Membership Function
Shape Description Value X1 Value X1 Description Value X2 Value X2 Data Source and Method

Product Output Goal f
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5.3. Presentation and Discussion of Test Scenario Results

The following section demonstrates the FIM outcome and decision-making procedure
for sustainable production planning. For this approach, a dashboard has been developed
to present model outcomes to the production planner (see Appendix D). The dashboard
design follows human-centered design standards and is described in more detail in a
previous study [55]. The FIM and decision-making process is demonstrated considering
two production scenarios varying the production utilization:



Sustainability 2021, 13, 1355 22 of 29

• Low utilization (29%, 10 products/hour) of the production system producing a prod-
uct mix.

• High utilization (94%, 32 products/hour) of the production system producing a
product mix.

For this approach, the following simulation parameters are set affecting the sustain-
ability state of the Learning Factory 4.0 simulation model:

• One production hour is simulated.
• The following production goals are set:

◦ Low utilization production scenario: 10 products/hour
◦ High utilization production scenario: 30 products/hour

• The net performance of the renewable energy generation is 15 kW.
• An external company provides ten external reused carriers for material preparation.
• The accumulated work stress starts at zero.
• The presented function Figure 6 is used for the defuzzification process.
• One iteration step is performed according to the decision-making procedure.

Table 8 presents the simulation results for the low utilization production scenario.
The model outcome indicates a medium potential to improve the production program’s
sustainability. Medium potential means that the set production goal has been achieved,
the state of sustainability is low or medium, and the production flexibility is low. With the
aid of the decision-making procedure (see Figure 7), the simulation model identifies the
renewable energy utilization variable as the main reason. Due to less material in progress,
the queue times are short at the resources, which leads to low production flexibility. There-
fore, the simulation model recommended that the production planner increase the queue
time at the resources, shifting production at the workstation and warehouse. The sustain-
ability goals for the carrier reuse and workload already reached a low potential, and no
actions are required. However, the considered production scenario offers the opportunity to
provide non-reused carriers and consumed renewable energy to other companies. Based on
the production plan, the information about time-related renewable energy availability and
reused carriers can be provided to other companies for their production planning processes.

Table 8. Results for the low utilization of the production system.

Variable Value Fuzzy Value
Aggregated Fuzzy

Value
(1. Step)

Aggregated Fuzzy
Value

(2. Step)

Defuzzification
(Model Outcome)

f 10 Products/hour 1 1

0.501
Potential to improve the
production program’s

sustainability is Medium.

µS,1 4.42 kWh (81.1%) 0
0.501

µF,1 173.4 s 0.001

µS,2 12 Carriers 1
0

µF,2 10 Products/hour 0.444

µS,3 124.16 kJ 1
0

µF,3 225 s 0.003

Table 9 presents the simulation results for the high utilization production scenario.
The model outcome indicates a high potential to improve the production program’s sus-
tainability. High potential means that the set production goal has been achieved, the state
of sustainability is low or medium, and the production flexibility is high. With the aid of
the decision-making procedure (see Figure 7), the simulation model identifies the carrier
reuse variable as the main reason. Due to the high production output, the demand for
carriers is high, which leads to a shortage of reused carriers. Therefore, the simulation
model recommended that the production planner increase the carrier reuse process’s ca-
pacity and/or purchase more external reused carriers from other companies (if possible).
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The sustainability goals for the carrier reuse and workload are in a high and medium state,
and further actions are required to improve the production plan’s sustainability.

Table 9. Results for the full utilization of the production system.

Variable Value Fuzzy Value
Aggregated Fuzzy

Value
(1. Step)

Aggregated Fuzzy
Value

(2. Step)

Defuzzification
(Model Outcome)

f 32 Products/hour 1 1

0.833
Potential to improve the
production program’s
sustainability is high.

µS,1 12.48 kWh (83.2%) 0
0.808

µF,1 539.2 0.617

µS,2 21 0
0.833

µF,2 32 0.667

µS,3 376.7 kJ 0.493
0.442

µF,3 630 s 0.743

6. Conclusions and Outlook

The paper presents a general mathematical formulation and a single case study of
an FIM for sustainable production planning. The presented FIM can be easily adapted to
different production situations considering multiple economic, environmental, and social
variables. The model’s outcome indicates the most significant opportunities to improve
production programs’ sustainability using experts’ knowledge. Moreover, the model
results support decision-making in sustainable production planning processes considering
the exchange and demand for materials and energy between production systems as well
as other enterprises to close material and energy loops. The FIM and decision-making
procedure is tested and demonstrated in a single case study using a simulation model from
a lab Learning Factory 4.0 at the University of Applied Life Sciences Emden/Leer.

However, sustainable production planning is still a complex process, and several
requirements and assumptions exist for the presented FIM. First, a running production
planning system must already be implemented. The planning system must contain all
basic information about the production processes to produce a specific production output,
such as required production steps and resources (materials, labor, machines). Second,
sustainability strategic enterprise planning needs to be already well implemented and
performed. For example, investments must be made for additional production processes,
enabling sustainable production, such as energy plants for the on-site renewable energy
supply, processes for the reuse, recycling, or remanufacturing of materials and products,
and ergonomic design of human workplaces. Third, digital infrastructure is required to
collect and analyze production data for sustainable production planning purposes. Such a
requirement implies well-implemented information and communication technologies and
middleware solutions to share collected data between production management tools. How-
ever, the collection and analysis of data, information, and knowledge for sustainable
production planning processes are complex and time-consuming. Therefore, the author
suggests a focused procedure of applying detailed sustainable production planning. The im-
plemented planning system should consider the most relevant sustainability aspects in
the production system only, where the sustainability impact of decision-making is most
beneficial. Finally, as the user of the model, the production scheduler needs experience in
conventional production planning. Moreover, the production scheduler needs knowledge
about the economic, social, and environmental consequences of improving the production
program’s sustainability.

The presented FIM provides several opportunities for future work based on set as-
sumptions and limitations. The FIM’s scope is focused on typical production and sustain-
ability processes and neglects management processes for inventory, maintenance, quality
control, and product refurbishment and remanufacturing. Additional research is required
to implement these processes in the FIM for sustainable production planning, too. Next,
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the developed inference engine of the FIM uses equal weights of importance for the selected
variables. A procedure can be developed to weigh variables according to their importance
for production planning. Moreover, the case study is limited to a single case considering a
lab learning factory representing a lab job shop production system. The case study needs
to be extended to other cases considering different production systems (job shop, batch,
flow production) and scenarios to test and validate the decision-model. Moreover, the case
study needs to be scaled to industry cases and scopes for sustainable manufacturing to
prove its practical use in an industrial environment. For this approach, the FIM should
be implemented in a generic simulation environment (see, e.g., [56]), which can easily be
adapted to new production scenarios.
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Appendix B

Table A1. Overview of basic production data from the Learning Factory simulation model.

Only Product White Only Product Red Only Product Blue Product Mix

Product Ratio
(White/Red/Blue) 1/0/0 0/1/0 0/0/1 1/1/1

Max. Product Output 31 Products/hour 38 Products/hour 31 Products/hour 33 Products/hour

Minimal Lead Time 242.6 s 214.4 s 243.9

Energy Demand 0.62 kWh/Product 0.44 kWh/Product 0.53 kWh/Product 0.55 kWh/Product

Power Peak at Max.
Production Output 45 kW 29 kW 37.5 kW 37 kW

Workload Material
Preparation 10.94 kJ/Product 10.94 kJ/Product 10.94 kJ/Product 10.94 kJ/Product

Workload Peak at Max.
Production Output in 1

Working Hour.
413.34 kJ 496.81 kJ 407.83 kJ 419.66 kJ
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