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Abstract. Changing environmental conditions and socio-political expectations
progressively pose challenges and risks for manufacturing companies in the Euro-
pean Union. These so-called sustainability risks are becoming increasingly impor-
tant and pose challenges for both the manufacturing and financial industries. While
research on sustainability assessment in production is, in principle, already quite
advanced, the concept of sustainability risk has so far been discussed mainly with-
out dedicated reference to production and its systems. Based on a brief presentation
of the state of the art, this paper, therefore, presents a research concept for mod-
elling the sustainability of production systems to identify and assess sustainability
risks. The approach is divided into three steps and covers the phases of sustain-
ability modelling, data extraction, and employment as a risk management tool.
Several research aspects to be considered in the context of this concept develop-
ment are presented. In conclusion, an outlook on how the proposed approach will
be employed in the manufacturing and financial industries is given.

Keywords: Sustainability assessment - Sustainability modelling - Sustainability
risk - Manufacturing systems - Resilience

1 Introduction

The greenhouse effect is at the centre of current environmental and political debates,
resulting from the excessive consumption of fossil fuels and raw materials. An anthro-
pogenic origin of global warming is now assumed to be certain [1], as is the hypothesis
that an intensification of climate change would result in massive economic damage
[2]. Sustainability or sustainable development was initially defined as the “development
which meets the needs of current generations without compromising the ability of future
generations to meet their own needs” [3]. It is usually operationalised through the triple
bottom line (TBL), a concept pioneered by Elkington [4] that simultaneously consid-
ers economic, environmental, and social issues from a microeconomic perspective. A
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particularly relevant group of actors pursuing this sustainable development is manufac-
turing companies. Consequently, there is growing socio-political pressure — especially
in the European Union — for sustainable economic activity (e.g., through the European
Commission’s Green Deal in 2019). The introduction of financial control mechanisms
for more sustainable production, such as a CO; tax, as well as the evident scarcity of
environmentally relevant resources, additionally indicate an increase in the cost of pro-
duction. It will be an essential challenge for manufacturing companies to at least partially
compensate for this increase in costs through more sustainable operations and counter
sustainability-related risks to which they are exposed at an early stage.

2 Theoretical Foundations and Aim of this Publication

Research on sustainability assessment in production is, in principle, already quite
advanced but still has specific weak points. These weaknesses were presented by Schnei-
der et al. [5] and are summarised and discussed in Sect. 3. In contrast to the sole assess-
ment of sustainability, sustainability modelling creates an abstract of reality using mod-
els, as this reality is usually too complex to be fully represented. However, completeness
is not intended; rather, only the essential influencing factors significant for the real
process and its context are to be identified and represented [6]. Following [7], a sustain-
ability model of a production (system) should fulfil the following three characteristics:
(1) representation of the original (i.e., production system), (2) shortening of the original’s
attributes to those that seem relevant for the further purpose of use, and (3) pragmatism,
since models have a replacement function tailored to specific addressees, time intervals
and goals.

The concept of sustainability risk, on the other hand, has so far been discussed mainly
at the country/sector level or regarding supply chain or product risks, but not yet with
dedicated reference to production and its systems (cf. Section 3.3). Sustainability risks
encompass environmental and social responsibility risks in addition to risks concerning
the traditional bottom line [7]. The concept of sustainability risks becomes apparent
when expressing the TBL mentioned above slightly differently: Normally, the TBL is
defined as follows:

Maximise:F + E + S = TBL (D)

In this formula, F describes the financial or economical performance, E the envi-
ronmental performance, and S the social (responsibility) performance. Consequently,
to maximise the sustainability of a manufacturing system, all three dimensions need
to be considered. Following the general understanding of (financial) risk management,
risk costs need to be subtracted from profit. Consequently, the TBL can be expressed
monetarily as follows [7]:

TBL = F — riskcostsof E — risk costs of S 2)

It becomes apparent that the TBL, if measured in financial terms, is directly depen-
dent on environmental and social risks or in other words: if the environmental and social
responsibility risk costs are reduced while everything else is held constant, the TBL will
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increase [7]. As displayed in Fig. 1, two different types of sustainability risks shall be
distinguished in the following depending on their origin: physical risks and transitory
risks. Physical risks are bidirectional and can either result from the environment and
affect the production (e.g., extreme weather effects) or be caused by the production sys-
tem and impact the environment (e.g., hazardous emissions and waste). Transitory risks,
in contrast, are unidirectional and usually result from the changes in society to become
more sustainable and tend to be regulatory and legal in nature (e.g., CO; tax). In Fig. 1,
the difference between pure sustainability assessment and sustainability risk assessment
also becomes apparent: While the former only considers the sustainability performance,
the latter looks at the impacts of sustainability-related risks on manufacturing systems
due to their sustainability performance.

Sustainability Assessment

Climate xxx kg CO,
(Change)
Physical Risks
Sustainability Production
Transitory Risks I
.

Society/Politics

ss800Ng
2ILOU0oT

()

Sustainability Risk Assessment

Fig. 1. Distinction between sustainability assessment and sustainability risk assessment

For an efficient sustainability risk assessment of production systems, however, a
comprehensive information base is needed to describe the risk-relevant sustainability-
related properties of the production system. This requires the sustainability modelling
introduced above. Therefore, this paper aims to propose a research approach for mod-
elling multidimensional sustainability to enable the identification and assessment of
sustainability risks in production. This shall empower manufacturing companies, on the
one hand, to report their sustainability performance to external stakeholders such as
banks and customers, and on the other hand, to efficiently manage sustainability and
related risks in manufacturing operations.

3 Literature Review and State of the Art

This chapter presents an overview of relevant preliminary work divided into the three
sections sustainability assessment and modelling, data availability, and sustainability
risks, according to the objectives of the research concept described above. Lastly, a need
for action is derived.
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3.1 Sustainability Assessment and Modelling of Manufacturing Systems

The state of the art in assessing manufacturing systems’ sustainability performance was
previously investigated extensively following different approaches [5, 7-11]. It became
clear that various use cases for sustainability assessment systems exist, ranging from use
as a tool in decision-making processes to operational support for process changes and
help in conceptual design phases [5, 9]. Different assessment methodologies were also
identified, which can be used to systematise the systems [5, 7, 8, 10]. Similarly, exist-
ing sustainability assessment systems have already been systematised according to the
company levels considered and the sustainability dimensions covered [5, 11]. However,
challenges remain in dealing with sustainability assessment systems. Firstly, there is a
persistent lack of a generic sector-appropriate sustainability concept [12]. Secondly, an
ongoing disagreement on fundamental aspects of the taxonomy of sustainability indica-
tors becomes apparent [5]. This concerns, in particular, the dimensions and operational
levels to be covered during the assessment. For example, few approaches exist for the
segment/system, cell, and station level of a company that consider all three dimensions
of sustainability according to the TBL. Often, only ecological and economic, or even
only ecological, aspects are covered on these levels, while social factors are not or only
marginally accounted for [5].

The state of the art of sustainability modelling can be described with less clarity.
In particular, this is due to the inconsistent use of the term “model” or “modelling” in
connection with the sustainability of production systems. Many publications regarding
sustainability assessment also mention the term modelling (e.g., [13—17]). However, the
use of the term ranges from being used synonymously with “assessment” to actually
representing “modelling” in the sense of the requirements for a (sustainability) model
defined above. At the same time, the majority of the actual models presented in these
papers are not exhaustively backed by tools and technologies, nor do they support the
complete manufacturing life cycle [18].

3.2 Data Availability in Manufacturing Systems for Effective Sustainability
Assessment and Modelling

In general, sustainability assessment is very data-intensive [19]. The data basis required
for sustainability assessment depends primarily on the assessment object. However, also
the choice of the assessment method determines which data are needed for the assess-
ment and in which format they must be available. One of the most widely used types of
assessment methods is the so-called material flow-based assessment. The most typical
representative of this type is the Life Cycle Assessment (LCA). Despite its high degree
of standardisation according to the ISO 14040/14044 standard framework, LCA suffers
from a lack of readily available data [20]. For manufacturing use cases, so-called inven-
tory data, i.e., standardised and publicly available data regarding resource consumption
and emissions, is typically limited to the production processes of primary materials
[21]. This leaves a lack of manufacturing process-related inventory data, which would
be essential for accurately assessing and modelling a manufacturing system’s sustain-
ability. The following publications, in particular, are among the approaches to solving
or improving this problem, not only for LCA but sustainability assessment in general.
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Bettoni et al. [22] defined a reference data model for sustainability assessment. Landolfi
et al. [23] proposed a Manufacturing as a Service platform architecture to support data
sovereignty for sustainability assessments of manufacturing systems. Aizstrauta and
Ginters [24] used market data of technologies in their approach to building a sustain-
ability assessment model. Li et al. [19] presented a data-driven approach for improving
sustainability assessment in advanced manufacturing. In summary, it becomes apparent
through these publications that there is a scientific need for converting and simplifying
knowledge-based and data-driven models into analytics models for uniform employment
in sustainability assessment [19].

3.3 Identifying and Assessing Sustainability Risks for Manufacturing Systems

The concept of sustainability risk was introduced with a focus on countries or indus-
try sectors [7]. Publications regarding manufacturing companies have only recently
appeared. Thereby, the main focus of many of these publications is on sustainability
risks affecting procurement and supply chains. For instance, Torres-Ruiz & Ravindran
[25] presented a framework for assessing potential sustainability risks of supply chains
for different supplier segments. Similarly, Xu et al. [26] developed an assessment frame-
work to evaluate supply chain sustainability by measuring operational risks, social risks,
and environmental risks. Another group of publications considers sustainability risks
of specific products. For example, Vinodh & Jayakrishna [27] proposed an evaluation
model for sequential risk/benefit assessments throughout the product life cycle. Cor-
respondingly, Anand et al. [28] developed a sustainability risk assessment index for
the conceptual design phase of a mechanical system. In contrast to those two groups,
only a few publications can be found focusing on the risk assessment of manufacturing
systems. Garcia-Gomez et al. [29] discussed criteria, methodologies, and requirements
for identifying, analysing, and evaluating sustainability risks related to industrial assets.
Kazancoglu et al. [30] focused their sustainability risk assessment approach specifically
on the process of e-waste recycling for the circular economy. In summary, it can be
said that although the topic of sustainability risk is receiving increasing attention in the
context of the manufacturing industry, existing approaches are mainly limited to areas
adjacent to production. However, an approach that explicitly addresses the sustainability
risks of production and its systems is still missing.

3.4 Need for Action

Considering the limitations of the state of research presented above, it is evident that a
comprehensive research approach is needed to achieve the goals set out in Sect. 2. On
the one hand, this approach must enable the abstract modelling of the sustainability of
production systems that is necessary for risk identification and assessment. And on the
other hand, it must consider the required data basis and propose a method to determine
and capture relevant information efficiently. Thereby, sustainability decision logic and
model structures must be modularised to enable and streamline an ongoing sustainability
risk assessment in production systems.
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4 Concept for Sustainability Modelling and Sustainability Risk
Assessment in Manufacturing Systems

The proposed concept comprises the three consecutive steps Modelling, Extracting, and
Employing, and is outlined in Fig. 2. For the first step of modelling a manufacturing
system’s sustainability, a basis must initially be established for abstractly discussing
sustainability. To do so, relevant sustainability-related key performance indicators (KPI)
are identified and systematised in a use-case-specific taxonomy from the publications
presented in [5] and above. The taxonomy is afterwards expanded by the collection and
definition of calculation rules for the KPIs. This results in a calculation system to identify
and describe the interdependencies between the taxonomy’s KPIs.

The second step of determining and extracting relevant data is carried out based
on the previously defined calculation system of KPIs. Initially, the required data basis
and possibilities for data collection are assessed. Afterwards, the efficient collection
of KPI-relevant data is intended. According to the current state of development, the
approach is as follows: At the outset, process models and resource libraries are cre-
ated semi-automatically based on data available in the production system. These are,
among others, digital product and plant models containing sustainability-relevant infor-
mation. Subsequently, a semi-automated matching of the processes and resources with
existing Life Cycle Inventory (LCI) databases is conducted. Lastly, the generated pro-
cess/resource models are linked with the existing LCI data to form an LCA model, thus
enabling the automated calculation of KPIs in accordance with ISO 14040/14044.

§ Abstract description of sustainability Determination of and access to Asse§sment of sus?alnablllty-related
relevant data risks in manufacturing
Identification and systematisation of « Data basis and options for data « Physical and transitory risks
2 KPIs acquisition « Resilience potential
:,.’ Computation specifications and « Efficient recording of KPIs and
< recording opportunities influencing parameters

Interdependencies

Fig. 2. Concept for sustainability modelling and sustainability risk assessment

The third step of employment uses the achieved KPI model to identify and assess
sustainability risks in manufacturing. For this purpose, dimension-specific risk func-
tions are defined and then used to quantify the degree of “damage” to be expected given
certain decision functions. Thereby, the severity of damage directly depends on the cal-
culated KPIs’ values and, therefore, on the production system itself. The probability of
occurrence, however, is mainly dependent on non-manufacturing-related circumstances
(e.g., likelihood of stricter climate legislation). Therefore, from a production science
perspective, the main focus is on quantifying the potential extent of damage based on
the preceding sustainability modelling. The results shall be used, as described above,
to report sustainability performance to external stakeholders and to manage sustain-
ability and related risks in manufacturing operations efficiently. The latter serves to
increase the sustainability-related resilience of manufacturing companies by identifying
improvement possibilities.
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5 Conclusion and Outlook

In summary, research on sustainability assessment in production is, in principle, already
quite advanced but still has certain weak points. The concept of sustainability risk has so
far been discussed mainly at the country/sector level or regarding supply chain or product
risks, but not yet with dedicated reference to production and its systems. Therefore, the
novelty value of the overall concept lies in the intended use of sustainability assessment to
identify and evaluate sustainability risks in production. The proposed concept is currently
developed also in cooperation with Commerzbank AG, a major German bank, where
it shall be applied in the credit risk management function for corporate customers. The
customers are German medium-sized companies in the machinery and plant engineering
sector. Emerging sustainability requirements and climate effects impose risks on these
manufacturing companies, thus also on the financing bank. These risks, however, can also
represent opportunities as high-tech solutions sold by the companies often alleviate the
harmful effects of production. They can thus mitigate or reduce the sustainability risks
of their respective customers. While risk management in this field used to be focused on
well-defined financial risks, it must now increasingly deal with sustainability risks and
the sustainability-related resilience of its customers.

Acknowledgement. The authors would like to thank the German Federal Ministry of Educa-
tion and Research (BMBF) and lJiilich Project Management for funding the SynErgie Project
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