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Optimizing Production of Fashion Goods as
Means to a More Sustainable Garment Industry —
An Assessment of the Literature

Abstract

Objectives:

The overall objective is to create awareness that production scheduling methods represent highly val-
uable tools in contributing to a more sustainable garment manufacturing. Further, a structured illus-
tration of existing objectives of production scheduling is provided by grouping them according to their
influence on the production runs. Based on this, it is demonstrated how each of the six groups would
entail beneficial sustainability effects.

Theoretical Framework:

The theoretical framework is based on six decades of research, which produced a broad range of con-
tributions to production scheduling for different production layouts and designs (flow-shop, job-shop,
assembly lines), covering the full range of fashion production designs.

Method:
Methodologically, a literature review and an accompanied analysis are provided.
Results/Implications:

While the economic advantages of production planning are obvious, the discussion revealed that liter-
ature already contains considerable potentials for optimizing garment production, which, however,
need to be applied to the fashion context, especially when it comes to enhanced sustainable business
practices. As the link between optimization and holistic sustainability has received limited attention,
this article presents a comprehensive conceptual view on the topic and provides decision makers and
researchers with valuable inputs on which optimization approaches can support a company's sustain-

ability efforts.

Keywords:

Sustainability, fashion, optimization, job-shop, flow-shop, assembly line
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1 Introduction

The fashion market is a highly competitive, globally connected, diverse, and volatile market. It is esti-
mated that around 40 million people are working in the fashion industry worldwide, with a large pro-
portion probably remaining unaccounted for due to the complexity of the supply chain and a lack of
international control mechanisms. Approximately 43 % of sales are generated with so-called 'entry-
price' products, with large and internationally operating 'Giant Players' having the upper hand (BCG
2019). In the past, it was especially this low-priced and fast-moving part of the industry — also called
‘fast fashion’ which includes globally popular clothing brands such as Zara and H&M — that faced criti-
cism due to a number of issues regarding environmental pollution and the socially questionable treat-
ment of workers. According to the UN, the fashion industry is responsible for 20 % of water pollution,

making it the second-largest water polluter and thus a very influential player (UNEP 2022).

Although being part of the fashion industry is extremely lucrative for numerous participants, the
COVID-19 pandemic in particular revealed the industry’s fragility to outside economic shocks. As con-
sumers demanded less clothing, some clothing companies canceled orders and refused to pay for al-
ready ordered goods, while others tried to find new business fields and activities (Sumarliah et al.
2021). As the fashion industry is characterized by the fact that a number of supply chain partners —
primarily the ones in the Southeast-Asian production locations — are dependent on the apparel com-
panies, the situation was quite challenging for many of them (Brydges et al. 2020). Hence, the pan-
demic emphasized that the production of many fashion items is socially problematic (Kulsum 2020).
At the same time, practitioners, researchers, and branch experts also brought the environmental issue
of fashion production once again into the spotlight, catalyzed by consumers demanding security and
durability in pandemic times, not only with regard to their daily lives, but also regarding their con-
sumption (Kim 2021). Initially, the manufacturing process of garments was understood as a creative
process characterized by craftsmanship and skill. Today, for many high-street fashion companies, it is
especially the economic motive that is of primary concern (BoF & McKinsey 2021), and, only gradually,
is the awareness that sustainable fashion can be economically advantageous while — at the same time

— environmentally and socially friendly, taking ground in manufacturers’ minds.

The economic motive is the one primarily targeted by applications of operations research in production
planning, but economic goals do not necessarily need to be opposed to sustainability goals in general
(Alberti & Varon Garrido 2017). Thus, a synthesis of both might be a solution for the apparel industry.
Producing more efficiently can increase their profit margin while at the same time making the company
more sustainable. Aside from operations research a number of other approaches exist to target the
same problems, but as long as the relevant sources of information are certain to a degree mathemat-

ical optimization will provide the superior results.
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Considering the supply chain of wearing apparel in full then the final production only accounts for a
limited share and thus sustainability issues of fashion production can not be solved by optimization of
the final production alone. Nevertheless, optimzation of the final production is the part of the supply
chain under the direct influence of the producing company itself and therefore it is the ideal starting

point for sustainability-oriented changes in fashion production as such.

Taking a look at previous findings on the topic of garment manufacturing and optimization, there are
different angles being taken. For some researchers, the place of manufacture as well as the materials
used are of concern: Examples include the extent to which the production of clothing is compatible
with the principles of social and environmental sustainability, highlighting the perspective of workers
(Arvidsson et al. 2010; Perry & Towers 2013) as well as the resources and yarns used (Debnath 2016;
Gwilt 2020; Niinimaki et al. 2020). While describing which business models could be conceivable for
improving sustainable business activity, Pal and Gander (2018) provide one of the few contributions
discussing environmentally sustainable fashion production from an economic perspective. Other stu-
dies are more concerned with the whole supply chain management: On a conceptual level, Bruce et
al. (2004) address the issue of just-in-time delivery and argue that this might lead to achieving agility
and flexibility in production, which — according to many authors — is mandatory for successful fashion
production (Barnes & Lea-Greenwood 2006; de Oliveira Neto et al. 2019; Perry 2017). Further, Barnes
and Lea-Greenwood (2006) emphasize the advantages of a vertical business model when it comes to
enabling the most efficient supply chain management (and subsequently manufacturing). Ways to im-
prove the actual manufacturing process are also provided: Liu et al. (2020) focused on the mass cus-
tomization production format and delivered ideas that can contribute to efficiency improvement. Per-
ret et al. (2022) concentrated on the same production format and delivered a cost-based optimization
approach based on the concept of level scheduling. Further, Fani (2018) provides a scheduling ap-
proach similar to the one by Perret et al. (2022) but with a different array of objectives and not based
on the level scheduling paradigm. Eira et al. (2015) conducted a case study of a clothing manufacturer
and provided tailored waste elimination opportunities. Ait-Alla et al. (2014) present a mathematical
model for fashion apparel suppliers to support them in achieving improvement regarding the alloca-
tion of production orders, whereas Choi et al. (2014) provide demand-focused forecasting tools for the

fashion industry, i.e. mainly the manufacturer’s side.

However, scientific studies dedicated to the optimization possibilities of garment manufacturers are
limited in scope and often outdated regarding their methodology. It is the fact that fashion manufac-
turers changed little — despite years of drawing attention to the (social and environmental) problems
in their production locations — shows that there is still room for improvement by integrating sustaina-
bility considerations into the discussion of the use of operations research in apparel manufacturing.

Perret (2023) is among the few studies that take this aspect into consideration.
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A look at other industries reveals that, in contrast to a plentiful breadth of literature, the set of objec-
tives implemented in any of the major production layouts — job-shop, flow-shop and assembly line —is
limited. While very few publications focus on applications of operations research in the fashion indus-
try (Fani 2018; Perret et al. 2022), the existing studies and their accompanied methodologies, con-
ducted for other industries, apply to the fashion industry nonetheless. The research objective of this
paper therefore lies in delivering a summary of implemented objectives in job-shop, flow-shop and
assembly line scheduling across literature and grouping them into sets with the same overarching goal.
Each of the groups is discussed, not only in terms of its underlying objective, but also in respect of the
benefits it offers to producers, i.e. particularly regarding social and ecological sustainability issues.
Even though this study does not deliver a distinct optimization approach in itself, it provides a meta-
study of objectives, offering both researchers and practitioners a toolbox to construct their own multi-
objective optimization problems tailored to their particular needs and constraints. By referring to dif-
ferent production layouts, it presents easily applicable improvement options that not only lead to an
economically more lucrative production process but also to a more environmentally and socially sus-
tainable one. Hence, the problem as such might be well-known among practitioners in the fashion
industry, it has not yet been considered in the academic literature. Thus, the present article contributes
to the limited scientific literature base of fashion production planning and sequencing while incorpo-
rating practical relevance regarding sustainability issues.

2 Background on Garment Production

2.1 From an Industry Perspective

The manufacturing process of garments can happen in different formats, which require different pro-
duction layouts. Overall, the production format chosen also has to do with the desired pricing of the
product, as different formats demand different budgets, which is mainly due to the quantity that can
be produced (Bevilacqua et al. 2013; Cachon & Swinney 2011). One of these possibilities is ‘custom
tailoring’. It is largely carried out in a job-shop scheduling in which individual work tasks are done after
one another without many processes being clearly defined in advance. In custom tailoring, manual
work is also frequently used, as there is hardly any possibility of standardizing the processes due to the
customized products and the individually designed tailor stores (Parveen & Ullah 2010). Hence, there
are often qualified seamstresses working in this production format. The advantage of this method is
that there is a high level of customer integration and, thus, a high probability of satisfaction and loyalty
on the consumer side. In terms of production, the lack of standardization and the low production fre-
qguency result in considerable time and financial requirements, which are consequently also passed on
to the products’ retail price. For this reason, tailored products tend to be in the premium or luxury

price segment.
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Avery large proportion of companies focusing on low-priced and trend-oriented fashion items produce
in ‘mass productions’. Mass production is traditionally organized as a 'push-system'. The focus here is
on a precise forecast, as the products and production quantities are planned on the basis of previous
seasons’ sales (Liu et al. 2020; Yeung et al. 2010). The production sites in this format are often located
in low-wage countries, as most steps of the actual garment manufacture are carried out by workers on
individual sewing machines (de Oliveira Neto et al. 2019; Niinimaki et al. 2020). In order to make the
production as efficient as possible, there is usually a line of sewers strung together, all of whom have
precisely defined jobs. By doing that, a highly beneficial standardized process is possible — beneficial
as standardization favours speed. A possible scenario is that one sewer could only be responsible for
the right arms of a shirt, whereas the next one in line is only putting the finished arms and middle parts
together. Further, efficient inventory management is crucial for mass-producing fashion companies.
Products manufactured in distant production facilities such as India, China, or Bangladesh are pro-
duced with a long lead time to their actual time of sale because otherwise, there would be problems
due to the long transport distances (Camargo et al. 2020; Christopher et al. 2004). While this format
has the advantage of standardized operations, it is error-prone and not very customer-centric: If a
trend changes quickly (which is very often the case in high-street fashion) or a product does not arrive
as planned, it accompanies the backlash that large quantities of goods remain unused and have to be
destroyed, offered at large discounts, or be discarded (DW 2021). Alongside the spontaneously chan-
ging orders, there is enormous pressure on both the manufacturing sites and the sewers because there
is only a very narrow timeframe where a trend (and with it, the product) is relevant for the consumers,
i.e. for the fashion company (Christopher et al. 2004; Rafi-Ul-Shan et al. 2017).

In addition, there is also a kind of hybrid form of the two production formats described that is called
‘mass customization’. In contrast to mass production, mass customization is oriented towards a ‘pull-
system’ which requires a regular exchange of information between the various parties involved in the
supply chain (Yeung et al. 2010). To respond to the fast-moving fashion industry, more and more com-
panies have recently decided to produce in this specific format (Xu et al. 2020). As far as the production
process is concerned, a final product is assembled only when a customer requests it. The choice of
production layout is strongly related to the level of customization, meaning that more individuality and
customizability also require more individually adapted production steps. Within this format, fashion
producers greatly benefit from fewer customer returns because they influence the products’ designs
themselves. Since only the exact demand is produced, large overstocks can be eliminated, and storage
costs as well as potential waste will be reduced. Nevertheless, this format also has a downside: It re-
quires extreme flexibility and generates operational complexity, which is reflected in both financial

expenditure and know-how requirements (Liu et al. 2020; Xu et al. 2020; Yang et al. 2015).

Note that the following study can be read as a literature review of the different objectives used in

mathematical production planning and sequencing in the context of the three main production layouts
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(Section 3.1). Second, it can be read as a first qualitative clustering of the objectives in use in this field
of mathematical optimization (Section 3.2). Alternatively, it can also be read, and this is its main ob-
jective, as a discussion of the sustainability potentials inherent in the objectives, which primarily target
output- or cost-related aspects (Section 3.3). While parts of this discussion are already known to prac-

titioners or researchers, this study combines the insights into one comprehensive overview.

2.2 From an Operations Research Perspective

Regardless of the assumed objective, production scheduling in the fashion industry would usually take
place in one of three possible layouts: flow-shop, job-shop or assembly line (Blazewicz et al. 2019). In
all three situations, a number of tasks need to be performed to finish the manufacture of a pre-defined
product, including different variants of the same product at this point. These tasks are assigned to
different stations or workers involved in the production process, such as sewers in a sewing room. The
assignment of tasks to stations is not made randomly but is determined by a given set of precedent
constraints in addition to the assumed goals, i.e. certain tasks must be completed before others can
be started (Scholl 1999). Without these precedence constraints, all three types could be subsumed as
‘open-shop problems’ (Blazewicz et al. 2019). The three approaches differ regarding the flow of goods
through the production process, particularly resulting from whether each product requires all tasks to
be performed and whether buffers or inventories are allowed between stations.

In a flow-shop environment, buffers are allowed to exist between stations, and each product is as-
sumed to have the same operations done to it (Blazewicz et al. 2019). In this context, there are two
main challenges arising: The first one emanates from the assignment of tasks to the stations (also re-
ferred to as balancing), and the second contains the order to process a series of orders at one of the
stations at a specific system layout and station design (Scholl 1999).

Even though smart alternatives are possible with an assembly line, it is usually assumed that each
product visits every station, even if no tasks are performed at that station. This case, however, would
point to poor balancing in the balancing phase of the assembly line. Where flow-shop production al-
lows for buffers or inventories to exist between stations in general, assembly lines (both in practical
terms and mathematical theory) are constructed to avoid buffers and assure a continuous flow of
goods via a continuously flowing line (Scholl 1999). Consequently, the main objectives of the two pro-
duction types are quite similar. Job-shop production, in contrast, does not assume that each product
has to visit each of the stations and that each task needs to be executed. Ultimately, it allows for the
existence of buffers between stations or different stations in the product run (Blazewicz et al. 2019).
A special case applies when there are a number of stations that all perform the same tasks, and the
product is completed after all the required stations have been visited. In this case, the problem reduces

to a scheduling problem on parallel machines Blazewicz et al. (2019). Generally, the particular
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challenge in this situation is two-fold: On the one hand, there is the question of which order should be
assigned to which station. On the other hand, however, it is also a matter of which order the jobs

assigned to the stations are to be processed, if this option is permitted.

With regard to the fashion context, neither of the three approaches covers fully custom-made pro-
ducts like unique designer pieces. This area, however, can be excluded from this discussion without
loss, as the creative and artistic dimension supersedes the planning aspect of the production anyway.
For luxury fashion, it seems prudent to refer to a job-shop design, especially since job-shop production
usually assumes that each station represents a specific area of expertise and cycle times across stations
are not necessarily identical. The derived scheduling problem on parallel machines, where the same
products are produced on a number of identical parallel stations, is reminiscent of the classical sweat-
shop design, particularly used to generate mass-produced fast fashion goods or simple basic goods,
like standard white t-shirts. Products at intermediate and affordable levels are usually mass-produced,
but the trend is also continuously moving towards customization at these price levels (Liu et al. 2020).
While other sectors, such as the automotive industry, have demonstrated that assembly lines are ex-
tremely effective in this environment (Scholl 1999), this has also been proven for the fashion segment
(Perret et al. 2022).

Comparing classical flow-shop and assembly line problems in an environment where mass customiza-
tion (pull production) persists, an assembly line-based approach provides better results (Scholl 1999),
whereas in the classical mass production environment (push production), flow-shop approaches might
fit better. With ever decreasing fashion cycle times (Choi et al. 2014) and the need to produce a new
collection in less than a couple of weeks, it seems more and more critical that both objectives — ba-
lancing and sequencing — are jointly considered in a comprehensive approach. In the context of assem-
bly lines, Battini et al. (2009), Defersha and Mohebalizadehgashti (2018) and Lopes et al. (2020) are
among the recent studies to present such a joint approach. In the context of fashion production plan-
ning, this aspect has not yet been considered. However, since flow-shop and assembly line problems
are closely linked, approaches that work in one of the two environments can oftentimes be modified

to work in the other environment as well.

In summary, all three approaches to production planning find their application in the fashion industry.
Therefore, the following section considers all three approaches, accompanied by a review of objectives
used in the context of production sequencing. The focus on production sequencing is favored over
production balancing since sequencing provides operative insights, whereas balancing provides stra-
tegic insights. Even if the trend is moving towards a decrease in fashion cycle times, the operative
perspective is the one that offers the most approaches for making the whole production process more
sustainable. The most important aspect of sustainability in the context of balancing is to set realistic

task and cycle times that do not overburden workers. The determination of realistic times, however,
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is not a question of the balancing approach per se but of the preceding data collection and measure-

ments.

3 Optimization Approaches

3.1 Realized Objectives

Over the course of the last six decades, a broad range of articles on the scheduling of job-shops, flow-
shops, or assembly lines were published. However, the implemented objectives — oftentimes propa-
gated as a multi-objective version — remain mostly the same. The main objective in job-shop and flow-
shop scheduling is minimizing the makespan, whereas in assembly line sequencing, it is balancing the
part usage or workloads, i.e. minimizing work overloads. Table 1 summarizes the objectives used in
relevant scheduling problems. For flow-shop scheduling, the objectives result from the recent and ex-
haustive literature reviews by Rossit et al. (2018) and Komaki et al. (2019), whereas the objectives for
job-shop scheduling result from the literature reviews by Chaudhry and Khan (2016) and more recently
the one by Zhang et al. (2019). Considering that no inherently new objectives have been introduced in
assembly line sequencing in recent years, the literature reviews by Dhamala and Kubiak (2005) and
Boysen et al. (2009) are still suitable summaries of the state-of-the-art in assembly line sequencing,
particularly when considering the implemented objectives. In addition to each objective in table 1, an
exemplary article is cited where the objective is implemented, even if it has only been part of an ob-

jective function consisting of multiple sub-objectives.
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Table 1: Implemented Objectives Across Literature
Flow-Shops Relating Articles
Makespan Benavides/Ritt (2016)
Total Completion Time Al-Anzi/Allahverdi (2013)
Lateness Al-Anzi/Allahverdi (2007)
Tardiness Ziaee (2013)
Holding Costs Park/Kim (1999)
Lead Time Blocher/Chhajed (2008)
Shipping Costs Kazemi et al. (2017)
Flow Time Pugazhendhi et al. (2004)
Changeover or Setup Costs Grau et al. (1995)
Firm Income Doganis et al. (2005)
Job-Shops Relating Articles
Makespan Sun et al. (2010)

Mean Completion Time
Production Costs

Balance Workload

Resource Transition Costs
Tardiness Costs

Lateness Costs

Mileage of Vehicles
Machine Utilization Rate
Production Efficiency

Mean Flow Time

Total Workload of Machines
Critical Workload of Machines

Assembly Lines

Nie et al. (2013)

Lan et al. (2010)
Yuan/Xu (2013)

Lin et al. (2012)
Chen et al. (2012)
Vilcot/Billaut (2011)
Yan et al. (2022)
Chen/Chen (2008)
Fattahi/Fallahi (2010)
Nie et al. (2013)
Gen/Lin (2012)
Yuan/Xu (2013)

Relating Articles

Work Overload

Line Stoppages / Duration of Stoppage
Inventory Costs (Parts and Final Products)
Earliness and Tardiness Costs
Balancing Part Usage

Set Up Costs

Line Length

Makespan / Throughput Time

Worker Displacements

Idle Time

Lead Times

Costs of Materials

Source: own table

3.2 Grouping

Tamura et al. (1999)

Xiaobo/Ohno (1994); Xiaobo/Ohno (1997)
Boysen et al. (2008); Wang/Sarker (2005)
Bolat (2003)

Tamura et al. (1999)

Rabbani et al. (2006)

Bard et al. (1994)

McMullen (1998)

Bard et al. (1994)

Song et al. (2001)

Xiaobo/Ohno (1994)

Wang/Sarker (2005)

Table 1 already groups the different objectives with regard to the type of production design. Never-

theless, this study is less concerned with production designs than with the effects that the implemen-
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tation of specific objectives will have. Thus, groups are constructed according to the effects the con-
tained objectives will have on the company, the involved workers, the products, and the customers.
While the construction of the following six groups, plus a seventh group for the residual objectives,
might seem arbitrary, their construction resulted from qualitative clustering. The grouping primarily
serves to simplify the following discussion. These groups are not absolute, and in some cases, their
borders might blur or overlap. The number of groups considered is kept as small as possible while

trying to make them internally as homogenous as possible.

A limited number of groups will make it easier for practitioners to select the relevant top level group

and, in a second step, consider the most relevant objective for their particular situation.

Group 1 — Makespan related

The first group consists of objectives aimed at minimizing the makespan, lead time, or throughput-
times. It therefore also contains the minimization of the total, the mean completion, or the flow time
(Benavides & Ritt 2016; McMullen 1998; Pugazhendhi et al. 2004; Sun et al. 2010). Since the length of
an assembly line is linked to the lead time (Bard et al. 1994), it is also considered a part of this group.
Another objective to be assigned to this group is the minimization of inventory costs for intermediate
products (Park & Kim 1999), as the longer an intermediate product is kept in inventory or storage, the
longer its lead time will be. Since more changeovers and setups automatically increase a product’s lead
time, minimizing changeover and setup costs (Grau et al. 1995; Rabbani et al. 2006) are also assigned
to this first group. The absence of buffers and the design concept of assembly lines as a continuous
flow of products preclude most assembly line objectives from this group. However, in cases where the
continuous flow of products is interrupted, for example through the use of line stoppages (Xiaobo &
Ohno 1994, 1997), the lead times of the products are impacted. Finally, the total and critical workload
of the machines as well as the utilization rate can be assigned to this group if they allow for the accrual

of backlogs, which —in consequence — lead to longer lead times.

Group 2 — Workload related

In contrast to the assembly line literature with an inherent focus on Japan (Xiaobo & Ohno 1997),
which mainly concentrated on minimizing line stoppages, the US-focused articles were mainly con-
cerned with minimizing work overloads of various types (Bard et al. 1994; Tamura et al. 1999). Worker
displacements can be considered a slightly different take on work overloads covered via floater use or
line stoppages. The only difference lies in the rigidity of station borders. With rigid station borders,
workers cannot leave their station and no displacements occur; the work overloads, however, still

need to be covered.
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The flip-side to work overloads is idle time (Xiaobo & Ohno 1997), because too much idle time (similar
to too much work overload) points to a poorly balanced production run and will put unnecessary stress
on the workers. Within job-shop-related literature, the same problem is covered by approaches focu-
sing on the critical workload of the machines (Yuan & Xu 2013). The total workload of the machines
can also be assigned to this group if it allows for overutilization and, thus, production backlogs and

increasing inventories.

Group 3 — Balanced Production Schedule

Achieving a balanced production schedule (variant-wise or regarding part usage) is one of the major
objectives in assembly line scheduling (Boysen et al. 2009), following the assumption that a balanced
production schedule will avoid work overloads (Tamura et al. 1999) while the order frequency for parts
and intermediate products remains constant. In this regard, it follows the same goal as directly balan-
cing part usage rates. Minimizing parts delivery costs is reflected in the flow store literature by shipping
costs when they focus on inputs (Kazemi et al. 2017) and when the assumption is maintained that a
machine uses the same parts for each processing of a product, by realizing the average workload of a
machine. Focusing on minimizing shipments of parts and intermediate products between plants (Lin
et al. 2012), the same idea is present in the resource transition costs or the mileage of vehicles if their

focus is on the delivery of parts and not the delivery of final products.

Group 4 — Due date-oriented Goals

This group is similar to the first, but while the first group focused on production time per se, this one
focuses on whether the set schedule or an increase in the production makespan results in a delay
(Bolat 2003; Chen et al. 2012; Ziaee 2013). For products to become tardy, upper limits for the delivery
date need to be set. Thus, minimizing tardiness or lateness costs belongs to this group of objectives.
Furthermore, if lower bounds for the delivery date exist, as in an earliest date of delivery, the minimi-
zation of the resulting costs can also be assigned to this group. If the focus is on keeping the respective
products in stock, the objective belongs to the succeeding group 5. Hence, group 4’s objectives relate
to group 1’s objectives.

Group 5 — Inventory Costs

As discussed in the previous groups that already considered inventory-oriented goals, there are three
main types of inventories: inventories of parts (Boysen et al. 2008), inventories of intermediate pro-
ducts, and inventories of final products (Park & Kim 1999; Perret et al. 2022). At this point, intermediate

products only refer to those intermediate products produced in the plant itself and stored in buffers
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or inventories between stations. The first type of inventory is unavoidable but depends on the use of
the parts and the space available on the machines, assembly lines, or in the plant in general. The se-
cond type of inventory is null for assembly line designs (Scholl 1999), but can become relevant for flow-
and job-shop production. Lastly, inventories of final products only become relevant when push pro-

duction is implemented or products are processed in orders or batches rather than individually.

Group 6 — Delivery and Shipping Costs

Delivery and shipping costs are the counterpoint to group 3, which focused on parts shipments,
whereas this group concentrates on the final products. As such, the minimization of the mileage of
vehicles is considered an additional objective that falls into this group (Yan et al. 2022), if the vehicles
considered are transporting finished goods.

Group 7 — Other objectives

The objective of maximizing firm income (Doganis et al. 2005) can be seen as an overreaching objec-
tive, similar to production efficiency (Fattahi & Fallahi 2010). Thus, both objectives are too broad to be
evaluated from a particular sustainability point of view and are excluded from the following analysis.

Having described the six main groups and the seventh residual one, the qualitative clustering as a pre-
liminary step in achieving the objective of this study has been realized. The inherent overarching goal
of all objectives, and thus all groups, lies in realizing an increase in output levels or a decrease in costs.
Still, they inadvertently target other secondary objectives as well. In the following section, these se-

condary objectives are discussed for each group with regard to the three pillars of sustainability.

3.3 Sustainability

In the context of the following discussion, the study assumes a definition of sustainability following the
three-pillar model as adopted by Basiago (1998) or Purvis et al. (2019), differentiating between eco-

logical, social, and economic sustainability.

Ecological sustainability, herein, is primarily understood as a decrease in resource utilization and harm-
ful emissions. Social sustainability is understood as the living and working conditions of the population
in particular and societal well-being in general. Finally, economic sustainability is understood as a po-
sitive, stable long-term economic development or, in the production context, as cost reduction in the

long term.

In order to find out which sustainability aspects each of the groups addresses in addition to economic
sustainability, the groups are discussed individually in turn. As part of this, side effects of implementing

certain goals, such as increasing customer satisfaction, are also addressed.
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Group 1 — Makespan related

Being able to finish a product earlier translates into an earlier delivery to the customer. The advantage
in this regard is reflected in the waiting time for the customers and, thus, in more satisfied customers.
Although this does not per se translate into more sustainability, it is not a negligible aspect. Realizing
short makespans, however, allows for a shift to pull production, avoiding unnecessary production runs
and thus less waste of materials and intermediate products. While pull production may not solve the

‘problem’ of fast fashion, it will at least avoid unnecessary output on the producer’s side (Kiran 2019).

Another advantage related to sustainability in this context is that products are usually paid once they
are delivered. While they are kept in stock, they represent bound capital that cannot be used otherwise
and is therefore unnecessarily taking up excess inventory space. Combining these aspects, shorter
makespans or lead times can at least partially help to avoid or reduce situations like the Chilean Ata-
cama Desert (DW 2021) by reducing overproduction by the manufacturers. In the long run, this would
be ecologically beneficial. First and foremost, a focus on smaller inventories will save costs for the
companies involved and free up capital that can be invested otherwise. If waste itself is considered an
ecological issue, it will again be ecologically sustainable.

It needs to be noted that the proposed objectives, if realized, will lead to developments that carry
slight social burdens as well. With less waste occurring and fewer garments dumped into sites like the
Atacama Desert, the local population would be derived of a free source of clothing. Additionally, real-
izing a leaner production might also reduce the workforce, leading to workers losing their jobs. Even
though this is a negative social effect, the higher qualification level of the remaining workers would
balance the lost jobs out, and it would therefore still be possible to reach higher ecological sustaina-

bility, further evolve the company, and achieve other social goals.

Group 2 — Workload related

A balanced production schedule will have the added benefit of being less stressful not only for the
workers involved but also for the implemented machinery. If a machine has to continuously work at
maximum capacity, it might result in outages or additional faults in the production runs, which, in turn,
would increase the makespan and reduce the quality and, thus, the life-span of products. Aside from
consumer preferences, this will play right into the throw-away mentality surrounding fast fashion
items. Similarly, stressed workers will be more likely to make mistakes and tend to get sick faster. This
effect occurs regardless of whether the overload is achieved through actual or theoretical floater em-
ployment or through line stoppages, both of which mean the employee has failed to meet his or her

allotted time.
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At first glance, idle times, the opposite of work overloads, seem to be beneficial to the workers since
they can enjoy some free time. This holds true as long as the idle times are within reasonable bounds
and do not alternate with significant work overloads. In the second case, the workers will be stressed
by idle times as well, knowing that they will face a work overload. If idle time becomes commonplace,
workers may begin to question their necessity or become bored, which will adversely affect their
productivity and product quality in the long run. Thus, realizing balanced workloads will directly lead
to a socially more sustainable production, indirectly to fewer faults, and consequently to both longer

product lifetimes and positive ecological effects.

Group 3 — Balanced Production Schedule

A balanced production sequence helps in realizing two main goals. First, a balanced production se-
guence will balance workloads at the stations, and all the positive effects mentioned in the previous
part will also occur. Second, a balanced production schedule results in even or at least predictable
requirements for raw materials and intermediate products (Scholl 1999), realizing a basic requirement
for just-in-time production. Sustainability-wise, this will result in better planning of order policies
through easier requirement forecasts, translating into better supplier relations. As a result, this can
both have a monetary advantage and be considered socially advantageous, especially for the em-
ployees involved in contractual work. This means that supply runs of operating materials can be better
planned and thus also bundled, which ultimately leads to fewer required runs. In turn, fewer deliveries
will mean lower transportation costs but — more importantly — lower fuel and energy requirements

and therefore higher ecological sustainability.

Group 4 — Due date-oriented Goals

Due date-oriented goals do not primarily target ecological or social aspects of sustainability, and even
economical aspects only matter because of fees related to violations of delivery horizons. Without
these fees, the due date-oriented objectives ostensibly result in more satisfied customers.

From a secondary perspective, a production run that avoids tardiness will result in less stressed wor-
kers because if workers know they are working on an order that is already late, it will cause significant
stress for them (Otten et al. 2019). Consequently, the same effects (even on a smaller scale) might
occur as in the case of work overloads. Additionally, considering the delivery of the final product, a
production schedule that avoids tardiness, i.e. finishes products as early as possible, will give the com-
pany more potential to batch deliveries and save on transportation costs as well as fuel or energy
usage. Nevertheless, this advantage comes at the cost of requiring larger inventories for the final pro-

ducts.
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Group 5 — Inventory Costs

Realizing a schedule that reduces inventory costs works like the flip side of Group 1’s objectives. Mi-
nimizing inventory costs will reduce inventory and save inventory space. Due to shorter storage times,

it will also lead to reduced lead times.

Depending on the type of product and the duration of storage, the product may deteriorate or, given
the short cycle times in the fashion industry, simply go out of style, creating avoidable waste. In par-
ticular, if final inventories are kept small, more frequent delivery trips are required, consuming more
fuel and energy. Considering that, a reduction in inventories will also free up physical space. Even if
these spaces cannot be sold off or repurposed, less energy is required to maintain them, so powering

and lighting unnecessary areas would be avoided.

Group 6 — Delivery and Shipping Costs

Minimizing shipment and delivery costs will lead to stronger batching and fewer transports. This will
result in lower fuel and energy consumption and a reduction in fixed delivery costs as the company's
delivery fleet is downsized. On the downside, realizing fewer shipments and deliveries will force the
company to operate larger inventories for parts, intermediate goods, and finished products. Therefore,
these objectives operate in opposition to those of Group 5.

Group 7 — Other Objectives

Since the two objectives in this group address overarching aspects, that impact the company as a

whole, determining particular sustainability effects does not seem prudent.

Summarizing, it can be seen that a significant inherent potential for more sustainable production lies
within most of the objectives currently known and used in mathematical production planning and se-
quencing. Even though, practitioners might already have realized parts of these inherent potentials,
the overview generated in the preceding paragraphs delivers a first comprehensive discussion of the
potentials for the three main types of production layouts.

The overview also illustrates that significant goal conflicts exist (groups 1, 5 and 6) which can not be
solved in kind. Nevertheless, an optimzation approach implementing multiple objectives can find Pa-
reto-optimal solutions from which the decision maker can select the ones that best fit the company’s

strategy.

Additional practical and theoretical insights to be derived from this study are detailed in the following

section.
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4 Discussion of Added Values and Implications

Linking scheduling to fashion production and treating it as a possible improvement approach has not
been something that has been frequently discussed in recent fashion literature (Perret 2023; Perret et
al. 2022). However, it provides great opportunities. Considering the different aspects addressed in the
literature and elaborated in the previous chapter, a number of relevant objectives for the improve-
ment of fashion production were presented. The discussion in the second section of this article dis-
played that the optimization of fashion manufacturing is also possible without the imperative use of
high investments in technology or in new machines — thus, a resource-saving improvement approach
is definitely feasible. In addition, the advantage of the offered overview lies in its applicability: With
the overview presented, manufacturers are equipped with a comprehensive instruction for action that
merely needs to be put into a practical setting, i.e. selecting a suitable set of constraints reflecting the
concrete production environment. By focusing on reducing sources of waste and working with existing
resources, one also has a very company- and operation-oriented improvement methodology at hand.
Further, all relevant production steps are included since both employees in manufacturing and logistics

as well as possible auxiliary workers (floaters) are considered.

In the past, sustainability in fashion production was widely perceived from the perspective of ecologi-
cally and socially questionable conditions and with a lot of criticism (Niinimaki et al. 2020). As a result,
previous work has focused less on the potential in terms of sustainable business practices that can
originate from the actual production process. Due to savings in working time, liberated employee en-
ergy, saved materials (less waste and waste that is harmful to nature), and space that is either returned
to nature or at least no longer wasted ‘superfluously’, as well as an optimization of transport routes

and logistics (less fuel and energy consumed), the objectives described can enable resource efficiency.

As argued in the previous section, the relationship with customers can probably also be improved by
optimizing the production process: In terms of sustainability, this means that increased satisfaction
due to shorter waiting times, more flexibility, and most likely better product quality, pay off in the long
term because it increases loyalty and thus, secures future sales and jobs. All of these aspects, conse-
guently, result in both ecological and social sustainability as can be seen from discussions concerning
ESG criteria (Camara & Morais 2022). Further, since financial savings and reductions in fixed costs are
highly conceivable, the application of the objectives discussed can also lead to economic sustainability,
which —in turn — can be used for advanced sustainability projects, aligned with the corporate strategy
and orientation. Examples of these include, but are not limited to, training and education opportunities
for employees, charity projects, infrastructural projects for the local population, or environmental pro-

tection projects with regard to the areas negatively affected by the clothing industry.
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Based on the above, there are also some aspects that are required from the management side when
it comes to successfully implementing optimization projects in fashion productions and achieving the
described objectives: Firstly, a corporate culture that is open-minded when it comes to change pro-
cesses is strongly required. Any change process in companies rarely goes along without resistance from
the employees’ side, so transparent communication and the involvement of the workers are absolutely
imperative if the changes are to be lastingly successful (Hines & Bruce 2007). In addition, regular ana-
lyses and an efficient information exchange system are essential, as this is the only way to regularly
identify waste sources, improvement potentials, and actual time and resource allocations. Further-
more, optimization projects can only be managed efficiently if responsibilities and action plans are
clearly defined, including targets and key performance indicators (Towers & McLoughlin 2005). Regular
checks are also mandatory, as otherwise there is no long-term improvement that is both measurable
and visible. But dealing with optimization also requires a responsible course of action: Reducing the
number of employees, which might come along with some optimization objectives, could pose a new
problem itself as many of the workers in fashion are highly dependent on their jobs, especially in the
low-wage countries where fashion is often produced. Therefore, in addition to assistance in finding
other positions, the manufacturer could offer training or educational programs as well as coaching for
different manufacturing steps in order to keep the employees in the company. Further, at some pro-
duction sites, some employees have generated their income from either free clothing or from the fur-
ther processing of the respective textile waste. While optimizing production and rationalizing these

income sources, production companies would need to take responsibility and offer alternatives.

Considering fashion manufacturing beyond the mere production process, it becomes evident that fle-
xibility and an efficient supply chain partnership network would be necessary in order to optimize pro-
duction above the limits of the company's own capabilities. This comes with the managerial challenge
of long-term thinking, the commitment to suppliers, and their support in their own optimization. But,
at the same time, it is also about being prepared and entering into new partnerships, expanding the
existing network (Rafi-Ul-Shan et al. 2018). Realizing a more optimal production process frees re-
sources and saves money that can finance these endeavors. Although this was not the explicit focus of
this paper, it is nevertheless worth mentioning in this context.

5 Outlook and Limitations

In summary, it can be concluded that the garment industry is an extremely relevant industry that has
a great influence on the environment — from an economic, but above all, from an ecological and social
perspective (Niinimaki et al. 2020). Since garments are a basic necessity, the industry also holds a great
deal of responsibility which (in many cases) is not born as such. Although the COVID-19 pandemic has
triggered some changes and raised important issues for the industry, such as seasonless fashion or the

inclusion of more sustainable pieces, as of 2022 and 2023, it has already become apparent that some
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brands are falling back into former habits. For this reason, it is more relevant than ever to make sus-
tainability lucrative and therefore interesting to apply to an industry as financially motivated as the
fashion industry. Ultimately, optimizing production towards a more sustainable way of working is also
about questioning established business models. For the fashion sector, this means as switch from fast
to slow fashion, i.e. slow the cycles down and produce fewer collections in order to both reduce the
pressure on production workers and cause less damage to the environment. But at the same time, it
also means improving the already existing business models. Therefore, the meta-study in this paper
delivered different objectives and accompanied optimization ideas that are applicable to various pro-
duction formats for garment manufacturing while assuming the resources already available. It also
introduced a different approach to thinking about production optimization because it displayed to
what extent production optimization might also lead to more sustainable business activities (social and
ecological) and how it can release potentials for sustainability activities and projects, beyond the
bounds of material use, recycling, and cycle slowdown.

But it is not without limitations: The aspects described only cover one part of the value chain, namely
the manufacturing process. However, depending on the production, distribution, and sales locations,
a value chain in the garment industry can consist of various internationally connected and multi-lay-
ered stages, making it very complex (Backs et al. 2021). The process mostly starts with the cultivation
of raw materials such as cotton or the manufacture of artificial or synthetic fibers and proceeds with
the subsequent production of yarn and textile fabrics. These steps are usually processed in Southeast
Asia. After the garments have been produced, they are transported to distribution centers or ware-
houses, followed by the retail steps (Backs et al. 2021; Niinimaki et al. 2020). The actual garment pro-
duction is therefore only one small part of a whole chain, which is why further research should address
other parts of the value chain in order to consider a more holistic optimization approach. In addition,
aspects such as minimum and maximum order quantities, delivery times, and specific regulations (e.g.
import and export constraints) should be included in further research. Moreover, the article does not
offer a specialization on a specific case and does not apply the proposed optimization ideas to a ‘real’
company, including an evaluation of the employees. On the one hand, this gave the possibility of ob-
taining generalizable findings but, on the other hand, severely limited the accuracy of the results.
Hence, it is suggested that researchers and practitioners apply the proposed ideas, i.e. put a distinct
price tag on the proposed ideas, and also investigate the company’s staff perspective as they play a

crucial role in implementing new approaches.

Furthermore, only limited attention was paid to the changes that the pandemic has already brought
or will bring to the production process (but also to the entire supply chain) of fashion companies in the
future. In this context, researchers discussed the topic of 'near and re-shoring', which is the relocation
of production to a site that is close to the respective company location. The ideas described strive to

provide easy-to-implement options that do not necessarily require high investments. However, this
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only provides companies with limited optimization options that can be beneficially extended with
other approaches: For example, Bertola and Teunissen (2018) present ideas on how the use of tech-
nology (data analysis, 3D printers, and smart factory appliances) can help to optimize fashion produc-
tion. Researchers are therefore reminded to consider various dimensions and approaches from diffe-
rent industries when it comes to achieving optimization in garment manufacturing. Moreover, while
COVID-19 has had a negative impact on fashion companies, some practitioners believe at the same
time that it might have a particularly positive impact on the garment industry as it strongly encouraged
the use of robots and the associated automation in China, for example. Perhaps this will soon become
the case in the global garment industry because, where people still work manually, the demand to

always become faster and better can no longer be sustained at some point.

Finally, the article intentionally does not focus on any particular optimization method, use case or case
study. As in the past decades, optimization techniques will improve in the coming years, not only me-
thodologically but also with regard to computational power; e.g., due to the availability of quantum
computing or the increased use of artificial intelligence to solve even complex optimization problems.
While the techniques and methods will change, and even production layouts may vary over time, as-
king the right and most relevant questions will remain at the core of all practical applications of opti-

mization.

While a practical use case might illustrate the theoretical aspects discussed herein, it needs to be con-
sidered that actual data, but even more so the implemented optimization approaches, are usually
treated as strictly proprietary. With regard to the optimization of the production of automobiles, the
sector most prominently featured in the literature, the competition by PSA launched in the 2000s,
where they made their algorithm public, has been the only instance where a company shared this type

of knowledge.

Another solution to this conundrum might be an in-depth qualitative interview-based study, using the

opinions of experts to evaluate the ideas put forth in this study.

Summarizing, this article provides not just a solution to a single current problem but an overview of
the major questions that might rightfully be asked and evaluates their relevance with regard to sus-

tainability, making it more timeless than focusing on a single use case could ever be.
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