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Abstract—Business Process Management (BPM) provides or-
ganisations with a systematic approach to model, execute, anal-
yse, and continuously improve their business processes. Tradition-
ally, BPM practices focus on the economic performance of busi-
ness processes. With the advent of Green BPM, environmental
sustainability emerged as an additional performance dimension,
allowing it to support organisations in achieving their sustainabil-
ity goals. However, most existing Green BPM initiatives focus on
specific phases of the BPM life cycle or particular environmental
performance indicators. As a result, organisations only have
a limited understanding of the sustainability of their business
processes and lack the means to control their environmental
impact during process execution. This paper proposes a Green
BPM life cycle that integrates environmental sustainability into
every one of its phases without being restricted to specific
indicators. An extension of BPMN, one of the standard notations
for modelling business processes, is defined to allow process
models to capture the environmental performance indicators that
should be monitored during process execution, together with
target values that can optionally be specified for each indicator to
control the environmental impact of the process. An architecture
is further presented for integrating these indicators into existing
BPM systems by connecting calculator services to the process
life cycle events. As a first step towards achieving full life cycle
coverage, a prototype modelling tool for the BPMN extension
and a prototype calculator service for carbon emissions have
been developed.

Index Terms—business processes, green business process man-
agement, environmental sustainability, key environmental indica-
tors, process adaptation.

I. INTRODUCTION

Urgent social and environmental challenges are pressur-
ing organisations to become more sustainable. According to
Elkington [1], organisational sustainability includes economic
prosperity, environmental quality, and social justice, the so-
called triple bottom line. This concept implies that the per-
formance of organisations should not exclusively be measured
in terms of their economic achievements but that they should
also account for their social and environmental impact. En-
vironmental sustainability, in particular, is a growing concern
for organisations as legislative, economic, and societal factors
encourage and compel them to reduce the environmental
impact of their organisational activities [2]-[4]. Motivated
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by global issues such as climate change, policymakers are
developing new strategies that foster economic growth while,
at the same time, protecting the natural environment [5].

This form of sustainable development is accompanied by
additional rules and regulations, such as the Corporate Sus-
tainability Reporting Directive (CSRD) [6] and the Ecodesign
for Sustainable Product Regulation [7] implemented by the
European Union as part of the European Green Deal [8],
that require organisations to report on and make an effort to
reduce their environmental impact. These new strategies also
confront organisations with the cost of polluting the environ-
ment through, for instance, emissions trading systems [9], [10],
motivating and obliging them to reduce their greenhouse gas
emissions through a monetary incentive. At the same time, or-
ganisations recognise the potential economic benefits that can
be obtained by becoming more environmentally sustainable
[4], [11], as reducing the consumption of resources such as
energy can result in substantial cost savings. Issues such as
climate change are similarly raising awareness within society
of the need for more environmentally sustainable practices,
resulting in an increased demand for green products and
services [4]. This societal pressure means that organisations
must adapt to these changing market circumstances to keep
their existing clients and customers, and they can even use it
to gain a competitive advantage [11].

Business processes — sets of related activities that are
performed collectively to achieve some organisational goal and
generate value for an organisation [12] — constitute the core of
any organisation and represent one of their principal sources of
environmental impact [2], [13]. The field of Business Process
Management (BPM) provides organisations with the concepts,
methods, and techniques that they need to model, execute,
monitor, analyse, and continuously improve their organisa-
tional business processes [12]. The applications of BPM ex-
tend beyond the conventional definition of business processes
(e.g. the processes found in insurance companies or financial
organisations) to, for example, processes with a more physical
nature, such as those encountered in the manufacturing domain
[14]. Traditionally, BPM practices focus on improving the
economic performance of business processes in terms of time,
cost, quality, and flexibility, expressed as Key Performance
Indicators (KPIs) [15]. With the advent of Green BPM [16],
sustainability — defined as environmental sustainability in this



case — has emerged as an additional performance dimension
along with so-called Key Environmental Indicators (KEIs) as a
means to quantify the environmental performance of a business
process, allowing it to support organisations in achieving their
sustainability goals [2]. However, so far, most existing Green
BPM initiatives and research only target specific parts of
the BPM life cycle — mainly concerned with measuring the
performance along the sustainability dimension — or concen-
trate their efforts on particular performance indicators such as
energy consumption or carbon emissions [2], [17], [18]. As a
result, organisations only have a limited understanding of the
sustainability of their business processes and lack the means to
control their environmental impact during process execution.

This paper works towards the goal of making environmental
sustainability an integral part of the BPM life cycle, from pro-
cess modelling and execution to analysis and improvement. It
proposes a Green BPM life cycle that supports environmental
sustainability at every phase of the life cycle in a generic way
(i.e. without being restricted to a specific set of KEIs). This
Green BPM life cycle enhances the extended BPM life cycle
for flexible processes [19] and consists of the following phases:
modelling, execution and monitoring, analysis, and adaptation.

For the modelling phase, an extension of BPMN [20], one
of the standard notations for modelling business processes,
is defined that allows process models to capture the KEIs
that a compatible BPM system should monitor during process
execution. Target values can optionally be specified for each
indicator to control the environmental impact of the process,
for example, by influencing the process flow, selecting re-
sources based on their impact, and scheduling task execution.
An architecture of a BPM system that can execute these
extended process models, monitor the specified KEIs, and
adapt processes based on detected or predicted KEI violations
is also presented. Its design allows for the integration of sus-
tainability indicators into existing BPM systems by connecting
external calculator services to the life cycle events generated
by a system through a specialised monitoring component. This
approach minimises the changes that have to be made to the
BPM system and, at the same time, allows the calculator
services to be reused in, for example, process simulation and
mining tools. As a first step in realising complete coverage of
the proposed Green BPM life cycle, a prototype of a modelling
tool for the BPM extension is described, along with a prototype
of a calculator service for carbon emissions that is developed
according to the suggested architecture.

The remainder of this paper is structured in the following
way. Section II provides an overview of the related work,
detailing previously defined Green BPM life cycles, BPMN
extensions for carbon emissions, and the realisation of partial
life cycle coverage for specific KEIs and domain-specific
applications. Section III presents the Green BPM life cycle and
discusses each of the phases. This discussion also covers the
BPM extension and the architecture of the BPM system. The
two prototypes are described in Section IV, and Section V dis-
cusses the results of this paper. Finally, Section VI concludes
the paper and provides directions for future work.

II. RELATED WORK

Green BPM adopts, extends, and repurposes traditional
BPM methods, techniques, and tools to address the environ-
mental sustainability dimension of business processes. Anal-
ogous to workflow patterns, green process patterns provide
guidelines for improving the environmental sustainability of
business processes during process design and reengineering by
describing solutions to common problems. Many such patterns
have been defined [21]-[25], along with approaches for the
automatic identification of issues in process models [26], [27]
and the application of specific green patterns to business
processes [28]. While the use of patterns is an excellent way
to avoid generic unsustainable practices, they do not support
organisations in assessing the environmental sustainability of
their business processes, which is essential for identifying
more specific improvement opportunities and confirming that
changes have the desired effect.

Nowak et al. [29] discussed some of the additional aspects
that need to be considered at each phase of the BPM life cycle
to enable the assessment and reduction of the environmental
impact of business processes. The need for KEIs to capture
the environmental performance as a counterpart to KPIs was
stressed as being a central part of the transformation. They
also presented an extended BPM architecture to support this
Green BPM life cycle. Similarly, Gallotta et al. [4] proposed
a conceptual framework for the implementation of sustainable
practices into business processes, covering essentially the same
BPM life cycle phases. The Green BPM life cycle presented
in the current paper follows several of these ideas, including
the use of KEIs to measure the environmental sustainability of
processes. Additionally, it considers aspects such as detecting
and predicting KEI violations and autonomic process adap-
tation by adopting parts of the architecture of Ghahderijani
and Karastoyanova [30] for autonomic process performance
improvement, neither of which were discussed by Nowak et
al. and Gallotta et al.

Various extensions of BPMN and other notations have been
proposed to model sustainability-related aspects of business
processes [31]-[36], of which several also define methods
to calculate the environmental impact of the process and its
activities [31], [35]-[37]. Besides the fact that the majority of
these approaches are specific to energy consumption or carbon
emissions, they only cover one phase of the BPM life cycle —
process modelling — and do not provide an implementation
of a tool for modelling processes using the extended notation.

A general overview of the most relevant KEIs to include
in a BPMN extension was compiled by van den Broek [38]
based on a literature study. Using a case study, van den
Broek compared several options for adding elements to a
process model to visualise environmental performance data
and demonstrated how including KEIs in a business process
can support explicit decision-making during process execution,
such as choosing the most optimal mode of transportation for
delivering goods to a customer. Unfortunately, most of the
work was primarily concerned with carbon emissions [38],
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Fig. 1. The phases of the Green BPM life cycle along with the activities related to environmental sustainability performed in each of these phases.

which limits the applicability of many of the concepts to other
KEIs, and integrating the indicators into the execution phase
was accomplished by manually expanding the process model
with tasks that present the environmental data to users and
allow them to make decisions through forms.

Methods and systems that realise a partial or complete
Green BPM life cycle focus their attention on specific KEIs:
greenhouse gas emissions (mainly carbon emissions) [39]-
[41], energy consumption [42]-[44], or both [36]. A number of
these more extensive approaches [45]-[48] additionally focus
on particular types of business processes or applications, such
as the work by Vitali et al. [46], which is specific to cloud
applications modelled as business processes. They propose a
BPMN extension for adding annotations to process models
that capture quality requirements, both traditional ones and
requirements related to environmental sustainability, and allow
application designers to mark certain parts of the process as
optional and define variants for a task. However, this approach
only supports adaptation by design using fixed adaptation
mechanisms (e.g. skipping optional tasks and selecting differ-
ent versions of a microservice to execute a task) and does not
give process modellers control over the sustainability metrics
that they are interested in, as energy consumption is implicitly
assumed to be the exclusive driver for optimising execution.
In contrast, the work presented in the current paper enables a
more general type of environmentally aware process execution
where the process modeller can select the relevant indicators
for the tasks in a process.

Integrating existing sustainability analysis methods such
as Life Cycle Assessment (LCA) into the BPM life cy-
cle provides an alternative way to measure and improve
the environmental performance of business processes [49]-
[51]. LCA [52] offers a systematic, standardised method for
holistically evaluating the environmental impact of products,
services, systems, and even processes throughout their entire

life cycle (i.e. cradle-to-grave). To date, the SOPA framework
of Klessascheck et al. [49] is one of the leading examples of
this integration: it employs a combination of LCA and activity-
based costing to calculate the environmental cost of a business
process and its activities, which it subsequently uses to analyse
and redesign the process with the help of process simulation
techniques. One of the main difficulties with LCA is the fact
that it is a data-intensive process, making it a challenging,
time-consuming, and costly study to conduct. For this reason,
existing work, such as that of Klessascheck et al., assumes that
the LCA data is available in some form, meaning they do not
cover the entire BPM life cycle (collecting the data necessary
to perform an LCA study is often done manually). The SOPA
framework is also exclusively concerned with evolutionary
changes, and the types of changes it supports are rather
limited. Using KEIs can be considered somewhat similar to
performing a life cycle inventory study [52] (omitting the last
step of LCA) with a narrower scope, which could be mapped
to specific environmental impact categories by, for example,
using the technique of Hermann et al. [51]. There is also
nothing that prevents these impact categories from being used
as KEIs. Nonetheless, broadening the sustainability analysis
to a complete LCA study is unquestioningly considered a
worthwhile research direction, albeit one that is outside the
scope of the current paper, which is concerned with integrating
environmental sustainability into the entire BPM life cycle
— including the execution and monitoring phases — without
dictating the specific method that should be used to calculate
the environmental performance of a process.

III. GREEN BPM LIFE CYCLE

BPM has traditionally been concerned with the economic
performance of business processes in terms of time, cost,
quality, and flexibility [15]. Green BPM introduces environ-
mental sustainability as an additional performance dimension.



— Total E
otal Energy 01
. Key Environmental
] 1 Indicators
— Hazardous Waste 0 0.1
1
Key Environmental el
Indicator é
> - unit: String
- targetValue: Float [0..1] Subprocess Task

Fig. 2. The metamodel for the BPMN4ES extension. The green entities are
part of the BPMN 2.0 specification [20]; the orange ones are part of the
extended model.

The environmental impact of a business process, which stems
directly from its tasks and subprocesses and the resources
that execute them, can be subdivided into different measures
related to distinct environmental concerns, such as greenhouse
gas emissions, water pollution, and waste generation. KEIs
offer a way to quantify this environmental impact, but which
KEIs are relevant for an organisation is highly dependent on
the domain in which the organisation is active, the types of
processes it executes, and the individual tasks that make up
these processes. It is also influenced by the overall organisa-
tional objectives, the environmental ambitions, and the rules
and regulations that the organisation must comply with.
Given that there is not a single set of KEIs that is suitable
for every organisation, this paper presents a Green BPM life
cycle that supports organisations in making their business
processes more environmentally sustainable by allowing for
the continuous monitoring, control, and improvement of the
environmental sustainability of business processes for a gen-
eral set of KEIs. This Green BPM life cycle, which is shown
in Fig. 1, enhances the extended BPM life cycle for flexible
processes [19] and consists of the following phases: modelling,
execution and monitoring, analysis, and adaptation.

A. Process Modelling

In the modelling phase of the Green BPM life cycle,
process modellers have to complete one additional step besides
the usual ones: attaching the KEIs that should be measured
during process execution to the tasks and subprocesses of
a process model and specifying the target values for these
KEIs that should be enforced. Modelling these additional
elements is completely optional, so organisations can gradually
incorporate KEIs into their process models. Including the KEIs
directly in the process model offers two notable advantages
compared to documenting this information in a different place:
it facilitates communication on environmental sustainability
between stakeholders and allows for the automatic calculation
and control of the KEIs in the execution and monitoring phase.

None of the existing standard modelling notations pro-
vide the means for defining the relevant KEIs for tasks and
subprocesses. Given that BPMN [20] is nowadays the most
widely used notation for modelling business processes, an
extension of BPMN 2.0, called BPMNA4ES, is created for this
purpose. The extension consists of two parts: an extension
of the BPMN metamodel, which adds KEIs as an additional
modelling concept and allows them to be represented in the
machine-readable format of a process model, and an extension
of the notation to provide visual elements for KEIs that can
be included in BPMN process diagrams.

Fig. 2 shows the extended metamodel. It defines the ab-
stract KeyEnvironmentallndicator type, which provides two
attributes: the unit in which the values of the indicator are
expressed and an optional target value that can be defined
in case the goal is to enforce certain limits for the indicator
during execution. Any concrete indicator must extend this
abstract base type. There are no restrictions on the types
of indicators that can be defined. As a starting point, the
BPMNA4ES extension includes some of the KEIs from the
overviews that van den Broek [38] and Herndndez Gonzalez
et al. [17] compiled based on a literature study. While these
sets are by no means exhaustive, they should cover some of
the more common indicators that organisations across different
domains would be interested in. The indicators can be attached
to tasks and subprocesses through the Environmentallndicators
container element, which can contain each of the KEIs zero or
one time, allowing any combination of indicators to be created.
This container element is associated with the abstract BPMN
Activity class, which is extended by both the BPMN Task and
Subprocess elements.

The extension of the metamodel is realised using the ex-
tension mechanism provided by the BPMN 2.0 standard [20].
This mechanism allows any subtype of the abstract BaseEle-
ment class, which includes the Activity element, to be assigned
additional attributes and extension elements. Since the BPMN
2.0 specification already provides the option of adding exten-
sion elements, there is no need to modify the specification
itself; it suffices to define the elements needed to capture the
KEIs. The XML Schema of this part of the metamodel, which
can be found on GitHub [53], defines the abstract KeyEnviron-
mentallndicator type and the Environmentallndicators element
that contains all the indicators attached to a task or subprocess.
The indicators are organised into groups, following the same
classification as is used by van den Broek [38]. Additional
indicators can easily be added to any of the existing groups
or by creating new groups.

The notation used by the BPMN4ES extension for visual-
ising KFEIs in a process diagram is presented in Fig. 3. An
indicator is represented by a distinctive icon, with a dashed
line connecting it to the associated element (a task in the
first two examples and an expanded subprocess in the last
example). When a target value has been specified, the value
appears underneath the icon of the indicator, as shown in
the middle of Fig. 3. In a larger BPMN process diagram,
each indicator attached to a task or subprocess is displayed
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separately, even if the same type of indicator already appears
on a different task or subprocess, since the associated metadata
may be different. This notation does not interfere with the
visual appearance of the standard BPMN modelling elements,
one of the requirements imposed by the BPMN specification
for extensions. It can also handle multiple indicators attached
to a single element.

B. Process Execution & Monitoring

Executing a business process that has been modelled with
BPMNA4ES and monitoring the KEIs that have been attached to
its tasks and subprocesses requires a compatible execution and
monitoring system. Fig. 4 presents a modular and extensible
architecture for such a system that is based on the architecture
created by Ghahderijani and Karastoyanova [30]. After a
business process has been modelled and the process model
has been refined into an executable model, it can be deployed
to the BPM Enactment System, making it available for in-
stantiation. This BPM system manages the process instances
and the execution of their tasks by delegating the work to
the appropriate services or people. The responsibilities of the
BPM Enactment System can be fulfilled by any existing BPM
system as long as it provides the functionality required by the
Environmental Sustainability Monitoring Component and the
Adaptation Component.

The Environmental Sustainability Monitoring Component
relies on real-time event data from the execution environment,
including events related to the life cycle of a process instance
and its elements (e.g. tasks and subprocesses), to calculate the
KEI values of tasks and subprocesses and monitor compliance
with any target values defined in the process model. Calcu-
lating the KEI values is delegated to specialised calculator
services, of which one or more may be available for each
type of indicator. Various methods exist to calculate carbon
emissions, for example, and each can have a dedicated calcu-
lator service, resulting in a highly modular design. Since many
tasks in business processes involve physical resources that
influence the environmental impact, the monitoring component
may need additional information and data to calculate KEI
values. This data can be obtained in real-time from sensors that
provide measurements relevant for calculating a KEI, or they

can be retrieved from a knowledge base containing historical
data or other information that is available at design time.

The carbon emissions resulting from shipping a product
are, for instance, dependent on the means of transportation
that is selected for the task, which is something that may
not be known until the process is executed. In this case, the
characteristics of the mode of transportation (e.g. a vehicle)
can be retrieved from the knowledge base and combined with
task-specific information, such as the weight of the goods
and the destination, to estimate the carbon emissions. For
other KEIs, such as those related to energy consumption, the
monitoring component may need real-time sensor data or data
from external services (e.g. to obtain the emission factors
based on the current energy mixture).

Besides storing the monitoring data in a database for anal-
ysis purposes, the Environmental Sustainability Monitoring
Component also uses this data, combined with results from
the process analysis phase, to monitor the environmental
performance of the business process and detect and predict
violations of the KEIs (and possibly other types of violations).
When the monitoring component detects such a violation,
it can trigger process adaptation in an attempt to improve
the environmental sustainability of the process and correct
or prevent the violation autonomously. In response to such
a trigger, the adaptation component determines the optimal
adaptation strategy in line with the types of adaptations
supported by the BPM system, and it enacts the strategy by
applying the changes to the process model or process instance.
In case additional human involvement is desired, a predicted
violation can also be communicated to a user (e.g. through
a dashboard), who can then take the appropriate measures,
including adapting the process.

C. Process Analysis

The availability of environmental performance data col-
lected during process execution offers a wide range of possibil-
ities for analysing the environmental sustainability of business
processes. Techniques similar to process mining [54]-[56]
can be used to assess the environmental impact of business
processes for specific KEIs, determine which of the tasks of
those processes are primarily responsible for this impact, find
process instances whose environmental performance deviates
considerably — either positively or negatively — from other
process instances, and check that individual process instances
conform to their corresponding process models. Based on these
results, the processes on which redesign efforts should be
focused can be selected, and potential areas of improvement
can be identified. Process simulation techniques can assist in
evaluating the environmental sustainability of alternative pro-
cess designs [39], [57], allowing for the optimisation of certain
KEIs or KPIs. To calculate the values of the KEIs, simulation
tools can take advantage of the calculator services that the
Environmental Sustainability Monitoring Component uses to
measure the environmental performance of process instances
during process execution. The effects of these redesign efforts,
as well as the effects of other types of adaptations made



BPM Enactment

Process System

Models

. s
Adaptation Controller . o ) (( . ))
Environmental Sustainability l—
Monitoring Component
Adaptation Strategy Selector g P Sensors
Violations R
Compliance Checker N A
Adaptation Enactment Component l—| Knowledge
Base
~ - Predictive Monitoring Component _
Evolutionary Ad-Hoc
Changes Changes Q
Environmental Performance Calculator
—{ Monitoring
Process life + Database
Y cycle events N * / N~

Calculator
Service

Fig. 4. The architecture of a BPM system that can execute process models specified using the BPMN4ES notation, monitor the values of the KEIs, and

trigger process adaptations based on detected and predicted KEI violations.

during process execution, can be analysed to determine their
efficacy and learn which types of adaptations produce the best
results in which situations. Such insights are not only useful
for human experts but also improve e.g. the decision-making
of the autonomic adaptation system.

Compliance checking techniques can be applied to the
data to verify that process instances comply with rules and
regulations concerning environmental sustainability and targets
set by the organisation on the KEIs [58]. Existing compliance
checking methods [59] can be used for this purpose as long
as the rules, regulations, and modelling elements related to
KEIs can be translated into suitable representations. Finally,
the environmental performance data can serve as the basis
for generating reports on the environmental sustainability of
the business processes of an organisation (which can, in
turn, be included in reports on the overall environmental
sustainability of the organisation). Internally, an organisation
can, for example, use these reports to determine whether it
meets its environmental sustainability goals and, if necessary,
adjust its strategies. New legislation such as CSRD [6] is
also increasingly obliging organisations to report on their
environmental sustainability, and the ability to generate these
reports automatically would greatly reduce the efforts that
organisations need to spend on complying with such legislative
requirements.

D. Process Adaptation

The adaptation phase deals with two types of changes:
ad-hoc changes [60], which affect a single or a group of
running process instances, and evolutionary changes [61],
which target business process models. Ad-hoc adaptation is
necessary whenever the environmental monitoring component
observes or predicts a violation of one of the KEIs or non-
compliance with environmental constraints related to rules or
regulations during process execution. In case such a violation
is detected, the best adaptation strategy must be determined,

which can include selecting different resources (e.g. using
a more sustainable transportation mode at the expense of
increased cost or execution time), scheduling the execution of
a task at a different time (e.g. when more renewable energy is
available), skipping tasks that have been marked as optional,
or making changes to the process model. For the latter, all
types of adaptations that are available in the traditional BPM
life cycle are allowed, such as adding or removing activities,
combining activities to make their execution more efficient,
and altering the sequence flow. It is even possible to combine
different business cases (i.e. activity instances) in a batch [62],
[63] to make their execution more sustainable, for example,
by shipping multiple items together rather than separately.

Determining the best adaptation strategy and applying the
necessary changes to process instances at runtime can be
accomplished fully autonomously or with a human in the
loop, depending on the level of control that is desired by
an organisation and the time scale at which the changes
need to be applied. For fully autonomous adaptation, the
data collected during process execution and obtained in the
analysis phase, including what has been learned from previous
adaptations, can be used to determine the best adaptation
strategy. More advanced techniques, such as planning, can also
be used to synthesize alternative process flows, for which the
environmental performance can be evaluated using simulation
techniques.

When it comes to involving a human in the overall decision-
making process, there are two extremes: semi-autonomous
adaptation and manual control. With semi-autonomous adap-
tation, all a person has to do is approve an adaptation strategy
pre-determined by the system or make the final decision as
to which adaptation strategy to adopt from a limited number
of options provided by the system that each make different
trade-offs regarding the KEIs and potentially KPIs of the pro-
cess. When manual control is desired, observed or predicted
violations may be reported through a dashboard, after which



it is entirely up to the user to determine the best course of
action to correct or prevent the violation.

Evolutionary changes can, for the most part, be made with
existing business process redesign techniques and tools [21],
[60], [61] as long as they offer support for evaluating the
impact on the relevant KEIs. Depending on the reason for
changing a business process model, running process instances
may have to be migrated to the new version, for example,
when it concerns a new regulation that takes immediate effect.
Multiple versions of a process model may also have to coexist,
requiring an approach for keeping track of these different
versions. All of these aspects of evolutionary changes can be
dealt with using the same types of techniques that are used in
the traditional BPM life cycle, as none of them are directly
affected by the focus on environmental sustainability.

For both ad-hoc and evolutionary changes, the available
adaptation strategies depend on the support provided by the
BPM system. Moreover, the BPM system has to offer an inter-
face through which the necessary changes can be enacted, and
the execution of the process should temporarily be suspended
to allow the best adaptation strategy to be determined. When
an adaptation strategy is applied, the system must record the
changes that are made to a process model or a process instance,
along with the reason for making those changes, for auditing
and provenance purposes and to allow the system to learn
from those adaptations in subsequent iterations of the process
analysis phase.

IV. REALISATION

As a first proof-of-concept, two prototypes have been de-
veloped that cover parts of the Green BPM life cycle proposed
in this paper. One is a modelling tool for creating diagrams
using the extended BPMN4ES notation [53]. The other is
a prototype of a calculator service that measures carbon
emissions resulting from the fuel consumed by resources that
execute the tasks of a process instance [64], [65].

A. BPMNA4ES Modelling Tool

The prototype of the modelling tool for BPMNA4ES is
based on bpmn-js [66], a popular web-based modelling tool
developed by Camunda for creating BPMN 2.0 process di-
agrams. Processes are modelled in the usual way, only now
the modeller has the additional option of defining KEIs for
the tasks and subprocesses, as shown in Fig. 5. The design
of bpmn-js provides explicit support for extensions, making it
relatively straightforward to add the components needed for
including KEIs in the process diagram.

In line with the metamodel defined for BPMNA4ES, the KEIs
are added as extension elements to tasks and subprocesses.
To allow bpmn-js to read, write, and modify these extension
elements, the BPMN 2.0 metamodel is extended with a specific
type for KEIs and a container element that stores the KFEIs
attached to a task or subprocess. This model extension is
defined as a separate schema, similar to the XML Schema
of BPMNA4ES, in a format supported by bpmn-js.
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Fig. 5. A screenshot of the prototype modelling tool for BPMN4ES. Through
an additional entry in the context menu, highlighted in green, the modeller
can attach KEIs to the activities and subprocesses.

Additional controls are added to the user interface to allow
process modellers to attach KEIs to the tasks and subprocesses
of a process diagram. These options are included in the
context menu, which becomes available when a user selects
a particular element on the screen (as visible in Fig. 5) and
provides various tools with which the selected element can be
modified. Clicking on the KEI entry brings up a secondary
menu from which the desired KEI can be chosen. When the
user has entered all the relevant information, such as the
optional target value, the corresponding extension elements
of the task or subprocess are modified.

Besides modifying the extension elements to ensure that
the KEIs appear in the process diagram when it is saved,
the modelling tool also visualises them in the editor. For this
part, the rendering component is extended. This new rendering
component customises the way tasks and subprocesses are
rendered on the screen. It relies on the logic of the existing
rendering component to draw the visual elements of the tasks
and subprocesses, as their visual appearance is not modified.
In addition to this, the custom rendering component draws
the KEI — consisting of the icon and the target value if
one is specified — and connects it to the corresponding task
or subprocess with a dashed line (following the BPMN4ES
notation). Hence, the visual appearance of the indicator is
directly tied to the task or subprocess.

B. Carbon Emissions Calculator Service

The calculator service for carbon emissions [64], [65] exem-
plifies the way in which the Green BPM life cycle supports the
execution and monitoring of the environmental sustainability
of business processes. It also provides a starting point for
developing the monitoring and execution environment that
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Fig. 6. The architecture of the calculator service for carbon emissions.

this phase requires. The architecture of the calculator service
is shown in Fig. 6 and follows the reference architecture
presented for the execution and monitoring phase. It has
been integrated with two of the more widely-used BPM
systems, Camunda 7 [67] and jBPM 7.74 [68], through an
event-based integration layer that generates events whenever a
process instance or an activity instance starts or finishes. For
each process instance and each of its activity instances, the
calculator service stores objects in a database to keep track
of their carbon emissions. These emissions can be explored
through a dashboard, where it is also possible to generate
emission reports for processes.

The current version of this service does not yet use the
extension elements of BPMN4ES. Instead, carbon emissions
are measured for all the tasks of a process instance based on
the fuel consumed by their resources. This fuel consumption
is specified separately through annotations along with the
emission factors needed to estimate the corresponding carbon
emissions. In future versions, this information would be in-
cluded in the process model or retrieved from a knowledge
base or third-party service. One set of annotations defines
the types of resources that are used by a task and the
characteristics of those resources, such as the type of fuel
that they use and the amount of fuel they consume per unit
of time. Other annotations define the emission factors for
each type of fuel, providing the amount of carbon dioxide
produced per unit of fuel (e.g. kilograms of carbon dioxide per
litre of diesel). While the assumptions made by this approach
arguably over-simplify the estimation of carbon emissions
in a practical setting, the purpose of this prototype is to
demonstrate the realisation of such a monitoring service and
provide the basis for creating a service that can provide more
realistic measurements in the future.

The steps that the calculator service performs to determine
the carbon emissions of a process instance are illustrated using
a greatly simplified example process from the automotive
industry: the production of a car from its initial design to
the final delivery. Fig. 7 shows an instance of this process,
along with the carbon emissions produced by each activity, in
the dashboard. During process execution, the service calculates
the produced carbon emissions for an activity instance as soon
as it finishes. This process starts by obtaining the relevant
annotations for the activity instance from the database and
calculating the amounts of fuel consumed by the resources
based on their properties and the duration of the task. For some
activities, such as manual ones, these durations are taken from
the annotations to simulate tasks of various lengths. From these
amounts and the emission factors, the calculator service can
then estimate the amount of carbon dioxide produced by the
execution of the task. All the calculations for all the resources
and all the types of fuel are then summed up to obtain the total
emissions for the task. When a process instance ends, the total
carbon emissions are calculated by summing the emissions of
all of its activities.

V. DISCUSSION

The Green BPM life cycle proposed in this paper outlines
a general approach for measuring, controlling, analysing, and
improving the environmental sustainability of business pro-
cesses. A BPMN extension for environmental sustainability
called BPMN4ES, which introduces KEIs as an additional
modelling concept, allows process models to specify the KEIs
that should be monitored and controlled for the activities of
the process during execution. Since the extension currently
restricts the scope of the KEIs to activities (i.e. tasks and
subprocesses), it is not yet possible to control the flow of a
process based on sustainability-related information or to allow
the process to react to sustainability-related events, which
would, for instance, make it possible to model alternative paths
to be taken whenever a process instance violates a KEI. For
the same reason, defining a KEI for the entire process, either
to monitor it for all the activities or to enforce a target value
across the collective set of activities, is somewhat inconve-
nient. The extension supports these scenarios by wrapping all
the activities in a subprocess or, specifically for monitoring,
by attaching the KEI to every activity, but this method affects
the understandability of the process model and increases the
modelling effort, especially in the case of attaching KEIs to
every activity, which results in an overwhelming number of
additional elements in the process model.

The methodology behind the Green BPM life cycle is
generalisable in the sense that organisations can, in principle,
apply it to any KEI that may be of interest to them. Addi-
tional KEIs can easily be incorporated into the BPMN4ES
metamodel, and the modular and extensible architecture of
the execution and monitoring system makes it effortless to
add calculator services. However, in general, to calculate the
values of the KEIs, these calculator services depend on distinct
data that cannot readily be provided by any generic execution
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Fig. 7. Part of the dashboard of the calculator service showing the carbon emissions for an instance of an example process.

and monitoring system, as collecting this data and making
it available to the system requires specific components and
infrastructure that are highly dependent on the organisational
context. A manufacturing company may, for example, wish to
monitor the energy consumption of the different tasks of one
of its business processes. The data required to calculate this
energy consumption may range from the overall characteristics
of the machines involved in the manufacturing process to real-
time data on their energy consumption. In the latter case, the
company may have to install sensors to collect the necessary
data — which may have to be repeated for each manufacturing
line for which the KEI should be monitored — and this
data must be made available to the monitoring system. The
architecture of the execution and monitoring system includes

components that facilitate the integration of these KEI-specific
parts but cannot eliminate the need for an organisation to invest
in the data collection process.

While achieving complete life cycle coverage is beyond
the scope of this paper, initial efforts have been invested in
this work to develop the technological support for the first
phases of the Green BPM life cycle — modelling, execution,
and monitoring — in the form of a modelling tool for the
BPMNA4ES extension and a prototype calculator service for
carbon emissions. These proofs-of-concept demonstrate the
feasibility of the architectural approach and differentiate this
research from existing work describing generic Green BPM
life cycles [2]-[4], which are all conceptual in nature. They
also serve as the first step towards full life cycle coverage. At



the same time, they do not yet provide all the functionality
that these initial phases of the life cycle require, and the
methods and tools for the remaining two phases, analysis and
adaptation, also need to be developed to cover the entire life
cycle and unlock its full potential.

As opposed to the traditional BPM life cycle, which is
concerned with improving the economic performance of busi-
ness processes, the Green BPM life cycle focuses on the
environmental sustainability dimension. Ultimately, the Green
BPM life cycle should enable the optimisation of multiple
KEIs and even combinations of KEIs and other KPIs, such
as those related to the economic performance of the process,
as solely improving the environmental performance is gen-
erally not a realistic goal for organisations. Conceptually, the
BPMNA4ES extension allows more than one KEI to be attached
to an activity, and monitoring multiple KEIs during process
execution does not present any obstacles. The complexity
arises during the adaptation phase when a process is optimised
simultaneously with respect to multiple KEIs and KPIs. At-
taching a single performance indicator to a task or subprocess
simplifies the optimisation process since an activity does not
directly influence the performance of other activities. As soon
as multiple KEIs are attached to a single activity, or when
other KPIs are also considered, the problem is transformed
into a multi-objective optimisation problem for which it may
not be possible to compute a single optimal solution.

Besides considering the direct environmental impact of the
business processes of an organisation (i.e. the impact resulting
from executing the activities), the Green BPM life cycle should
ideally also account for any indirect impact resulting from,
for example, the information technology that is necessary to
execute, monitor, analyse, and adapt these business processes.
Additionally, the environmental sustainability of the products
and services on which an organisation relies should be re-
flected in the environmental impact of its business processes.
Without considering the entire value network, optimising the
environmental performance of a business process can poten-
tially result in the environmental impact being moved outside
of the scope of the organisation, such as by outsourcing
activities with a large impact [69], [70]. In those cases, such
changes would give the impression of improving the overall
environmental sustainability of the organisation, while all they
achieve is moving the impact to partners where it is not mea-
sured. That does not mean that outsourcing activities cannot be
beneficial from an environmental sustainability perspective —
an organisation that specialises in particular types of activities
may be able to perform them more efficiently and deliver
those services at a lower cost to the environment — but
relying on other partners may just as well not have any
impact or even increase the environmental impact of certain
activities, especially when they are performed by organisations
that are not bound by strict environmental regulations and
that use a less optimal and more impactful process. As such,
environmental sustainability should be approached from a
holistic point of view that is not limited to the boundaries of
an organisation so that organisations have a complete view of

their environmental impact and can correctly assess the effects
of any changes to their processes.

VI. CONCLUSION & FUTURE WORK

Through regulations, economic incentives, and societal pres-
sure resulting from urgent environmental concerns such as
climate change, organisations are forced to report on and
reduce the environmental impact of their activities. With a
focus on understanding, modelling, analysing, and improving
the environmental sustainability of business processes, Green
BPM can support organisations in achieving this goal. How-
ever, there is currently no integrated approach that covers
the entire BPM life cycle and can be applied to all types
of environmental indicators. This paper introduced a Green
BPM life cycle that makes environmental sustainability a
core part of an organisation by incorporating it into every
phase of the BPM life cycle — modelling, execution and
monitoring, analysis, and adaptation — without being specific
to particular KEIs. An extension of BPMN, called BPMN4ES,
was defined to allow process models to capture the KEIs,
along with optional target values, that are relevant to the tasks
and subprocesses of a business process. An architecture of a
BPM system that can execute these process models, monitor
the indicators during process execution, and trigger ad-hoc
or evolutionary adaptations based on detected or predicted
violations of KEIs has also been presented. Finally, a prototype
modelling tool for the BPMNA4ES extension and a prototype
calculator service for carbon emissions have been described.
These serve as a starting point for realising full life cycle
coverage and demonstrating the feasibility of the architectural
approach for extending existing BPM systems with environ-
mental sustainability indicators.

There are many opportunities to develop the Green BPM
life cycle further. The BPMN4ES extension can be enhanced
by expanding the concept of environmental sustainability to
other BPMN modelling elements, such as events and gate-
ways, and by generalising the KEIs to pools, lanes, and even
an entire process. Before organisations can fully utilise the
Green BPM life cycle to measure, control, and improve the
environmental sustainability of their business processes, it is
also necessary to achieve complete life cycle coverage. This
part consists of completing the realisation of the remaining
parts of the proposed BPM system, designing the methods and
tools that are needed to analyse the environmental performance
of business processes, and creating novel adaptation strategies
to allow the environmental impact of processes to be controlled
through ad-hoc and evolutionary changes. An extensive empir-
ical evaluation of the effectiveness of the proposed approach
would additionally be required. Ultimately, the Green BPM
life cycle should also enable the simultaneous optimisation
of both environmental and economic performance measures.
Finally, the environmental impact of the infrastructure that is
required to execute, monitor, and adapt business processes has
to be accounted for in the overall environmental assessment
of an organisation, as these can contribute considerably to the
overall footprint.
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