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Abstract

Given the continuous global degradation of the Earth’s ecosystem due to unsus-
tainable human activity, it is increasingly important for enterprises to evaluate
the effects they have on the environment. Consequently, assessing the impact of
business processes on sustainability is becoming an important consideration in
the discipline of Business Process Management (BPM). However, existing practi-
cal approaches that aim at a sustainability-oriented analysis of business processes
provide only a limited perspective on the environmental impact caused. Further,
they provide no clear and practically applicable mechanism for sustainability-
driven process analysis and re-design. Following a design science methodology,
we here propose and study SOPA, a framework for sustainability-oriented pro-
cess analysis and re-design. SOPA extends the BPM life cycle by use of Life
Cycle Assessment (LCA) for sustainability analysis in combination with Activity-
based Costing (ABC). We evaluate SOPA and its usefulnesswith a case study, by
means of an implementation to support the approach, thereby also illustrating
the practical applicability of this work.
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1 Introduction

The concept of sustainability has gained notable importance not only in general
societal debates, but also regarding the activities of businesses. When considering
the impact of business and their operation and processes, traditionally, the focus is
put on performance in a financial or operational sense (Hernández González et al.
2019). However, the scientific consensus about the relation between human activity
and the existence and acceleration of human-made climate change and alterations of
ecosystems underlines the necessity of considering environmental impact. The UN’s
Sustainable Development Goals, released as a “blueprint to achieve a better and more
sustainable future for all” (UN Environment 2019), state that a decoupling of environ-
mental degradation and resource use from economic growth and associated production
and consumption patterns is required. According to the report, unsustainable human
activities have significantly degraded the Earth’s ecosystems on a global scale, thereby
endangering the ecological foundations of society. Toxic substances introduced into
the environment as a result of e.g. wasteful manufacturing, play a significant role in
the endangerment of biodiversity and promotion of risks to human health — a loss of
biodiversity is closely linked to threats towards human life and its surrounding environ-
ment (Romanelli et al. 2015). Further, industrial activity and production of heat and
electricity, have been identified as key contributors to climate change (IPCC 2015).
Moreover, current goals for conserving and sustainably using nature, and achieving
global sustainability, cannot be met by current trajectories, requiring transformative
changes across economic, social, political, and technological factors (Dı́az et al. 2019).

These facts underline the necessity of considering the impact of businesses and their
activities on the environment, and on sustainability — in other words, the degree to
which they contribute to the ongoing deterioration of the environment and ecosystems.
Only when their impact is known, business can take useful and directed measures in
order to reduce that impact (Hernández González et al. 2019).

In literature and in practice, various approaches have been discussed and estab-
lished to assess the impact of businesses on both very broad and general scales, and
with specific perspectives and narrow measures. Broad approaches include mechanisms
that assess social, economic, and environmental impact of enterprises in conjunction
(see e.g. Elkington (1998)). In the discipline of Business Process Management (BPM),
used in enterprises for modeling, analyzing, measuring and improving their business
processes (Weske 2012), mechanisms have emerged which assess sustainability with
a very limited scope on a process-level view. A well-known example is the work of
Recker et al. (2011), where mainly carbon emissions are assessed. While broad analy-
ses are unsuitable for assessing and re-designing individual business processes in order
to reduce their environmental impact, existing process-focused approaches generally
concentrate on a limited set of measures to assess the environmental impact (e.g.,
carbon emissions and energy consumption (Fritsch et al. 2022)). This, however, dis-
counts many dimensions along which the environment is also impacted negatively,
such as emission of other greenhouse gasses that contribute to climate change, land
use, aquatic acidification, or other substances toxic to humans (Klöpffer et al. 2014).
Nonetheless, existing literature underlines that integrating sustainability into BPM is
a worthwhile research effort in terms of research opportunity and relevance (Stolze
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et al. 2012). For instance, enabling analysts and managers to consider sustainability
on a process level leads to meaningful insights for process re-design, as the process
perspective relates to where exactly impacts are caused and reductions of impact can
be implemented (Recker et al. 2012). Further, it has been shown that enterprises
have a need for techniques that enable modeling, monitoring, and optimizing the
environmental impact of business processes, in order to establish sustainable business
practices (Sohns et al. 2023). However, a mechanism that operates on a process level
while taking into account a holistic view on environmental sustainability, and that
provides mechanisms for sustainability-oriented process analysis and re-design, does
not yet exist.

In light of this, we pose two research questions to be addressed by this article that
specifically target this gap.

RQ1: What are mechanisms with which the impact on environmental sustainability of
business processes can be analyzed holistically, without limiting the dimensions
of impact that are being considered to a small subset of indicators?

RQ2: How can this mechanism be leveraged in a practical setting to facilitate both
process analysis and re-design?

This work targets these research questions by proposing SOPA, a framework for
sustainability-oriented process analysis, that combines Life Cycle Assessment (LCA)
and activity-based costing (ABC) within the BPM life-cycle. LCA is an assessment
technique from sustainability research, specifically the field of environmental impact
assessment (EIA), which is concerned with systematically “identifying, predicting,
evaluating and mitigating biophysical, social and other relevant effects of proposed
development proposals” (Glasson and Therivel 2019). LCA focuses explicitly on identi-
fying the cradle-to-grave (meaning from materials procurement until the final disposal,
i.e., across the complete life cycle) environmental impact of products, services, and
systems. This is in contrast to considering solely a particular location or facility, as
is the case with traditional EIA (Glasson and Therivel 2019). Notably, the integra-
tion of LCA into BPM has been identified as a key research gap (Fritsch et al. 2022).
Activity-based costing is a model of determining (usually financial) costs in an orga-
nization by determining the involved activities, their respective costs, and thus the
cost of the actual product (Cooper and Kaplan 1991). This allows a more precise esti-
mation of process costs than previous accounting methods (Lee and Kao 2001). In
SOPA, we utilize this notion to assess the environmental impact of individual activities,
and hence, the overall process. Thus, SOPA allows process stakeholders to assess the
environmental impact of a business process holistically, and re-design it accordingly.

Concretely, SOPA contributes methods for assessing the impact of business pro-
cesses on environmental sustainability by assigning impact measures based on LCA
to activities with ABC, and proposes concrete measures for sustainability-oriented
process re-design via business process simulation. In contrast to existing approaches,
SOPA aims at a holistic consideration of the environmental impact through LCA,
instead of focusing on a few explicit impact dimensions, and more explicitly covers
mechanisms for re-design. In this work, we follow a design science research methodol-
ogy (Wieringa 2014; Peffers et al. 2007) in the design and evaluation of the artifact,
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SOPA. The evaluation is based on business process simulation (Pufahl et al. 2018)
and a prototypical implementation, and applied to a real-world case study. We show
how SOPA is able to be leveraged for process re-design by evaluating various re-design
scenarios for their environmental impact and determining the least impactful variant.

The following section presents background information on sustainability, ABC,
LCA, BPM and business process simulation. Then, the methodology of design science,
utilized in this work, is detailed (Section 3). Subsequently, the resulting framework
SOPA is presented and evaluated (Section 4). Finally, the results, as well as practical
and theoretical considerations for BPM, are discussed (Section 5).

2 Background and Related Work

2.1 Sustainability

The term of sustainability has been established in discussions about viable long-term
development, be it economic, social, or ecological. In 1987, the Brundtland Report of
the World Commission on Environment and Development from the United Nations
formulated sustainability as ensuring that the needs of the present are met without
compromising the ability of future generations to meet their own needs (Brundtland
1987).

Since then, some estimated three-hundred definitions of sustainability and sus-
tainable development have emerged in environmental management and other disci-
plines (Johnston et al. 2007). This underlines that, while being a term of everyday use,
defining the concept itself is complex, and a general understanding and uniform defi-
nition is still missing (Purvis et al. 2019). Some authors, such as Johnston et al. (2007)
argue, therefore, that an unambiguous definition of sustainability and an authorita-
tive framework that can be used to assess policies and practice w.r.t. sustainability is
needed.

Nonetheless, a common understanding has emerged in literature, which can be
summarized as the triad model of sustainability. This model, displayed in Fig. 1, illus-
trates that sustainability can be understood to consist of three interconnected facets,
the economic sustainability, the social sustainability, and the environmental sustain-
ability. The triad nature of the model underlines that all three facets are inextricably
linked, implying a strong reciprocal influence (Bauer 2008).

Fig. 1 Triad model of sustainability, adapted from Giddings et al. (2002)
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Following Bauer (2008), the three facets have been defined as follows: The eco-
nomic facet of sustainability is concerned with controlled growth and long-term gains
in a sense of capital preservation through careful use of natural resources. However,
quantitative growth is still seen as a requirement. The focus of social sustainability
lies on intergenerational and intragenerational justice in terms of access to resources
and satisfaction of basic needs. Besides that, it explicitly touches on issues of gender
relations in the sense of creating fairer living environments for all genders. Environ-
mental sustainability deals with the preservation of the natural basis of life and its life
cycles, i.e., ecosystems and other natural functions, through the prudent use of natural
resources. This not only includes the economic necessity of preserving existing natural
capital, but also securing the ecological conditions of human survival in general.

It has been argued that the difference between considering all facets at once, and
only considering one facet with a limited set of indicators is a difference in perspective,
of a “broad” and “narrow” view on sustainability (Hueting and Reijnders 2004). This
work adapts a narrow perspective on sustainability, focusing on the environmental
facet being impacted by business process. In other words, the main focus of SOPA lies
in assessing the cost incurred by individual business processes w.r.t. the environment.

2.2 Life Cycle Assessment

The concept of sustainability implies that the costs of business activities and business
processes are not just financial costs, but also costs towards the environment due to,
e.g., emissions, energy usage, and waste. In order to capture these impacts, techniques
such as life cycle assessment (LCA) have emerged. LCA is a technique belonging to the
field of environmental impact assessment (EIA). EIA is concerned with the systematic
identification, prediction, and evaluation and mitigation of biophysical (i.e., environ-
mental), social and other impacts of development proposals (Glasson and Therivel
2019). In contrast to other traditional EIA techniques, the focus of LCA lies in iden-
tifying the environmental impact across the entire life cycle of a product, service, or
system, and not only the impact at an individual facility or location (Glasson and
Therivel 2019). LCA is further described by a set of ISO norms (ISO 2006).

Goal and Scope

Definition

Inventory

Analysis

Impact

Assessment

Interpretation

Fig. 2 Life cycle assessment framework and its four phases, adapted from de Bruijn
et al. (2002); ISO (2006)
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Sustainability analyses with LCA are conducted in four distinct phases, as illus-
trated in Fig. 2. During the goal and scope definition phase, the analysis goal and
its boundaries are defined. In terms of goals, LCA is suitable to answer several types
of questions about systems: predictive scenarios (how will the system behave), explo-
rative scenarios (how can the system behave), and normative scenarios (how can a
specific objective be reached) (Finnveden et al. 2009). In the life cycle inventory anal-
ysis phase (LCI), relevant data is collected and a pre-determined calculation method
is applied, quantifying all relevant input and output. Relevant units could be, e.g., kg
of carbon dioxide, cubic meters of natural gas, mg of phenol, and others (de Bruijn
et al. 2002). The LCI phase is, generally, data, labor, and time-intensive. To alleviate
this issue and aid analysts, LCI databases have been developed that contain data for
products and services needed in many LCAs, such as electricity generation, raw mate-
rials, and transportation processes. They are public national or regional databases,
as well as industry-provided or consultant databases, and are often-times offered with
LCA software, such as the Swiss ecoinvent database (Wernet et al. 2016; Finnveden
et al. 2009). The life cycle impact assessment phase (LCIA) is where the results of the
LCI are further processed and interpreted with respect to environmental impacts. A
list of impact categories is defined (e.g., degree of ozone layer depletion, ecotoxicity,
human toxicity, climate change) and models for relating the environmental interven-
tions identified in the LCI phase to indicators for these categories are selected, after
which actual results are calculated. The perspective of LCIA is holistic in nature,
aiming to capture all possible areas of impact (Finnveden et al. 2009). Further, the
results can be normalized, and the different category indicators can be grouped and
weighted to, e.g., aggregate them into a single score, expressing in a unit-less manner
the overall environmental impact of the considered system. Some methodologies (e.g.,
Eco-indicator 99 (Goedkoop 2007)) do this per default, for others, it can be done a
posteriori (de Bruijn et al. 2002). During the life cycle interpretation phase, the results
of the analysis, as well as the underlying choices and assumptions made in each phase
through the analyst, are evaluated. Overall conclusions are drawn, including an eval-
uation of the results w.r.t. their consistency, completeness, and robustness. Finally,
conclusions and recommendations are formulated (de Bruijn et al. 2002).

LCA has been identified as a useful tool to holistically measure the degree of
impact of products, goods, or services on the environment, and thus, their impact on
environmental sustainability.

2.3 Business Process Management

For enabling an analysis and re-design of business process for their environmental
impact, the use of LCA methods needs to be embedded into a rigorous method-
ological context. To this end, this section presents the discipline of business process
management (BPM), dealing with analysis, design, and implementation of business
processes. This discipline aims at improving and running business processes through
a combination of technological and management sciences (van der Aalst 2016).

Business processes are considered to be sets of activities that are performed, in
a coordinated manner, in an organizational and technical environment, to achieve a
business goal (Weske 2012). An example of such a process is the production, shipping,
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invoicing and payment of a specific good, e.g., a laptop computer. BPM comprises
concepts, techniques, and methods for supporting design, administration, configura-
tion, enactment, as well as the analysis of business processes (Weske 2012). These
processes can be represented as business process models, for example via modeling
languages such as Business Process Model and Notation (BPMN) (OMG 2011). The
models serve as a medium to communicate requirements and behaviors of the process
they capture, and therefore serve as a central artifact of various disciplines in the area
of process science (Weske 2012). Business process management systems can, based on
such a process model, execute and enforce the respective business process in individual
process instances (van der Aalst 2016; Weske 2012).

Configuration & Implementation

Enactment

Evaluation

Design & Analysis

Fig. 3 Business process life cycle, adapted from Weske (2012)

The business process life cycle can be structured in four main phases, as depicted
in Fig. 3, with which organizations can implement and maintain business processes.
During the design and analysis phase, business processes are identified, analyzed, and
expressed explicitly in the form of process models. Validation (i.e., ensuring that the
model correctly reflects the real-world execution through, e.g., stakeholder interviews),
verification (i.e., ensuring formal correctness of the model), and simulation tech-
niques (e.g., stochastic technique to simulate process execution, as further explained
in Section 2.3.1) can be utilized during this phase. The resulting process model and
the behavior that it specifies are then used in the configuration and implementation
phase to implement the respective business process. This is commonly done either on
a technical level by, e.g., configuring the involved information systems that support
the execution of that process, by adapting business process management systems used
to enact the process based on its model, or by formulating a set of rules and poli-
cies to be followed by employees. During the enactment phase, process instances are
enacted, or executed. Here, execution data of process instances is typically gathered
in the form of execution logs, or event logs (Weske 2012). These logs form the basis of
the subsequent evaluation phase. In this phase, the process is evaluated for shortcom-
ings or potential for improvement, based on information captured during enactment.
This phase is also related to simulation techniques of the design phase. If changes to
the process need to be implemented after evaluation, a new iteration of the business
process life cycle can be started, by re-entering the (re-)design phase (Weske 2012).

7



Re-design objectives commonly include improvement of process performance among
the dimensions of time, cost, quality, and flexibility (Dumas et al. 2018a).

2.3.1 Business Process Simulation

A method that has shown practical benefit for process analysis and re-design is busi-
ness process simulation (BPS). It can be applied to understand the behavior of a
system, in order to assess the implications of alterations made to the process itself or
the surroundings of the process (Freitas and Pereira 2015; Aguirre et al. 2013). Further,
it is a quantitative analysis method of process models, grounded in probability-based
simulation of discrete events. BPS can be used, e.g., to consider process costs of dif-
ferent process alternatives (Freitas and Pereira 2015). Moreover, insights into existing
or future scenarios of the execution of that process can be attained (van der Aalst
et al. 2010). BPS has been identified as an important tool in the life cycle of BPM (see
Fig. 3), especially the (re-)design phase: it is possible, through simulation, to create
hypothetical scenarios of process re-designs and evaluate and improve them, before
implementing them in the real world (Aguirre et al. 2013). This eliminates cost and
risks inherent with testing changes in a practical setting (Freitas and Pereira 2015;
Satyal et al. 2019).

To facilitate this simulation and analysis, a business process simulator is
required (Pufahl et al. 2018). This tool aims at simulating the execution of process
instances based on input provided by a process analyst (e.g., resource information,
branch probability, number of processes instances to simulate, and other param-
eters (Martin et al. 2014)), which is usually done in the form of a simulation
configuration. The result of that simulation is artificial information in the form of,
e.g., an event log and a performance report about the process, which provides, among
others, information about probable throughput time, process costs and resource uti-
lization of the current process design (Dumas et al. 2018a; Wynn et al. 2008). The
resulting information can then be used to iteratively drive the re-design of the con-
sidered process. However, it should be noted that BPS abstracts from the real-world
behavior of the considered process, and, due to its stochastic and qualitative nature,
depends greatly on the input parameters. Thus, they should be chosen with care and,
if need be, validated externally (Dumas et al. 2018a). An alternative approach is the
use of historic data from logs (Satyal et al. 2019), which can however only deliver reli-
able results if the process version from which the data stems is similar enough to the
version that is simulated. In practice, some frameworks for process re-design explicitly
relying on process simulation have been outlined or implemented (e.g., Mansar and
Reijers (2005)) – however, none of them include a notion of sustainability-oriented
process re-design, which is a shortcoming that SOPA aims to address.

2.3.2 Activity-based Costing

When considering (financial) costs involved in organizational settings, such as busi-
ness processes, the perspective of activity-based costing (ABC) has been established
— it recognizes that all activities taking place in an organization directly or indirectly
support the overall business goal, and hence should be the places where costs are allo-
cated (Goebel et al. 1998). Thus, ABC is a model of determining (financial) costs
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in an organization by determining the involved activities, their respective costs, and
thus determining the costs of the product or service based on the costs of the activ-
ities (Cooper and Kaplan 1991). This allows for a more precise estimate of process
costs than traditional accounting methods (Lee and Kao 2001).

ABC contains several key concepts, which are illustrated in Fig. 4. Cost objects
represent the overall cost of the system under investigation, such as a product or
a process. Activities that contribute to that product or process consume resources,
which, through resource drivers, incur resource costs. In the context of BPM, resources
are usually understood to be, among others, human resources, machines, vehicles, or
materials, which greatly contribute to the execution of individual activities and process
instances (Ihde et al. 2022)— this is a perspective similar to that in ABC (Goebel et al.
1998). Resource drivers represent the demand placed on resources by an activity (Lee
and Kao 2001), and could be, e.g., the time an employee has spent on a specific activity,
depreciation of the equipment involved in that activity, the supplies used, etc. Thus,
by considering what resources contribute to an activity, and how the activity places
demands on them, the resource cost of that activity can be determined. Cost drivers
determine the cost of the operational activities to which they are linked. They be, e.g.,
the number of products ordered, number of parts required, etc. (Lee and Kao 2001).
By considering cost drivers of activities and resource costs imposed on resources by an
activity, the activity costs can be determined. Activity drivers represent the demand
placed on activities, e.g., the number of times an activity needs to be executed, or the
duration of it. With these activity drivers, the actual activity cost can be allocated to
the overall cost object (Goebel et al. 1998; Lee and Kao 2001). Activity drivers could
be, for example, the number of deliveries made to a customer, thus determining the
overall cost for the customer in question (Goebel et al. 1998). When all activity costs
have been considered and allocated to the cost object, the overall cost of the system
has been determined.

Cost

Driver
Activities

Resource

Cost

Resource

Driver

Resources

Activity

Costs

Cost

Object

Activity

Driver

Fig. 4 The structure of an activity-based costing model, adapted from Lee and Kao
(2001)
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In summary, ABC outlines a method in which, by considering the costs of single
activities and how they relate to, e.g., a process being considered by the ABC analysis,
the overall cost of that process can be determined. SOPA utilizes that notion for the
assessment of environmental impact: by determining the individual environmental cost
of activities with LCA, the overall environmental cost of the process is determined.

2.4 Related Work

2.4.1 Sustainability and BPM

The integration of sustainability considerations into the framework of BPM has been
investigated at various levels in the literature.

In vom Brocke et al. (2012), various contributions consider sustainability and its
integration into BPM. Seidel et al. (2012) provide a framework for BPM research and
practice with a focus on sustainability and outline challenges for sustainable consid-
erations along the key capabilities of BPM. For example, methods for the analysis,
design, and implementation of sustainable business processes are seen as a key chal-
lenge. Brooks et al. (2012) investigates existing literature on IS research with a focus
on sustainability, and identifies the motivation for and adoption of sustainability ini-
tiatives as major research gaps. Hovorka et al. (2012) critiques existing sustainability
analyses that focus on individual organizations, noting that they should also include
other environmental factors such as biodiversity and others, and argues for challenging
notions of productivity, cost reduction and profitability. Houy et al. (2012) propose
a semi-automated approach for reducing the environmental impact of business pro-
cesses. They present a method where process activities can be annotated with ratios
for e.g, consumption of energy or fuel, and production of carbon dioxide with are not
to be exceeded during process execution, and which can be monitored. For process
re-design, they outline a mechanism that uses a library of best-practice fragments
to replace “unsustainable” parts of a business process, to reduce e.g., carbon diox-
ide emissions and to not exceed the annotated ratios. Recker et al. (2012) propose an
extended BPMN notation to capture the consumption of fuel and paper (which both
produce carbon dioxide), as well as the flow and emission of carbon dioxide in process
models. Based on an ABC-like analysis of greenhouse gas emissions, the environmen-
tal impact of the process and of activities in terms of greenhouse gas emissions can
be assessed, and consequently improved. Wesumperuma et al. (2011, 2013) outline a
mechanism that similarly follows an ABC-based approach, focussing on greenhouse
gas emissions and labor cost. Further, they propose to utilize simulation-based tech-
niques to determine how activity timings change the overall greenhouse gas emissions
and financial cost of the process. The work of Nowak et al. (2011) describes how
environmental impact in terms of greenhouse gas emissions, water usage and energy
consumption can be measured or estimated during process execution on an activity
level and highlighted in a process model, so that potential process alternatives can be
derived. Cleven et al. (2012) argue that techniques for measuring and managing pro-
cess performance can be used to assess and improve the sustainability of enterprises.
Subsequently, Zeise et al. (2012) investigates performance measurement systems for
their potential to be used for assessing the sustainability of companies. While the set
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of ISO norms that describe LCA (ISO 2006), see Section 2.2, is noted for its focus
on environmental aspect and applicability for business processes, other measurement
systems are also considered suitable. They propose a combination of reporting and
management frameworks, and conclude that concrete obligatory requirements towards
enterprises are needed to be able to establish concrete sustainability objectives. Addi-
tionally, Lübbecke et al. (2018a,b) describe how business process models of certain
domains (e.g., public administration) can be analyzed for pre-determined patterns that
hint at a high environmental impact, and provide means for re-designing the model
accordingly. However, no quantification of impact, resp. reduced impact, is done.

Generally, in a structured literature review of “green BPM”, Hernández González
et al. (2019) note that, most commonly, sustainability in a BPM context is assessed
(either during the design or the evaluation phase) in terms of greenhouse gas emis-
sions, energy consumption, and utilization of materials and water (e.g., Wesumperuma
et al. (2011, 2013), Nowak et al. (2011), Houy et al. (2011) and Recker et al. (2011,
2012)). These impacts are usually elicited either on a process level, or on an activ-
ity basis with variations of ABC. A literature review by Roohy Gohar and Indulska
(2020) confirms the prevalence of carbon emissions, energy consumption, and water
use as indicators for environmental impact. While important categories of impact,
they arguably do not sufficiently cover the impact that business process have on the
environment. As van der Kolk (2022) argues, reducing “environmental performance”
to a limited set of indicators such as carbon dioxide emissions and water footprint
brings the danger of leading to improvement of these indicators only, while ignoring
the impact a process might have on environmental dimensions that are not considered
by these indicators. This highlights the need for a more holistic manner of assessing
the environmental impact of business processes, taking into account a broader set of
impact dimensions. Finally, in a systematic tertiary literature review Fritsch et al.
(2022) identify a structured integration of LCA and BPM in order to incorporate sus-
tainability considerations into BPM in a practical manner as a research gap worth
investigating, and share the observation of a narrow focus on carbon emissions and
energy use found in related work.

By considering related work, found during a literature search, and systematic lit-
erature reviews in the area of sustainability and BPM, we observe that notably, none
of the approaches provide explicit mechanisms that holistically assess the environ-
mental impact and provide a concrete methodology to re-design the process in a
sustainability-oriented manner. SOPA aims to close this gap found in the literature by
explicitly including the technique of business process simulation during the analysis
and re-design phase, which is explained in the subsequent section, and by considering
a more encompassing set of impact factors through the mechanism of LCA. Instead of
static analysis based on just a process model, SOPA includes dynamic analysis based
on process executions.

2.4.2 Process Optimization

In the area of BPM, related work has investigated manual and algorithmic approaches
for optimizing business processes towards certain goals. For example, Dumas et al.
(2018b) describe various heuristics (i.e., general “rules of thumb”) with which improved
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process designs can be determined, and their impact on time, cost, quality, and flexibil-
ity of the process. More algorithmically, Georgoulakos et al. (2017) propose a method
to derive process designs that are optimal in terms of costs and durations based on
activities and resources and their attributes, such as task costs and resource in- and
outputs. Finally, Low et al. (2016) present a framework to identify more optimal pro-
cess executions based on cost functions for cases, activities, and resources, to identify
trade-offs between time, cost, and resource allocation. However, all of the algorithmic
approaches aim at automatically identifying improved process configurations that are
optimal based on some parameters, whereas SOPA aims to allow process experts to
evaluate and deliberate different improvement scenarios derived from domain knowl-
edge. Therefore, SOPA is more closely aligned to the manual heuristics of Dumas
et al. (2018b), where a reduction in environmental impact through changes of activities
and process implementation is the main objective, although based on a quantitative
evaluation of the environmental impact and its reduction.

3 Methods

In disciplines such as information systems (IS) research or BPM research, theoretical
and technical, i.e. practical, aspects interlink. Here, research is often conducted in
an applied manner, in order to solve certain problems. A widely accepted paradigm
that aims at enabling explicitly applicable research results is design science research
(DSR) (Peffers et al. 2007).

3.1 Design Science Research

DSR, as outlined by Peffers et al. (2007) and Wieringa (2014), is a methodology in
IS research that is primarily concerned with solving problems through the creation
and evaluation of artifacts. The fundamental principle is the acquisition of knowledge
and understanding of a problem through these artifacts (Recker 2013). The notion of
artifact in DSR contains anything that is constructed by humans (i.e., artificial) —
be it a methodology, a conceptual framework, or a specific software. DSR describes a
process, with which observed problems can be addressed, research contributions can
be provided, designed solutions can be evaluated, and the results can be communi-
cated (Peffers et al. 2007). Figure 5 outlines the process of DSR and how it is applied
in this work. Following Wieringa (2014), SOPA is evaluated in a specific context to
investigate its implications, through a single-case mechanism experiment.

12



Fig. 5 Methodology of design science and its application in this work, adapted from
Peffers et al. (2007)

As the first step of DSR, where the problem domain is investigated and the research
itself is motivated, this work argues that, given the pressing matter of climate change
and a need for environmentally sustainable business processes, a need for SOPA is
underlined. Sections 1 and 2.4 provide a thorough discussion of this. Solution objectives
are further considered in Section 2, where a need to holistically integrate environmental
sustainability impact assessment into the BPM life cycle is identified through a liter-
ature search and related literature reviews. Based on these objectives, the framework
SOPA, which utilizes LCA and ABC, is designed through a formal-deductive approach
(Meredith et al. 1989) and described in detail in Section 4.1. In a first iteration, the
concepts of ABC and LCA were formalized in line with BPM notions, to derive a
theoretical formal framework. This was implemented prototypically and applied to a
small set of synthetic use cases, after which the formalisms of the framework and their
prototypical implementation were improved. After presenting the result to a number
of research and practitioners in the areas of BPM and sustainability, the formalisms,
the framework, and the prototypical implementation were finalized in a third itera-
tion. Finally, corresponding to the 4th and 5th step of DSR, SOPA is demonstrated
and evaluated by means of an implementation (described in Sec. 4.2) on a real-world
case study in Section 4.3. The entire research article represents the 6th step of DSR,
where the problem, its importance, and the resulting artifact are presented to trans-
mit the knowledge gained during the DSR process. How data was elicited for this case
study is further illustrated in Section 3.3. The methodology used for designing this
implementation is described in more detail in Section 3.2.

3.2 System Development

While DSR is used to design SOPA, with SOPA being the resulting artifact of the DSR
methodology, a concrete software system is also required to facilitate the evaluation
and demonstration of SOPA, and to support the overall approach in a practical setting.
Here, a system development methodology is followed, where, based on SOPA as a
conceptual framework, a system architecture is developed, the system is analyzed and
designed, and finally built and evaluated (Nunamaker and Chen 1990). Figure 6 shows
the system development process and its steps.
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Fig. 6 System development researchmethodology, adapted from Nunamaker and Chen
(1990)

The system functionalities and requirements to be developed, are implicitly part
of the SOPA framework designed with DSR (see Section 3.1), which the system aims
to implement on a technical level. Based on these requirements, a concrete system
architecture with specific components that have specific functionalities is outlined in
Section 4.2. This includes components such as a concrete business process simulation
engine, and a tool for analyzing and calculating impact measures. Further, the process
used to carry out the respective system functions (i.e., to conduct sustainability-
oriented process analysis and re-design), is illustrated in Section 4.2. Finally, the
system is built and evaluated with software components developed specifically for this
purpose in Section 4.3. These resulting components are available as open-source soft-
ware1. Thus, the evaluation of the concrete system also serves as a general evaluation
of SOPA, following the penultimate step of DSR, by demonstrating its applicability
and utility in a practical setting.

3.3 Case Study — Data Collection

In this work, SOPA is evaluated through application with a case study. For this,
a hiring process in a university setting is assessed, analyzed, and investigated for
potential to reduce its environmental impact. The relevant data has been elicited via
unstructured, qualitative stakeholder interviews and document analysis. Two chairs of
a department and their assistant were interviewed, firstly to elicit a process model of
the hiring process, and second, to identify factors relevant to both the LCA analysis
and the process simulation. Further, the interviews and other relevant documenta-
tion (such as a comprehensive guide on required documents) were utilized to reach
reasonable estimates or assumptions, in case no sufficient information could be elicited.

The LCA analysis was conducted with mobius2 a web-based tool for LCA analyses.
The concrete LCA method used was EF 3.0 (Ecoinvent v 3.8 Cut-Off) (European
Commission et al. 2018), with normalization and weighting (see Section 2.2). Multiple
impact scores were calculated in reliance on the Ecoinvent database v3.83.

The data elicited for this case study is available online4. Figure 7 displays that
process, which will be used subsequently as a running example to explain the applica-
tion of SOPA. A higher resolution of the process model is available online at the same
location.

1See https://github.com/INSM-TUM/sustainability-analysis-tool and https://github.com/INSM-TUM/
sustainability-scylla-extension [Accessed: May 26, 2023]

2See https://mobius.ecochain.com/ [Accessed: Feb. 24, 2023]
3See https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-3-8/ [Accessed Feb. 27, 2023]
4See https://doi.org/10.6084/M9.FIGSHARE.22591513 [Accessed: October 10, 2023 ]
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Hiring process.

The process starts with the need for hiring of an employee in a department. An offi-
cial request for a job advertisement is posted and checked content-wise and formally
by various stakeholders (such as the faculty or the diversity officer). Should one of
the assessments fail, a new request can be submitted, or the hiring is cancelled. If all
checks have been successful, the job advertisement is submitted to the HR department.
Afterward, once the application deadline has elapsed, the candidates are sifted and
selected. Subsequently, the selected candidates are interviewed. Due to local gender
equality laws, at least two candidates of differing gender are interviewed. In practice,
however, we find that usually no more than five candidates are considered potential
applicants. After the interviews, if a suitable candidate is found, their employment is
requested. Once more, various stakeholders check the request. Should no suitable can-
didate exist after the interviews, or should the final checks fail, the hiring process has
failed. If the final checks are passed, the contract is finalized with the HR department
and the hiring is completed.

Fig. 7 BPMN diagram displaying the hiring process elicited through stakeholder
interviews

4 Results: SOPA Artifact Design and Evaluation

Following the DSR methodology as described above, the results of this study are
the design, implementation, and evaluation of our artifact, the SOPA framework.
Accordingly, in this section we first present SOPA, including its application procedure
and the resulting metamodel. Then, we describe our implementation of the framework
in a prototype system, which enables the evaluation based on a case study-based,
covered in the last part of this section.
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4.1 Framework and Metamodel

SOPA proposes a three-step approach for analyzing business processes for their envi-
ronmental impact and their sustainability-oriented re-design. When applying SOPA
to analyze business processes for their environmental impact and to re-design them
accordingly, two possible scenarios exist. Either an existing event log, which contains
execution data of real-world process instances, is analyzed and used for reasoning
about improvement potentials (log-based analysis), or a process model is, through uti-
lization of business process simulation, assessed (model-based analysis). This leads to
the following three central steps of SOPA:
1. Either, a process model is created and annotated, and simulated to generate

synthetic execution data for further assessment. Alternatively, an event log con-
taining execution data of real-world process instances, needs to be extracted from
the corresponding information system and provided.

2. The execution data is used in conjunction with LCA data to calculate the
environmental costs of the process and its activities.

3. Should a need for process re-design become apparent, process simulation can be
used further to investigate potential improvements.

Figure 8 displays the overall application procedure, with the boxes representing
the concrete tasks, separated along the three central steps of SOPA as described
above. Following the arrows, after deciding to begin the analysis, either the model-
based analysis on the upper path, or the model-based analysis on the lower path is
conducted. Re-design iterations, which are conceptually model-based, lead to another
iteration of the model-based path. Otherwise, the analysis is complete, and process
experts can deliberate the findings. Notably, SOPA works without simulation, given
that the required LCA data is present in the event log. This is a strong requirement
for the evaluation, however, therefore this work applies process simulation to illustrate
the application in terms of analysis and re-design.

Fig. 8 Application procedure of SOPA

In the following, Section 4.1.1 starts with presenting the modeling- and simulation-
related activities and concepts of SOPA, and requirements towards extracted event
logs. Section 4.1.2 details the environmental cost calculation and concepts, while
Section 4.1.3 illustrates the steps for sustainability-oriented process re-design of SOPA.
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4.1.1 Event Log Simulation and Extraction

In the following, the model-based variant of the first step of SOPA is explained because
it illustrates all modeling concepts required by SOPA. However, requirements towards
extracted event logs to be used with SOPA are provided at the end of this section.
Figure 9 displays a metamodel of these modeling concepts and their relations.

ActivityProcess Model

Abstract
Environmental

Cost Driver

«relator»

Cost Variant

Concrete
Environmental

Cost Driver

Simulation

Configuration

* 1

<<material>>

1

1..*

1..*

1..*

<<mediation>>

1..*1

1

*

1..*

1..*
<<mediation>>

/concretized-by

Fig. 9 Metamodel of modeling-related concepts of SOPA. Extensions conceptualized
in this work are shown with dashed borders

First, as the basis for a model-based analysis, the process needs to be modelled, e.g.
by using process modeling languages such as BPMN (OMG 2011)5. Activities form
the basis of processes and process models, as shown in Fig. 9. Definition 1 expresses
this formally.
Definition 1. (Activity) Let A be the universe of all possible activities. Then, a ∈ A

is a single activity that can be enacted during process execution.
Afterward, abstract environmental cost drivers are annotated to the individual

activities. They describe, on an abstract level, what objects, resources and products,
i.e., everything that is generally assessable through LCA, are involved in the execution
of specific activities.

In the case of the running example (see Fig. 7), this includes printing documents
relating to the hiring procedure, or the transportation of documents between different
departments using the in-house mail. Figure 10 displays these abstract environmental
cost drivers annotated to the activities of a process model.

On the other hand, concrete environmental cost drivers describe the environmental
impact of concrete instantiations of their abstract counterparts, based on LCA analyses
through individual LCA scores. For example, the specific mode of transport used by

5While we use BPMN for process modeling due to its industry-wide adoption as a standard, prevalent
tool support, and extensibility (Pufahl et al. 2022), SOPA conceptually allows different modeling languages
to be used, as long as all concepts formalized in this work can sufficiently be expressed.
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Fig. 10 BPMN diagram of the hiring process, with annotated abstract environmental
cost driver

the in-house mail could be either a petrol-powered car or an electric bicycle, leading
to different impact scores for the two possible variants. During modeling, abstract and
concrete environmental cost drivers are expected to be identified in conjunction (either,
abstract or concrete environmental cost drivers are known at first), and continuously
refined through abstraction, respective concretization.

The relation between abstract and concrete environmental cost drivers can be orga-
nized into a strict hierarchy. This environmental cost driver hierarchy, characterized in
Definition 2, organizes abstract environmental cost drivers and concrete environmental
cost drivers, and describes how abstract environmental cost drivers can be concretized
during process execution. This represents the materialized relation between abstract
and concrete environmental cost drivers shown in the metamodel of Fig. 9.
Definition 2. (Environmental Cost Driver Hierarchy) Let D be a set of abstract
environmental cost drivers, where d ∈ D is a single abstract environmental cost driver.
Let C be a set of concrete environmental cost drivers, where c ∈ C is a single con-
crete environmental cost driver. Finally, let H be a hierarchy of abstract and concrete
environmental cost drivers, so that H = D×C. This means that each abstract environ-
mental cost driver d ∈ D has one or more concrete environmental cost drivers c ∈ C

associated with it.
For each concrete environmental cost driver, a concrete, LCA-defined impact score,

or cost, can be determined — either, through manual LCA analyses, or through an
information system used for process execution, that already supplies this information.
This is realized through a cost function described in Definition 3, where for each
concrete environmental cost driver, the impact score is returned.
Definition 3. (Cost Function) Let C be a set of concrete environmental cost drivers.
Cost functions assign concrete environmental costs in terms of impact on sustainability
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to concrete environmental cost drivers. More specifically, let cost be a cost function of
concrete environmental cost drivers so that cost : C → R assigns environmental cost
values to concrete environmental cost drivers.

For example, the abstract cost driver d ∈ D could have various concretizations
defined in the cost driver hierarchy H , such as c1d, c2d ∈ C. Both represent different
concretizations of the abstract delivery of in-house mail. Their difference in environ-
mental impact is reflected by the cost function cost, which, in this example, might
assign a cost of 3.91× 10−5 to the first and 4.22× 10−6 to the second cost driver.

The LCA scores assigned to concrete environmental cost drivers need to have either
been part of the recorded event data, or be elicited through LCA analyses of process
experts with an LCA method that aggregates the LCA results into a single score.
Notably, the quality of the SOPA-led analysis is determined by how precisely the
event log has captured the process executions, respective represents them accurately.
Further, the LCA analyses and their exactness determine how exact the impact of
concrete environmental cost drivers, and thus, the overall process, can be assessed.
Here, making use of LCA databases (see Section 2.2) which could be shared industry-
wide to disseminate accurate data for certain materials, products, or services, might
increase the analysis’ accuracy and reduce the time needed for conducting the LCA
analyses.

Cost variants govern what specific combinations of concretizations can occur dur-
ing individual process instances based on the environmental cost driver hierarchy —
in other words, what sets of concrete environmental cost drivers can, during process
execution, take the place of the abstract environmental cost drivers during activity exe-
cution. For example, one concrete mode of transport (i.e., via car or bike) requires the
documents to be printed (represented with one concrete environmental cost driver),
while another mode (i.e., sending them via email instead) requires them to exist as
digital documents (represented with a different concrete environmental cost driver).
In Fig. 9, this is shown by the mediation of concrete and abstract environmental cost
drivers through the cost variant.

Further, cost variants can be used to emulate cost distributions: when, e.g., one
abstract environmental cost driver is expected to occur with a continuous distribution,
this distribution can be divided into several ranges, for which concrete LCA scores
and thus specific cost variants can be determined. Based on the expected frequency of
the respective ranges, their cost variants can be simulated, and thus, the distribution
be approximated.

Finally, the overall process simulation can be configured through a simulation
configuration (see Section 2.3.1), by not only selecting cost variants and their frequency
of occurrence, but also by determining conventional parameters of process simulation,
such as gateway probabilities and event arrival rates.

The concepts outlined in this section constitute a basis for process simulation,
through which a simulated event log can be generated, that can serve as the basis for
the second step of the framework (i.e., the calculation of the environmental costs, see
Fig. 8).

Listing 1 displays an example event log excerpt for the hiring process, which could
either be extracted from an information system, or created synthetically using process
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simulation. In both cases, activity instances (i.e., events) contain information about
environmental cost drivers, and process instances (i.e., traces), information about the
respective cost variant. Either, by being recorded in the information system, or by
being modelled during process simulation, knowledge of the environmental cost driver
and cost variants can be used to compute the overall environmental impact of the
business process for which the log is available.

Listing 1 Excerpt of an XES (IEEE 2016) event log belonging to the hiring process
showing additional cost variant and environmental cost driver information.

<t r a c e>
<s t r i n g key=”concept:name ” va lue=”410”/>
<s t r i n g key=” c o s t : v a r i a n t ” va lue=” standard procedure ”/>
<event>

<s t r i n g key=”concept:name ” va lue=”Hir ing r equ i r ed”/>
<s t r i n g key=” l i f e c y c l e : t r a n s i t i o n ” va lue=” s t a r t ”/>
<date key=” time:t imestamp” value=”2026−07−17T15:35:28+02 : 00 ”/>

</ event>
<event>

<s t r i n g key=”concept:name ” va lue=”Hir ing r equ i r ed”/>
<s t r i n g key=” l i f e c y c l e : t r a n s i t i o n ” va lue=”complete”/>
<date key=” time:t imestamp” value=”2026−07−17T15:35:28+02 : 00 ”/>

</ event>
<event>

<s t r i n g key=”concept:name ” va lue=”Submit r e que s t f o r job advert i sement
( Department ) ”/>

<s t r i n g key=” l i f e c y c l e : t r a n s i t i o n ” va lue=” s t a r t ”/>
<date key=” time:t imestamp” value=”2026−07−17T15:35:28+02 : 00 ”/>

</ event>
<event>

<s t r i n g key=” c o s t : d r i v e r ” va lue=”Request f o r job advert i sement”/>
<s t r i n g key=”concept:name ” va lue=”Submit r e que s t f o r job advert i sement

( Department ) ”/>
<s t r i n g key=” l i f e c y c l e : t r a n s i t i o n ” va lue=”complete”/>
<date key=” time:t imestamp” value=”2026−07−17T16:12:16+02 : 00 ”/>

</ event>
. . .

</ t rac e>

The individual cost of concrete environmental cost drivers in relation to cost variant
can be modelled or provided with a cost variant config, such as the one shown in
Listing 2. As described above, they identify the specific combinations of concretizations
that can occur during process instances. Further, the environmental cost for each
concretization of the environmental cost drivers is provided here, representing the cost
function described above in Definition 3. Notably, such a configuration file can also be
used to concretize environmental cost drivers in event logs that have been extracted
out of an IS and not just simulated, provided information about the variants and
abstract environmental cost drivers to be concretized is present.

Listing 2 Excerpt of a cost variant configuration file describing how abstract envi-
ronmental cost drivers are concretized depending on the respective cost variant of a
process instance.

<?xml version=” 1 . 0 ” encoding=”UTF−8”?>
<costVar iantConf ig count=”100”>

<var i an t id=” standard procedure ” f requency=” 0 . 5 ”>
<d r i v e r id=”Request f o r job advert i sement” co s t=”0.0000289 ”/>
<d r i v e r id=”In−house mai l” c o s t=” 0.0000391 ”/>
<d r i v e r id=”Advert isement” co s t=” 0.0000291 ”/>
. . .
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</ va r i an t>
<var i an t id=” t ran spo r t with e−b ike ” f requency=” 0 . 2 ”>

<d r i v e r id=”Request f o r job advert i sement” co s t=” 0.0000289 ”/>
<d r i v e r id=”In−house mai l ” c o s t=”0.00000422 ”/>
<d r i v e r id=”Advert isement” co s t=” 0.0000291 ”/>
. . .

</ va r i an t>
<var i an t id=” d i g i t a l only ” f requency=” 0 . 3 ”>

<d r i v e r id=”Request f o r job advert i sement” co s t=” 0.0000195 ”/>
<d r i v e r id=”In−house mai l ” c o s t=”0.000000151 ”/>
<d r i v e r id=”Advert isement” co s t=” 0.0000195 ”/>
. . .

</ va r i an t>
</ costVar iantConf ig>

The first variant, representing the standard procedure of the running example, will
be simulated 50 times out of the configured 100 process instances. The environmental
cost drivers all provide concrete impact scores, that will be assigned to all relevant
activity instances that are simulated with the first cost variant. The second cost vari-
ant, representing in this example a different mode of transport being used, will be
simulated 20 times. Notably, the environmental cost driver In-house mail differs from
the standard procedure, illustrating a different concretization in the respective process
instances. All other environmental cost drivers stay the same. Finally, the digital-only
variant completely differs in the concrete scores of the environmental cost drivers, rep-
resenting process instances where only digital documents are used, which can also be
seen in the cost of all environmental cost drivers being different.

4.1.2 Environmental Cost Calculation

In the second step of SOPA (see Fig. 8), the environmental cost of business processes is
calculated based on event logs, which represent recorded executions through informa-
tion systems, in a manner that is similar to existing ABC approaches. The objective
here is, to gain insights into the environmental impact of a process by considering its
recorded process and activity instances.

Figure 11 outlines how environmental costs of activity and process instances and
concrete environmental cost drivers relate. Their interrelation is the basis for the
environmental cost calculation of SOPA.
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As discussed above, in the case of a model-based analysis, concrete LCA scores for
the concrete environmental cost drivers assigned to activity instances during simula-
tion configuration need to be provided. In the case of a log-based analysis, sufficient
information needs to be present in the log, providing either concrete LCA scores for
the activities, or information about abstract environmental cost drivers and how they
are concretized.

Having an event log that captures process executions, and LCA scores expressing
the environmental impact of individual environmental cost drivers involved in activity
execution, an ABC analysis can be conducted, to assess the overall environmental
impact of the process. For each instance of an activity or a process, the respective cost
(i.e., its environmental impact) can be calculated. The following provides a formal
definition of the concepts, and how impact scores can be calculated.

As illustrated above in Listing 1, event logs contain recorded instances of processes,
consisting of recorded activity executions. In the case of SOPA, activities are instanti-
ated and executed during process execution, and each activity instance is potentially
associated with certain concrete environmental cost drivers. The overall possible set of
activity instances is determined by the combination of activities and sets of concrete
environmental cost drivers, as expressed in Definition 4.
Definition 4. (Activity Instance) Let the set of activity instances I be a set I ⊂
A×P(C), where each activity is associated with a set of concrete environmental cost
drivers. A single activity i ∈ I therefore is a pair (a,Q), with a ∈ A, Q ∈ P(C).

For example, the environmental cost of an activity a ∈ A could be represented by
the abstract cost driver d ∈ D, symbolizing the delivery of a document via the in-
house mail. If the cost driver hierarchy H described that d could either be concretized
into c1 or c2 ∈ C, instances of activity a would either occur with c1 as (a, {c1}), or
(a, {c2}), representing the execution of a at runtime that incurs different costs based
on the involved concrete cost drivers c1 and c2. For instance, c1 could represent the
delivery via a petrol-powered car over a distance of 750m with a parcel of 2 kg, while
c2 could represent the delivery of the same parcel over the same distance with an
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electric bike. This, notably, also works for sets of abstract respective concrete cost
drivers associated with activities.

The assignment of concrete environmental cost drivers to an activity instance is
either done during process execution and recorded in an event log, or done during
simulation time — here, as described in the previous section, the simulation configura-
tion, cost variant, and environmental cost driver hierarchy govern how activities in the
model and the annotated abstract environmental cost drivers are translated to activ-
ity instances and concrete environmental cost drivers. For the simulation of a single
process instance, the cost variant is determined by the simulation configuration, which
in turn describes for each activity, how the annotated abstract environmental cost
drivers are turned into concrete ones. Since this is more of a technical challenge than
a conceptual problem, this translation is not formalized further. Conversely, during
actual execution, the concrete environmental cost drivers can directly be recorded for
all activity instances of the process instance. This means that, following Definition 5,
process instances are sequences of activity instances (see also the relation between
activity instances and process instances in Fig. 11), and they either emerge during
execution or simulation of the process.
Definition 5. (Process Instance) A process instance is a finite non-empty sequence
of activity instances, containing totally ordered pairs of activity instances and sets
of concrete environmental cost drivers. Thus, let t ∈ I∗ be a single process instance,
which contains one or more pairs (a,Q).

Similar to the example above, process instances consist of sequences of activity
instances. Assume a process consisting of two activities a, b ∈ A, where a is associated
with abstract cost drivers d1, d2 ∈ D, and b with d3 ∈ D. If d1, d2, d3 can be concretized
into c1d1 , c2d1 , c1d2 , c2d2 , c3d2 , c1d3 ∈ C, then t1 = 〈(a, {c1d1 , c3d2}), (b, {c1d3})〉 and t2 =
〈(a, {c21 , c1d2}), (b, {c1d3})〉 with t1, t2 ∈ I∗ would be process instances that represent
the concrete environmental impact incurred at runtime by the various activities and
hence, the process instances.

Note that we rely on a formalization of sequences provided by van der Aalst (2016)
that assumes that the sequence’s length can be known, elements can be retrieved, and
that sequences can contain the same element multiple times with an explicit order,
which we omit here for clarity. Moreover, we assume a total order of all activity
instances belonging to a process instance in line with established formalizations of
process instances. This allows i.a., process mining algorithms to be applied to a set of
process instances, which commonly rely on totally ordered activity instances, see e.g.
van der Aalst (2016).

For each activity instance, the overall environmental impact can be calculated,
by considering all concrete environmental cost drivers of that instance. Definition 6
describes this calculation.
Definition 6. (Environmental Activity Instance Cost) Let (a,Q) ∈ I, consisting of
an activity a ∈ A and a set of concrete environmental cost drivers Q ⊂ P(C), be an
activity instance. For each instance, the environmental cost can be calculated with a
function activity instance cost : I → R so that:

activity instance cost(a,Q) = (
∑

q∈Q

cost(q))
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More concretely, consider an activity instance (a, {c1, c2, c3}), with a ∈ A,
c1, c2, c3 ∈ C. If cost(c1) = u, cost(c2) = v, and cost(c3) = w with u, v, w ∈ R, the
overall environmental cost of that activity instance activity instance cost is equal to
the sum of all costs of the involved concrete cost drivers, being u+ v + w.

Based on activity instance costs, the cost of a process instance can similarly
be calculated by summing up the costs of the involved activity instances, following
Definition 7.
Definition 7. (Environmental Process Instance Cost) Let T ⊂ I∗ be a set of process
instances. Then, for a single process instance t ∈ T , the environmental cost can be
calculated with a function process instance cost : T → R so that:

process instance cost(t) =
∑

(a,Q)∈t

activity instance cost(a,Q)

This provides a concrete numerical score of how impactful a single process instance
has been. However, not just individual instances of activities and the overall process
can thus be considered, but also the average environmental instance cost of specific
activities, respective the process itself, can be calculated. This is further described
in Definitions 8 and 9. Notably, a collection of process instances is formalized as a
multiset of process instances – while traditionally (see e.g. van der Aalst (2016)), they
are formalized differently, to be able to differentiate between instances based on e.g.,
the case they represent, this differentiation is not needed here, and multiple instances
can be, considering just the involved activities and the concrete environmental cost
drivers, the same.
Definition 8. (Average Environmental Activity Cost) Let T ∈ B(I∗) be a multiset
of process instances, and a ∈ A be an activity. Let occurrence count : (A× T ) → N be
a function that counts the occurrences of a in a sequence of activity instances t ∈ T .
Let specific count : (I × T ) → N be a function that counts the occurrences of activity
instances a with a specific set of concrete environmental cost drivers Q in a sequence
of activity instances t ∈ T . Then, the average environmental cost of a specific activity
across all process instances can be calculated, and average activity cost : A×P(T ) →
R can be defined so that:

average activity cost(a, T ) =

∑

Q∈P(C)

∑

t∈T

specific count(a,Q,t)·activity instance cost(a,Q)

∑

t∈T

occurrence count(a,t)

Described more concretely, by counting the activity instances of an activity a ∈
A with all combinations of possible concrete cost drivers, multiplying this with the
respective activity instance cost and dividing by the total number of occurrences of
a, we can calculate the average cost of a across all instances, taking into account all
possible concretizations of the abstract cost drivers that have occurred.

The average environmental cost of all process instances can be calculated similarly:
Definition 9. (Average Environmental Process Instance Cost) Let T ∈ B(I∗) be
a multiset of process instances. For this T , the average environmental cost can be
calculated with average process instance cost : P(T ) → R so that:

average process instance cost(T ) =

∑

t∈T

process instance cost(t)

|T |

These calculated costs, whose conceptual relation is outlined in Fig. 11, then pro-
vide a notion of how costly activity instances, respective process instances, can be
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expected to be, based on all recorded process executions and the cost information they
provide.

Using these costs, potential for improvement can be uncovered, and the activ-
ity of process re-design as further described in the subsequent Section 4.1.3 can be
conducted.

4.1.3 Process Re-Design

The third and final step of SOPA, as shown in Fig. 8, concerns the sustainability-
oriented process re-design. When a consideration of the calculated environmental casts
uncovers potential for improvement (e.g., disproportionally high average environmen-
tal costs of process instances, specific average environmental costs of activities, or a
reduction not being as high as expected), the process can be re-designed accordingly
and simulated to test hypotheses on whether the re-design could actually improve,
i.e., reduce, the environmental impact of the process under consideration.

Figure 12 shows the interplay between instance- and model-related concepts in its
entirety, underlining how activity and environmental process costs can be calculated,
based both on instance and modeled data.
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Fig. 12 Class diagram showing the entire metamodel of SOPA. Extensions concep-
tualized in this work are shown with dashed borders. Entities in green are provided
during design time, entities in purple either emerge based on probabilistic distribution
during simulation time, or are instantiated during process execution. Since concrete
environmental cost drivers can both be modeled and be part of activity instances,
they are shown in both colors

Using these model- and instance-related concepts, SOPA can be used to conduct
business process re-design across three facets:
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1. Concrete environmental cost drivers can be changed, which represents an
adaption of the respective activities to use, for example, less impactful materials.

2. The simulated behavior can be altered (e.g., gateway probabilities), representing
a change in process execution, facilitated i.a. through changes in the processes
operational support.

3. Both environmental cost drivers and simulated behavior can be changed simul-
taneously, implying a causal relation between a new concrete environmental cost
driver and the behavior. This could, e.g., be the case when the adaption of a pro-
cess to use less impactful materials in one activity leads to a higher probability
of having to execute another activity. An example could be a logistics process,
where using structurally weaker packaging material that is less impactful can lead
to a higher probability of needing to handle return shipments due to breakage,
in turn leading to an overall increase in impact.

After configuring a new simulation run, the resulting event log can be analyzed
once again, and the cost analyses can be compared. Either, a new re-design iteration
may be necessary, or the theoretical re-design can be implemented in practice. Further,
the process analyst could consider whether the potential reduction in environmental
impact may be too costly to implement, and further tweak the re-design scenario to
take economic considerations into account.

4.2 System Development

To support the approach of SOPA, and to facilitate the case study-based evaluation,
a prototypical software system has been developed. This software system realizes the
overall metamodel of SOPA, as displayed in Fig. 12, and allows for a practical appli-
cation of SOPA’s application procedure of Fig. 8. Note that the software system is not
the central artifact, but rather a means for evaluating it. The following briefly presents
the respective components, which combine modeling- and instance-related concepts.

The system’s architecture consists of multiple components used in concert by a pro-
cess analyst to elicit environmental impact information, consisting of average process
instance and activity environmental costs, of a business process under investigation.
Figure 13 illustrates the different components that are involved. First, the process ana-
lyst can provide a process model annotated with abstract environmental cost driver
information and a simulation configuration with cost variants to a fork of the process
simulation engine Scylla6 (see Pufahl et al. (2018)), that has been modified to accom-
modate the SOPA-specific concepts. The resulting (simulated) event log is used by the
Analysis Tool7, together with the simulation configuration (containing cost variants
and the corresponding concrete environmental cost drivers) and process model pro-
vided to Scylla, to calculate the relevant impact information. Alternatively, an event
log containing the relevant information that has been extracted out of a real-world
information system could be used as well. The impact information can then be used
by the process analyst to either put the hypothesized changes into practice, or to drive
a new re-design iteration.

6See https://github.com/INSM-TUM/sustainability-scylla-extension [Accessed: May 26, 2023]
7See https://github.com/INSM-TUM/sustainability-analysis-tool [Accessed: May 26, 2023]
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Fig. 13 Fundamental Modeling Concepts (FMC) (Knöpfel et al. 2005) diagram dis-
playing the concrete architecture of the implementation supporting SOPA. FMC
differentiates between active and passive components. Active components such as the
Analysis Tool or the Process Analyst, shown in square, perform activities in the sys-
tem. Passive components such as the Process Model, displayed in oval, store, contain,
or transmit information

4.3 Case Study Evaluation

In the remainder of this section, SOPA is evaluated by being applied to the university
hiring process case study that is depicted in Fig. 7 through the system outlined above.
This constitutes a single-case mechanism experiment (Wieringa 2014). Concretely, we
aim to address the following evaluation goals:
1. Show that the SOPA implementation allows a quantification of the environmental

impact of activities and process instances
2. Show that SOPA can be used to assess the hypothetical reduction of environ-

mental impact incurred by re-designing a business process in various ways
3. Illustrate the holistic nature with which SOPA captures environmental impact
Since the hiring process is largely executed manually with neither an IT system nor

an IT system that logs environmental cost driver information, the model-based variant
of SOPA is being used here. The process model itself, as well as the environmental cost
drivers and the relevant LCA data have been elicited through stakeholder interviews
and utilization of LCA tooling and databases, as described in Section 3.3.

Environmental Cost Drivers and Impact Data.

The following abstract environmental cost drivers, listed in Table 1, have been
identified through the stakeholder interviews:

Simulation Parameters.

The following parameters, listed in Table 2, have been used for the simulation. Further
details can be found in the respective simulation configuration files available online8.

8See https://doi.org/10.6084/M9.FIGSHARE.22591513 [Accessed: October 10, 2023]
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Table 1 Abstract environmental cost drivers identified for the hiring process

Abstract environmental cost driver Description

Request for job advertisement
The cost of creating the documents required for
requesting a job advertisement.

In-house mail
The cost of transporting the documents between
offices.

Advertisement
The cost of creating the documents representing the
job advertisement.

Sifting The cost of sifting through all applications.

Interview The cost of conducting a single job interview.

Application for employment
The cost of creating the documents required for
requesting the employment of a specific applicant.

Contract documents
The cost of creating the documents of the final
employment contract.

Generally, based on stakeholder interviews, the content-and form related assessments
of all requests are assumed to be 95% successful, while only a probability of 5% is
assumed for cancellation of the entire process. With a probability of 2%, the process
fails due to a lack of suitable candidates. With a probability of 50% each, three addi-
tional interviews may be conducted. Further, the simulation is configured to simulate
500 process instances. Notably, since inter-instance interaction is irrelevant in SOPA,
no further configuration of, e.g., instance arrival rates or activity durations is necessary.

Table 2 Parameters used for process simulation

Parameter Probability

Probability of successful assessment in terms of content and form 95%

Probability of overall cancellation 5%

Probability of each additional interview 50%

Probability of failure due to lack of candidates 2%

Scenarios and Results.

Three scenarios have been identified and are evaluated SOPA in the following, one rep-
resenting the as-is process, and two representing potential re-designs for environmental
impact reduction. Table 3 describes how the different environmental cost drivers are
concretized in the scenario, and provides their respective impact scores elicited with
LCA, as described in Section 3.3. Scenario A represents the as-is procedure: the
required documents are created digitally (assuming 2h of computer work per docu-
ment), are printed on paper (assuming 5g per page, the request for advertisement is
known to average 8 pages, the advertisement 2 pages, the application for employment
20 pages, and the contract documents 5 pages, printed with a non-specific black-and-
white laser printer) and transported between the different offices via in-house mail by
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car (i.e., a 3.5 ton diesel lorry, emission class EUROIII). For all delivery trips, an aver-
age distance of 750 m is assumed. The job interviews are assumed to be conducted via
video conference, for one hour. The sifting of documents is assumed to take 6 hours and
to be done with the aid of a computer. Scenario B represents a hypothetical re-design
scenario, in which the in-house mail instead would be transported via an electric bicy-
cle using renewable energy and weighing 20 kg, averaging, as in scenario A, 750 m per
trip. Finally, scenario C also represents a hypothetical re-designed variant of the hir-
ing process where no documents would be printed and transported, but instead would
be transmitted digitally, discounting potential digital long-term storage. File trans-
mission is assumed to take, on average, one minute. Further, the sifting of candidates
would be less rigorous, taking 3h of computer time instead of 6h. However, due to this
less precise sifting, at least two of the three additional interviews will be conducted.

Table 3 Scenarios and respective LCA sores of the concrete envi-
ronmental cost drivers for evaluation with SOPA

Environmental cost driver Scenario A Scenario B Scenario C

Request for job advertisement 2.89× 10−5 See A. 1.95× 10−5

In-house mail 3.91× 10−5 4.22× 10−6 1.51× 10−8

Advertisement 2.19× 10−5 See A. 1.95× 10−5

Sifting 5.85× 10−5 See A. 2.93× 10−5

Interview 3.5× 10−5 See A. See A.

Application for employment 4.31× 10−5 See A. 1.95× 10−5

Contract documents 2.54× 10−5 See A. 1.95× 10−5

Applying SOPA to the hiring process and the three identified scenarios, results
in impact information, consisting of average environmental activity costs and average
environmental process instance costs, which give a notion of the impact of activity and
process executions depending on the scenario. Table 4 provides a complete overview of
the resulting impact information. Notably, the average environmental cost per process
instance decreases drastically in the hypothetical re-design scenarios B and C, as shown
in Figure 14.

Switching the mode of transport of the in-house mail would incur an overall impact
reduction of 50.18%. Additionally, removing all paper-based documents from the pro-
cess, while reducing the time spent sifting applicants at the cost of having to conduct
at least four instead of two interviews, would reduce the environmental impact by
65.08% per process instance, compared to the as-is impact. Further, Fig. 15 visualizes
the average activity scores per scenario, which are also provided in Table 4 and com-
pared in Table 5, all to be found in Appendix A. Interestingly, we see that the reduction
across almost all cost drivers from Scenario B to C is somewhat compensated by the
fact that more interviews will need to be conducted. With this information, process
experts and decision makers now can reason about further potential for process impact
reduction, by either implementing scenario B or C, or by further reducing the cost
of individual activities, e.g., reducing the maximum duration of the interviews, which
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Fig. 14 Average environmental process instance costs of the hiring process per sce-
nario, elicited through SOPA

constitutes one of the most impactful activity across all two hypothetical re-design
scenarios. Additionally, Scenario C could be further revised, since the (economic) cost
of having to conduct more interviews and having to implement the infrastructure for
paperless applications might not warrant the increase in environmental saving in com-
parison to Scenario B. Similarly, a combination of Scenarios B and C, so that some
process instances are done-paper less and others not, could be explored, to further
deliberate the feasibility of the various scenarios.

Notably, this addresses evaluation goals 1 and 2, since we demonstrably are able
to quantify the impacts of process instances and activities, and determine how they
change across re-design scenarios. We have also illustrated how a consideration of
trade-offs between concrete cost drivers and process behavior is possible with SOPA.

Given the various environmental cost drivers we identified in the case study, and
the resulting LCA scores, we have arguably also demonstrated the holistic nature of
SOPA: The environmental impact captured here, expressed in a unit-less way, is multi-
faceted and not just a set of indicators such as carbon emissions or water use, used in
other approaches. Thus, evaluation goal 3 is addressed.

5 Discussion

After presenting SOPA and applying it to a case study, the following section dis-
cusses the contribution of this paper and relevant threats to validity. Afterward, the
discussion is opened further, and the general context of SOPA is discussed.

5.1 Results

Since the results of this work are twofold, the case study used for evaluating this
contribution will be discussed first, followed by the framework of SOPA itself.
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5.1.1 Case Study

The application of SOPA to a real-world case as a means of evaluating the contri-
bution and demonstrating its usefulness has indeed shown that SOPA is applicable
to assess the environmental impact of business processes and subsequently re-design
them. Hence, the practical demonstration addresses RQ2. However, some threats to
validity warrant a discussion: Firstly, the LCA analysis has not been conducted by
LCA experts, relies on existing LCA databases and inventory databases, and has been
supplemented with reasonable assumptions due to limitations of the conducted inter-
views. Nonetheless, the quality of the analysis is not highly substantial for the purpose
of this case study, which aims at demonstrating the general utility of SOPA — more
exact LCA data would only allow for more precise reasoning about re-design potential,
but does not impact the overall analysis procedure.

Secondly, the evaluation has been done based on simulated event logs, without
a real information system behind its execution. While the use of process simulation
instead of real execution data arguably reduces the accuracy of the results, the use
of process simulation nonetheless enables the analysis of (potentially fully manual)
processes for which no data has been recorded at all, and thus still allows insights to
be gained, as has been demonstrated in the case study.

Moreover, while the use of process expert interviews and the conducted analyses
and subsequent simulation have limitations due to their scope, the case study demon-
strates that value could be added. While the results should be interpreted carefully,
investigating the process even more thoroughly and in conjunction with LCA experts,
the confidence in the results can only be increased. Consequently, the case study shows
that, generally, a better elicitation of and reasoning about environmental impact is
possible through the application of SOPA to a business process.

5.1.2 SOPA

After considering the case study, the following discusses SOPA in general.
Generally, the case study has underlined the capabilities of SOPA to quantify dif-

ferent process re-design measures and to help organizations to identify those which
have the greatest impact in reducing environmental costs. Further, it has illustrated
how SOPA can enable organizations to model, measure, and optimize their environ-
mental impact in a holistic manner. Thus, with proposing the SOPA framework, we
have answered RQ1. Nonetheless, some limitations need to be considered here as well.

First, it should be noted that the quality of the results elicited with SOPA depends
on the completeness of the input, be it a simulated event log or an extracted one
— the more complete and close-to-real-world the captured behavior and the impact
information is, the more accurate the assessment with SOPA is. To increase the exact-
ness of simulation, stochastic information about the process can either be estimated
by process experts or identified based on the analysis of process execution logs (Wynn
et al. 2008) to increase accuracy. The more in-depth an analyst models the process
(e.g., across multiple participants), the more the impact can be attributed to different
participants, attributing concrete responsibilities.
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Second, the use of LCA scores to compare the environmental impact of activities
and processes warrants a discussion. Notably, LCA results can contain a lot of uncer-
tainty, meaning that discrepancies between the actual and the calculated impact may
exist — this needs to be considered during the interpretation phase. The discrepancies
could stem, e.g., from erroneous, misspecified, incomplete, or inconsistently elicited
data. Relevant literature has identified three main ways of dealing with that uncer-
tainty, which could be further integrated into SOPA: either by improving the quality of
the data and models involved, by finding a consensus on data and choices with stake-
holders and determining authoritative standards, or by applying statistical methods
to incorporate that uncertainty (Finnveden et al. 2009).

Third, the notion of process re-design that SOPA aims to enable is focused primar-
ily on changing either operational support or improving activity impacts by identifying
cost drivers and their impact on the overall process. This does not cover structural
re-design in which activities would be replaced or removed, substantially altering
the process. However, the authors maintain that a SOPA-led analysis can be com-
bined with other forms of process performance analysis and re-design, allowing further
re-design in practice.

Fourth, SOPA does not provide concrete actionable mechanisms to alleviate con-
flicts between environmental, social, and economic impacts of the analyzed business
processes. These may emerge, e.g., when a potential reduction in environmental impact
analyzed with SOPA would come at substantial cost to the economic viability of a
business, or could harbor undesired social consequences. As argued by Purvis et al.
(2019), there is currently no consensus on how to, formally, characterize sustain-
ability and how its three facets interact. Deciding on how to alleviate conflicts in a
business setting (i.e., w.r.t the economic facet of sustainability) requires value judge-
ments (Purvis et al. 2019), which cannot be covered by a technical framework like
SOPA. Further, some voices argue for a general incommensurability (i.e., a concep-
tual difference that makes calculating trade-offs complex or impossible), which would
require non-algorithmic multi-criteria frameworks beyond the scope of this work, see
Martinez-Alier et al. (1998). However, a data-driven approach such as SOPA may
allow for a more evidence-based reconciliation of conflicts and assessment of adher-
ence to sustainability-related regulations (e.g., European Commission (2014)), which
may continue to emerge.

Fifth, SOPA differs from other approaches for process optimization (especially algo-
rithmic approaches such as Low et al. (2016), Georgoulakos et al. (2017) and Vergidis
and Tiwari (2008)), where optimal process designs or alternative execution scenarios
are identified based on i.a. costs of cases, activities, resources, the input-output relation
of activities and resources, and the runtime of activities. There, 1) commensurability
between various costs through a common cost unit (such as monetary costs in terms
of US-$) is assumed, and 2) a uni-directional relation between process parameters and
costs is assumed — changing process parameters leads to a change in costs, which are
to be optimized by way of changing the parameters. SOPA however aims at measur-
ing the environmental impact holistically, so that, as discussed above, a comparison
with e.g., other cost units is potentially infeasible, and assumes a bidirectional relation
between concrete cost drivers of activity instances and process behavior, as illustrated
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in the third facet of process re-design in Section 4.1.3. More concretely, the way in
which cost drivers can be changed is heavily constrained by expert knowledge and
dependent upon LCA analyses. Only after identifying potential for improvement, the
process experts can identify other concretizations of abstract cost drivers that could
lead to a reduction in impact and calculate their LCA values. This is due to the fact
that there might exist an interaction between specific environmental cost drivers and
the process behavior. This means that they cannot be arbitrarily combined during
actual process execution, but that instead expert knowledge is needed to determine
whether changes can or cannot be implemented, and to what effect w.r.t. the behavior
of the process. Further, changing the probability of cost variants represents changing
the implementation of the business process, and therefore the feasibility of such an
optimization needs to be considered by the process expert. Consequently, reducing
the environmental impact itself is not just an algorithmic problem to which an opti-
mal solution w.r.t. the process domain can be derived, but one that also requires an
in-depth understanding and deliberation of the domain.

And finally, when considering other methods that aim at capturing impacts on
environmental sustainability (e.g., Elkington (1998); Ellram (1993)), the advantages
and limitations of SOPA need to be stressed: The scope of SOPA is bound by the scope
of LCA – other approaches focus only on individual enterprises or processes and are, as
opposed to SOPA and LCA, not intended to cross organizational boundaries. Further,
other approaches are focused on particular indicators that are, as discussed before,
unable to capture the entire environmental impact of processes or organizations, as
opposed to LCA. Notably, the inherent capabilities for sustainability-oriented process
re-design by leveraging process simulation is a differentiator to other approaches, which
assume a static perspective, and do not provide explicit mechanisms for re-design.

5.2 General Discussion

Subsequently, after discussing SOPA, this section further opens the discussion and
considers the context of this work.

5.2.1 Sustainability through Optimization?

Firstly, while this work itself offers a tool for optimizing (i.e., by reducing) the envi-
ronmental impact of business processes, the idea behind process optimization could be
considered critically. When optimizing towards a specific goal, in this case the reduc-
tion of environmental impact, the measure with which this optimization is tracked
should be discussed — any optimization should always serve towards the end goal of
impact reduction, and not just an optimization for the metric’s sake (van der Kolk
2022). The actual prevention therefore depends on the context of application of SOPA,
not just the application of SOPA itself, in other words, in which manner SOPA is
applied in practice: is it just applied to reduce the impact scores as much as possible,
or is it applied to actually understand the environmental impact and reduce it accord-
ingly? This closely relates to rebound effects (see Herring (2006)), where, through
greater efficiency of e.g., a service, greater use is encouraged, and consequently prac-
tically all benefits are absorbed. Also of relevance is the discussion of energy efficiency
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provided by Shove (2018), where efficiency measures need to be critically examined
for what they measure, and how they perpetuate the status quo, leading to path
dependencies and preventing long-term reduction of environmental impact.

5.2.2 Sustainability through BPM?

Moreover, the authors of this work would like to open a discussion on the extent
with which the tools and techniques of BPM are even applicable for improving the
sustainability of business processes.

As argued by Göpel (2016), an increasing integration of environmental, social and
economic concerns led to the dispersion of an “economic mind-set” into the gover-
nance of an increasing number of areas of life, thereby solidifying path dependencies
towards unsustainability. Therefore, a critical view might be necessary: How much
does the application of BPM in order to address problems of environmental sustain-
ability contribute to that solidification? This warrants further research and discussion.
Other areas, such as sustainability transitions research (STR) (Feola 2020) move
towards critically examining the role of capitalism (i.e., a specific form of social and
economic organization going beyond the economic sphere (Feola 2020)) so that truly
sustainable transitions can be enabled. As a recent study about a large oil company
has shown, accurate scientific insights into climate change (e.g., accurate predictions
of carbon budget) were systematically withheld and miscommunicated to the out-
side (Supran et al. 2023), thus hinting at how economic incentives might actively
hinder sustainability transformations.

Following Göpel (2016), the governance of nature would require, instead of the
prevalent monetized cost-benefit analyses, multidimensional evidence. Unlocking path
dependencies towards sustainability arguably is hindered by inequalities inherent to
market logic, laws, and institutions, that are being created, overlooked, or disguised
through undifferentiated cost–benefit and growth analyses (Göpel 2016). Further, sus-
tainability solutions may not lie in increasing the efficiency of technologies and the
effectiveness of economic incentives, but instead may need to be facilitated by orga-
nizational setups and sociocultural frameworks defining the purpose of technologies
and economic instruments (Göpel 2016). Thus, while SOPA is a contribution within
BPM to enable further considerations of sustainability with it, the overall role of BPM
itself might need to be investigated closely for how it has internalized mechanisms
that might hinder adequately addressing unsustainable path dependencies, and how
it might be leveraged for sustainability solutions within institutions.

One interesting avenue of research might be applying the research paradigm of
critical research (i.e., a paradigm aiming at critically examining a subject and its
context, and investigating its hidden limitations to change, imposed by economic,
political, and cultural authority (Howcroft and Trauth 2005)) to BPM, an approach
that has found some application in IS research. Moreover, Sachs (see Schneidewind
and Zahrnt (2014)) proposes the concept of sufficiency, focusing on deceleration
(less speed and efficiency), deglobalization (less fragmented cross-global productions
chains that externalize environmental impacts), decluttering, and decommodification
(moving away from commodified mental models focused on numbers and financial
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benefits) (Göpel 2016), as alternatives to existing economic objectives, which might
be able to contribute towards a more sustainability-oriented derivative of BPM.

Finally, it should be noted that, as the discussion above has made clear, thorough
considerations and even transformations of BPM and the context in which it is applied
are necessary for facing the grand challenge of addressing sustainability — but they
can only be achieved step by step. The authors would like to underline that the
contribution of SOPA could potentially constitute such a step.

5.3 Future Work

Finally, this section considers future work and research opportunities highlighted by
this contribution. One interesting line of research would be, how (un)certainty and
confidence intervals could be included in the analysis and simulation, to do the uncer-
tainty inherent to LCA and process simulation justice. This could indicate whether
“the general direction of improvement” is correct or not, instead of implying absolute
certainty. Further, this resembles the reality of process execution more closely, where
variations in impact exist due to minute fluctuations and variations in process execu-
tion, while still providing a benefit for impact analysis (e.g., one process variant is 30
to 33% less impactful than the other).

Moreover, a more systematic tracking of sustainability factors can ameliorate both
analysis results and simulation models: a “data mining for LCA” (e.g., based on sensor
data) could form a data-driven basis for the analysis, by either supplementing existing
LCA information with sensor data recorded in IS, or by mining relevant data from
process executions to make LCA analysis more exact. Further, the simulation could be
made more precise by extracting accurate simulation parameters based on observed
behavior. A need for these data-driven approaches is only underlined by the recent
discussion about the actual efficacy of carbon offset certificates9, where a surplus of
emissions is still caused, and the actual offset is not closely in relation to what is
supposed to be offset, due to limited traceability (West et al. 2023).

Furthermore, the exactness of LCA could be increased by encouraging coopera-
tion of manufactures and produces within and across industries to enable sharing of
more exact LCA values. While some industry-specific databases have been emerg-
ing (see Finnveden et al. (2009)), further proliferation can only be helpful. Moreover,
following the strength of LCA to assess impacts across organizational boundaries,
investigating how this approach could be extended to process collaborations or chore-
ographies could be fruitful. Notably, Thies et al. (2012) outlines a network-centric
sharing system for environmental performance indicators across enterprises, which
could be extended with LCA databases and results of SOPA analyses.

With respect to the other two dimensions of sustainability not yet addressed by
SOPA, a combination with other frameworks for process analysis and optimization
might be feasible, allowing for optimization towards, e.g., ecological and economic
facets. Concretely, literature has proposed the so-called Life Cycle Sustainability
Assessment (LCSA), an extension of traditional LCA that aims at incorporating all

9See https://www.theguardian.com/environment/2023/jan/18/revealed-forest-carbon-offsets-biggest-provider-worthless-verra-aoe
and https://www.source-material.org/vercompanies-carbon-offsetting-claims-inflated-methodologies-flawed/
[Accessed: Feb. 6, 2023]
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three facets of sustainability in one indicator (Finkbeiner et al. 2010). As to the dis-
cussion of Section 5.1.2, LCSA also requires a weighting of the three dimensions of
sustainability, and thus, a value judgement. Integrating this approach with SOPA by
including an explicit non-technical mechanism for performing such a weighting could
potentially allow for considering all three facets of sustainability at once during process
optimization, and could be a promising avenue of research.

Additionally, Naumann et al. (2011) propose a model with which sustainability
concerns are explicitly extended to software products so that software products can be
developed, operated and used in a sustainable manner. This practice, also known as
green coding, could be employed to further the scope of analysis around the analyzed
business processes, by e.g., improving process engines or other IT systems employed in
process execution, especially when they contribute heavily to execution of individual
activities or processes.

Further, the emerging technique of object-centric event logs (Ghahfarokhi et al.
2021), where instead of a flat stream of events belonging to individual cases, events
across several objects, are recorded without a singular case notion during process
execution, appears promising: that way, the impact of objects across their life cycle and
their contribution during process execution might be captured even more precisely,
closely relating to the life cycle aspect of LCA. This, however, would require extended
tool- and simulation support, given the young nature of this technique.

Finally, the authors would like to underline that the area of business process sim-
ulation is still an area of ongoing research, where continuous improvements are being
made — future improvements, so that process behavior can be simulated even more
accurately, can only be a positive contribution to SOPA. Clearly, improving simulation
leads to better results and analysis of the environmental impact of business processes.

6 Conclusion

Given the accelerating human-made climate change, businesses have an increasing
need to assess, monitor, and improve the environmental impact of their business pro-
cesses. To this end, we have combined Life Cycle Assessment and Activity-based
Costing for Business Process Management purposes with a Design Science Research-
based approach. The resulting framework of SOPA fills a gap in existing works, which
we have found to be focussed on a limited set of environmental indicators and limited
in their capability to be used for sustainability-oriented process re-design. We have
applied SOPA to a case study, and shown its potential, in conjunction with Business
Process Simulation, to contribute towards monitoring and re-designing a business pro-
cess to be less environmentally impactful. Moreover, we have discussed how SOPA
might benefit from additional environmental data and more accurate simulation mod-
els. While SOPA provides a technical solution for environmental impact analysis and
re-design of business processes, the overall role of BPM in contributing towards envi-
ronmentally unsustainable business activities also needs to be considered. SOPA is a
way of integrating environmental considerations into BPM, but its underlying mech-
anisms that might prevent even more sustainable transformations warrant a critical
investigation, in order to transition towards a more sustainable future.
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Appendix A Additional Figures

The following provides additional details of the data elicited during the evaluation of
SOPA.

Table 4 Environmental activity and process instance costs of the different scenarios
evaluated with SOPA in Section 4.3

Parameter Scenario A Scenario B Scenario C

Check contents of advertisement req. (SC) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Check contents of hiring req. (SC) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Formally assess hiring req. (HR) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Formally assess hiring req. (Faculty) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Finalize contract (HR) 2.54× 10−5 2.54× 10−5 1.95× 10−5

Submit request for job advertisement (Dep) 2.89× 10−5 2.89× 10−5 1.95× 10−5

Check contents of advertisement req. (DO) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Sift and select candidates (Dep) 5.85× 10−5 5.85× 10−5 2.93× 10−5

Check contents of advertisement req. (WR) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Submit job advertisement (HR) 2.91× 10−5 2.91× 10−5 1.95× 10−5

Check contents of hiring req. (DO) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Formally assess advertisement req. (Faculty) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Formally assess advertisement req. (HR) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Check contents of hiring req. (WR) 3.91× 10−5 4.22× 10−6 1.51× 10−7

Request hiring of candidate (Dep) 4.31× 10−5 4.31× 10−5 1.95× 10−5

Conduct interview with candidate 3.50× 10−5 3.50× 10−5 3.50× 10−5

Average Environmental Process Instance Cost 7.00× 10−4 3.48× 10−4 2.44× 10−4
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Table 5 Relative differences in environmental activity and process instance costs of
the different scenarios in Section 4.3

Parameter Scenario A — B Scenario A — C

Check contents of advertisement req. (SC) −89.2% −99.61%

Check contents of hiring req. (SC) −89.2% −99.61%

Formally assess hiring req. (HR) −89.2% −99.61%

Formally assess hiring req. (Faculty) −89.2% −99.61%

Finalize contract (HR) 0% −23.22%

Submit request for job advertisement (Dep) 0% −32.52%

Check contents of advertisement req. (DO) −89.2% −99.61%

Sift and select candidates (Dep) 0% −50.00%

Check contents of advertisement req. (WR) −89.2% −99.61%

Submit job advertisement (HR) 0% −32.98%

Check contents of hiring req. (DO) −89.2% −99.61%

Formally assess advertisement req. (Faculty) −89.2% −99.61%

Formally assess advertisement req. (HR) −89.2% −99.61%

Check contents of hiring req. (WR) −89.2% −99.61%

Request hiring of candidate (Dep) 0% −54.75%

Conduct interview with candidate 0% 0%

Average Environmental Process Instance Cost −50.18% −65.08%
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Fig. 15 Bar chart displaying the average environmental activity costs per activity and
per scenario resulting from evaluating SOPA with the case study, see Section 4.3
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