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Abstract—Current approaches for sustainability analysis face
significant methodological challenges in comprehensively assess-
ing impacts across business processes. They are constrained
by time-consuming data collection and allocation, inflexible,
manually created models, and difficulties in relating impacts
to root causes. This paper considers Object-Centric Process
Mining (OCPM) as enabler for more dynamic and comprehensive
sustainability analyses mitigating these challenges. We explore the
integration of sustainability data into the current standard for
Object-Centric Event Logs (OCELs) used by OCPM techniques
and introduce a prototypical tool to assess impacts based on
an OCEL and allocate these impacts to events and objects.
We demonstrate how OCPM can support the specification of
inventory data, impact assessment, and impact allocation for
a semi-automated, multi-perspective sustainability analysis. This
exploratory work provides a concrete illustration for sustainabil-
ity assessment using OCPM, thereby, laying the foundation for
further research towards a data and process driven technique to
identify and measure company’s negative sustainability impacts
more effectively.

Index Terms—process mining, sustainability, object-centric
process mining, life cycle assessment, data format

I. INTRODUCTION

Facing the intensifying global challenges, such as the cli-
mate crisis, requires companies to put increasing emphasis on
the reduction of their operation’s negative impacts on people
and the environment [11]. Sustainability analysis methods and
guidelines such as Life Cycle Assessment (LCA) [26] and
the Greenhouse Gas Protocol [39] guide companies in iden-
tifying and measuring such negative impacts. Nevertheless,
company’s face significant difficulties in the application of
these time-consuming and costly methods and guidelines [2],
[7]: Most sustainability analyses are based on manually created
models and data in different degrees of aggregation collected
from multiple sources that has to be combined. Hence, the
models describe a static snapshot of a complex dynamic
system. The resulting data and model basis is inflexible
and the required maintenance for ongoing analysis becomes
increasingly difficult. Finally, there is a gap between reporting
practises and the effective use of sustainability data to manage
and reduce the negative impacts of companies’ operations [11].

Process Mining (PM) is a relatively new field that emerged
from the realisation that the analysis of business processes
based on manually created models are unreliable and inaccu-
rate [36]. Instead, PM techniques use data logged during the
execution of business operations to model, analyse, monitor

Impact Assessment Impact Allocation

Extended

Event
Impacts + Aggregate impacts to OCEL

instance and type level

« Identify parameters that
specify flows

impact data
« Quantify flows on

/- Allocate impacts to target
instance level

outputs

Object-centric,

Event-Object,

- Assess impacts of flows =y

Figure 1: Before OCPM techniques can support the analysis of
impact drivers, the OCEL has to support impact assessment and
allocation.

and improve business processes [36]. PM has proven highly
beneficial in industrial applications, leading to significant
reductions in costs and increases in efficiency and quality [34].
This resulted in two trends: 1) More and more companies start
managing their event data to use PM for data-driven process
management [16], and 2) Event data has evolved from a one-
time export of a single IT system’s event log describing one
process to a data structure that combines data from multiple
systems as a single source of truth [3]. Object-Centric Process
Mining (OCPM) is a recent development in PM that leverages
such multi-perspective event data for a holistic analysis of a
landscape with several, interconnected business processes [37].

While PM’s potential for sustainability analysis has been
acknowledged in multiple works [6], [15], [18], [34] the
concrete implementation remains underexplored. In this paper,
we explore impact assessment and allocation based on an
Object-centric Event Log (OCEL) as depicted in Figure 1.
We describe a general OCEL-based approach to sustainability
analysis, consisting of Impact Assessment, Impact Allocation
and System Analysis using an illustrative example. Further-
more, we provide a web application as a proof of concept
for creating a sustainability-enriched OCEL and offer an
elaborate discussion of the innovative analysis capabilities, the
challenges and limitations.

We offer an overview of existing related approaches and
how our work differs from and extends them in Section III.
Section II, introduces our running example and provides back-
ground information on LCA as a central sustainability analysis
method and OCPM. In Section IV, we explore the combination
of OCPM and LCA and consider how sustainability data can
be integrated in OCEL. We show the technical feasibility of
our approach using a prototypical implementation, presented
in Section V. Contributions and limitations of our work are
discussed in Section VI. We conclude with an outlook to future
work in Section VII.
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Figure 2: Example process.

II. PRELIMINARIES

We introduce an illustrative example as well as background
information and notations for the LCA standard, which we use
as a reference for sustainability analysis, and OCPM.

A. Running Example

Figure 2 represents the running example process for custom-
made bike production. The bigger, grey boxes depict activities
and the smaller boxes attached to them represent participants
involved in the activities; green boxes represent handling units
(entities we are working on), and blue boxes are process
resources (entities we are working with). The process begins
with the registration of an order which specifies what parts
need to be picked from the warehouse. Next, the gears are
configured, and the frame is painted, before the bike is
assembled. After assembly, the bike is packed and delivered,
and the booking of the payment takes place.

B. Life Cycle Assessment

Analysing the social and environmental impacts of corpo-
rate activities is a complex challenge. A large number of
different sustainability aspects (different environmental and
social issues) must be included in an analysis. Furthermore,
sustainability impacts of an activity may also be located
outside the company. An important concept in this context is
life cycle thinking [24]. Life cycle thinking involves a systemic
perspective, which considers the relationships and interactions
between a product or company and its environment as well
as other stakeholders. The goal is to identify opportunities
for improvement within the system as a whole [23]. The
application of the life cycle approach is considered essential
for the study of corporate sustainability [10], [32]. Life Cycle
Assessment (LCA) is a standardized method for conducting
such an investigation [26]. The LCA method was initially de-
veloped to analyse the environmental impact of products [20].
Recent developments of the method broaden the perspective to
analyse the environmental impact of an entire company [27].
Furthermore, approaches now exist at both the product and
corporate level that also take into account the social dimension
of sustainability [20].

According to [26], the LCA method defines four phases of
a sustainability analysis. Phase 1 of an LCA is the definition
of goal and scope. This definition must describe the consid-
ered impact categories (e.g., climate change, mineral resource

scarcity,..), the total system’s reference flow and the considered
system boundaries (e.g., cradle-to-gate, gate-to-gate,..) as well
as basic requirements and assumptions. It usually includes the
manual creation of a system model. The model describes all
of the operations performed in the context of the reference
unit and could look similar to the one displayed in Figure 2.
In our example, we assume that the company is interested
in analysing climate change impacts from cradle to gate (i.e.
including the upstream supply chain).

The second phase is the inventory analysis, where data is
collected and calculations are made to quantify sustainability-
relevant flows (inputs and outputs). Using the system model,
each operation’s flows relevant to the selected impact cate-
gories are determined and quantified.

Example: The operation paint frame has three flows: It
uses a frame (flow 1) as input and requires energy to power
the machines involved (flow 2). Furthermore, the output is a
single painted frame (flow 3) which must be associated with
an impact to be able to determine the impact of the final bike.
For the sake of simplicity, we neglect other potentially relevant
Sflows.

All flows need to be quantified relative to the reference
flow. Depending on available company data and context infor-
mation, this may require additional derivations.

Example (cont.): We only know that the machines use 615
kWh per month on average. Using the average number of
frames painted per month (6), we know that the average

frg;ne ? irvzszgy consumption lies at 615 [-2Wh ] /¢ [[rame)
102.5

framel”

Based on the identified flows and the collected data, the
impact of each flow is determined in the impact assessment
phase. This phase combines two major tasks: the determination
of an impact and the allocation of the impact to the analysis’
reference flow. Impacts can typically be derived as secondary
data from LCA databases.

Example (cont.) Using an LCA database and the inventory
data, we determined each frame’s impact, so we know the
impact of flow 1 is 29.6 [I}gr{f;f] Our factory lies in Germany,
so we use the impact factor for 1 kWh of energy with
the German energy mix from a database to determine the
impact caused by the used energy: 102.5 [kWh/frame] -
1.304 [kzv?,",j‘] = 133.7 [%] As flow 3 refers to a single
frame and we only need one frame per bike (our reference
flow), we do not need to allocate the total impact to multiple
flows or multiple frames, i.e., the impact per painted frame is
29.6 [f4C2¢] 4+ 133.7 [MLC02¢] — 163.26 [SLic).

The final phase is the interpretation of the results, where
conclusions are drawn and changes to the process proposed.
Phases are not necessarily conducted strictly sequentially. LCA
is also an iterative approach, so that, for example, the most
significant problem areas are identified in one iteration. For
these problem areas, the data quality requirements for an in-

depth analysis are then tightened.
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Figure 3: Meta Model of the Object-Centric Event Log Standard
OCEL 2.0 [3].

C. (Object-centric) Process Mining

PM is a data-driven bottom-up approach to business process
analysis. The central point of reference is an event log that
is extracted from IT systems supporting business operations
which documents every event that occurs. An event is a spe-
cific execution of an activity and has a timestamp informing on
the date and time the event was executed. Different activities
can have different properties that can differ from execution to
execution, e.g., the brand of paint used in a painting activity
or the travelled distance of a delivery; we refer to them as
attributes and their attribute values. An event can be associated
with one or more objects that are involved in the event. For
example, we register an order called “ol” in one event of
activity “Register” and order “02” in the next. Every object is
of a specific object type that describes the nature of an object
and groups objects that have the same role in a process, e.g.,
both “o1” and “02” are of object type order. As with events,
two objects can be of the same type but differ in their attribute
values, e.g., bikel is a racing bike while bike2 is a gravel
bike. Such object attribute values may also change over time.
Furthermore, two objects can share a specific relationship, for
example, bikel can be tied to order ol. Figure 3 depicts the
meta model of the current OCEL 2.0 standard which depicts
this understanding of a system.

Table I shows a simplified OCEL that could be extracted
from the IT systems of a manufacturing compan and used for
PM. The OCEL is represented in three tables: On the left,
events and objects are given with identifiers, activity resp.
object type, and selected further attributes. On the right, the
E20 relations are listed showing what objects are involved
in which events, i.e., event ev2 refers to order ol, framel,
wheels] and gearsl.

III. RELATED WORK

Our proposal is related to approaches in different disci-
plines. On the one hand, it is related to efforts to automate
data collection and calculation in LCA. On the other hand,
our approach builds upon efforts within the process science
discipline to incorporate sustainability aspects.

Related approaches to automate data collection and calcu-
lation in LCA aim to alleviate the time-consuming and costly
nature of conventional (manual) sustainability analyses. Recent

Table I: A simplified OCEL from the example process.

elD activity time dist. [km] eID oID
evl Register 12-10 12:21 1 evl ol
ev2 Pick Items 12-10 14:38 1 ev2 ol
ev3 Configure 12-10 15:46 1 ev2 f1
ev4 Paint Frame 12-10 16:06 1 ev2 wl
evs Register 15-10 10:15 1 ev2 gl
evo Pick Items 15-10 13:42 1 ev3 gl
ev7 Paint Frame 15-10 15:52 1 evd f1
ev8 Assemble 16-10 15:30 1 evd sml
ev9  Configure 17-10 12:32 € evd  dcl
evl0 Pack Bike 17-10 15:28 1 evs 02
evll  Assemble 18-10 09:46 € ev6 02
evl2 Pack Bike 18-10 16:14 1 evb 2
evl3 Deliver 19-10 10:42 256.7 evo w2
evl4  Book Pay 21-10 12:05 1 evé g2
evl5 Book Pay 24-10 17:04 1 evl 12
ev7 sm2
evl dcl
oID object type  bike type weight [kg] ev8 fl
ev8 wl
ol Order 1 1 evs gl
f1 Frame 1 1L evs bk1
wl  Wheels L 1 evd g2
gl Gears 1 1L evl0 bkl
02 Order 1 €L evl0 pkl
2 Frame 1 L evll 2
w2 Wheels 1 1 evlil g2
22 Gears 1 1 evll bk2
bkl  Bike Race 114 evl2 bk2
bk2 Bike Gravel 19.6 evl2 pkl
tl Truck 1 1 evl3 bkl
sml  Spray. In. 1 L evl3 bk2
sm2  Spray. In. 1 € evl3 tl
dcl  Dry. Cab. 1 L evld ol
pkl  Pack. In. 1 € evl5 o2

proposals to automate LCA (e.g. [19], [22], [35]) share several
characteristics with our work. In particular, they are data-
driven, strive to streamline data collection and calculation,
as well as providing more transparency and traceability for
analyses.

In contrast to these approaches, our work draws from
process science—a field that encompasses areas like Business
Process Management (BPM) and PM, focusing on analysing
and improving business processes to enhance organizational
performance [38]. While, traditionally, process science has
been concerned with conventional performance measures such
as time, cost and efficiency, more recently, researchers have
started to incorporate sustainability aspects [8], [9], [15].
A major argument for developing sustainability analysis ap-
proaches from a process science perspective in addition to
LCA-based approaches is its focus on management and im-
provement of processes [15]. Established BPM and PM tools
like SAP Signavio', Camunda® or Celonis® are management
tools, intended to e.g. provide decision support for managers
or automate the execution of processes. The successful integra-

Ihttps://www.signavio.com/de/
Zhttps://camunda.com/
3https://www.celonis.com



tion of sustainability aspects into process science approaches
therefore provides a valuable complement to existing LCA-
based approaches. Particularly, such sustainability-enhanced
process science approaches may facilitate the development of
ICT tools that help companies transition from merely reporting
sustainability performance to actively managing and mitigating
negative sustainability impacts [11].

Note that the distinction between LCA and process science
approaches is based on both being disciplines that have,
historically, developed independently from each other [5], [21].
Conceptually, there exist overlaps between both disciplines
and we do advocate an integration of both perspectives [14].
Compared to LCA approaches, however, process science ap-
proaches described in literature are less comprehensive and
elaborate in their conceptualization of sustainability impacts
[14], [15]. Our approach addresses this issue by explicitly
building upon LCA concepts. Furthermore, existing process
science approaches have mainly focused on modelling con-
cepts, without support for automated and data-driven analyses
[15]. More closely related to our work are PM approaches
which we describe in the following in more detail.

The framework presented in [33] shows how the phases of
the LCA method (goal and scope definition, inventory analysis,
etc.) can be mapped to generic steps necessary for process
mining (planning, data extraction, data processing, ...). The
authors investigate the capability of different PM algorithms to
discover process models from manufacturing process logs and
argue that these logs can be enriched with flow data (energy,
material). Our work extends this by proposing a concrete
structure for such enriched event logs and exploring analysis
capability based on them.

Another framework proposed in [25] suggests the use of
process mining to measure sustainability performance based
on the GRI* sustainability reporting standard. Different to their
approach, our proposal builds upon LCA as a comprehensive
and systematic sustainability analysis method. This, however,
is not incompatible with the approach of [25], since the LCA
method can be used to conduct analyses that inform a report
according to the GRI standard.

In an empirical study [6] the potential for using PM for
carbon accounting is explored based on expert interviews.
The authors conclude that process mining can increase trans-
parency for carbon accounting and allow for more granular
analyses.

The SOPA-framework [28] combines process mining tech-
niques with life cycle assessment, thereby also posing a data
and process driven approach. It touches all phases of the
BPM-lifecycle, including process redesign, allowing for what
if considerations to determine what changes in the process
and its element have to be made to reduce the overall impact.
The authors use activity-based costing, thereby, considering
impacts as costs caused by the execution of an activity. In
contrast to the approach in this work, SOPA is based on
traditional process mining which is equivalent to using an

“https://www.globalreporting.org

Figure 4: Process model (object-centric directly-follows graph) auto-
matically derived from the OCEL using PM4Py [4]. The arc weights
show the average time between events of the corresponding activities.

OCEL that only has a single object type, and static object
attributes [37].

Overall, the idea of applying PM for sustainability analysis
is relatively young, with some initial approaches to be found
in the literature. Particularly, the object-centric paradigm has
so far not been applied to sustainability analysis in existing
PM approaches. Furthermore,the approach presented in the
following is both process and data driven—this distinguishes
it from recent efforts in the field of Green BPM. While
Green BPM considers sustainability in the context of business
processes [15], they are usually not data driven and lack
concreteness [18]. The approach we present extends existing
work by proposing a conceptual integration of LCA and PM,
describing a concrete example of how to structure and work
with OCEL data for sustainability analyses and providing a
prototypical implementation of our approach in a software
tool. We hereby build upon and elaborate on the general
framework outlined in [18] and concepts proposed in [14].

IV. SUSTAINABILITY ANALYSIS USING OCPM

In this section, we outline a general procedure for conduct-
ing sustainability assessment based on an OCEL. We consider
the integration of sustainability-relevant data into OCEL 2.0,
identify challenges and highlight differences to common sus-
tainability assessment methods. For easier comparability, we
relate this section to the phases of the LCA.

Goal and Scope: We assume that data in the event log
is captured according to a predefined goal and scope. The
goal is to use an OCEL to determine impacts on the instance
level (events and objects) and to allocate these impacts to the
system’s relevant outflow. We can use the constantly increasing
landscape of OCPM tools [30] to gain a general understanding
of the process and the data, e.g., OCPM? or PM4Py [4] to
automatically discover process models and Ocelot® to help
overview the data. Figure 4 shows a simple process model
automatically detected from the example OCEL. Note, that
every object type is merely visualised with a start and a sink
node; this is not representative to whether the object is an
input or an output.

Shttps://www.ocpm.info
Shttps://ocelot.pm/



Table II: Descriptions of the input flows: frames, wheels, gears and
paint.

(a) Impact information in object attributes.

oD  obj. type AIMglSiCu [g] recyc. kg co2e/kg co2e [kg]
fl Frame 1500 no 16

wl Wheels 23

gl Gears 18

2 Frame 2200 yes 7

w2 Wheels 27

g2 Gears 15

(b) Event attributes for the activity paint frame.

elD spraying dur. [min]  drying dur. [h] paint used paint [1]
ev-4 74.00 12.00 brandl 0.40
ev-8 55 7.5 brand2 0.23

Table III: Additional event and object attributes.

(a) Event attributes related to energy consumption.

elD activity energy consumption [kWh]

evl Register Order 0.000566
evs Register Order 0.000556
evd Assemble Bike 0.8
evll  Assemble Bike 0.6
evl4  Book Payment 0.000558
evl5S  Book Payment 0.000558

(b) Object attributes related to energy consumption.

olD  object types  energy cons. [kWh/h]  energy cons. [kWh]

sml Spray. Inst. 55 1
sm2  Spray. Inst. 70 1
del Dry. Cabine 5 1
pkl Pack. Inst. € 0.21

Inventory Analysis: Information about flows can be captured
in event and object attributes and their values. We see different
versions of describing flows by considering the inventory data
for the used paint and the frame in Table II; flow-information
referring to the frame can be found in the object attributes
described in Table Ila, whereas the flow of the paint is
described in the event attributes Table IIb. The combination
of the attributes AIMglSiCu [g] and recyc. and their values
specify and quantify the flow of the frame. The flow is
specified by the type of material provided in the attribute name,
whether or not the material is recycled or not (in attribute name
and value) and the mass as reference unit (also in the attribute
name). The flows are quantified in the attribute values.

In general, flows may be associated with 1) events and
specified in event attributes (e.g. the energy consumption
of events specified for Table Illa), 2) objects and specified
with object attributes (e.g. the energy consumption of the
packing installation for the time period the OCEL captures
in Table IIIb), or 3) both events and objects, specified by
the combination of the attributes for the corresponding E20
relations. For example, the hourly energy consumption of the
spraying installation and the drying cabine is specified in the
object attributes (Table IIIb), and the duration is an event

Figure 5: Object graph for the example process. The target objects,
bikes, are pink. A shortest path from any object of event ev/ to a
target object is highlighted.

attribute in Table IIb. We see that inventory data can be both
stored in the OCEL and used as basis to quantify flows.

Impact Assessment: The impacts and impact factors of an
event or object flow can be stored in the OCEL as an attribute.
We see this in Table Ila, where the impact of the wheels and
the gears and the impact factor for each frame is provided.

If the inventory data is provided in the log, we can determine
impacts for events, objects and event-object combinations. For
flows where the impact factors are not provided in an OCEL,
the impact factor can be taken from an impact database based
on the specification of the flow in the log. We do this by
quantifying the flows based on the attributes and multiplying
the result with the corresponding impact factor. For example,
given an impact factor for consumed energy per kWh in
Germany, we can determine the impact of each of the assembly
operations, as the energy consumption is provided as event
attribute. Table IV provides an overview of how the individual
flows, impact factors and impacts can be derived based on the
data in the OCEL.

With the current OCEL 2.0 standard, inventory data, impact
factors and impacts tied to a single event and object can be
stored and can be determined using an OCEL. However, flows
and impacts tied to the combination of event and objects (e.g.
impacts associated with using the spraying installation object
in a painting event) cannot be stored in the OCEL directly
as there are no E20 attributes. Flows and impacts are only
derivable from the event and object attribute values.

In addition to determining all impacts for events and ob-
jects, sustainability assessment requires allocating impacts to
selected outgoing flows, such as the bikes in our example. In
general, these target outgoing flows could be associated with
either an event or an object. OCPM can support the allocation
of impacts by using the relationships among individual objects.
Figure 5 shows an object graph that can be automatically
derived from the OCEL. Every node is an object in the
OCEL; every arc represents a shared event, i.e., an event
to which both objects have an E20 relation. For example,



Table IV: Overview of inventory and impact data captured in and computed from the example OCEL. Highlighted attributes and values
indicate that they influence the selection of the impact factor, and pink attributes specify an impact directly.

. o reference entity inventory data impact assessment impact
impact type description ) a
type activity object type  event  object flow description units flow impact factor assessment
flow type  impact name  scope | P Y Ject typ ) relevant attributes corr. origin quantif.  unit origin value unit origin value
: 3 o >
material Frame 3| object Frame AMgISiCulg]  kgeode/ks recye | K2 [ aur value 15 kg | atrvale P kg eote compued 11
; 5
material Wheels 3| object Wheels :} co2e / kg none ! none attr. value :;
material Gears 3| object Gears f; co2e / kg none | none L atr. value :f
I 5
material Paint 3 | event  Paint 3‘; used paint(1] paint aur valee, i | impactpB 31! compued 250
- — > ’ o1 S — 0.000566 > - - 0,001
energy Registration 2 event Register ovs energy consumption [KWh] attr. value. 0.000556 kWh | impact DB 1304 computed 0.001
. ). N .782
energy Payment 2 | event Book Pay :t:: energy consumption [kWh] atiw valie. (0 kWh | impact DB 1304 compued |12
N ’ - o8 ) ! v 0000558 o | o - 0.001
energy  Assembly 2 | event  Assemble o energy consumption (KWh] ate vale, 00007 kWh | impact DB 1304 compued {00!
Gnorgy Packing Tnst___ 2| object Packer pRT Cnergy cons. [KWH] aur value 021 KWh | impaci DB T304 Computed 0274
. n o . . evd sml e v cons h 67.83333 e P 3 88.455
energy Spraying 2 | B0 Pan spaymst &3 M| praying dur [min]  energy cons. kWil | o | computea 0 kwn | impact DB 1304 computed 52
v 783
energy Drying 2 | E20  Paint Dry. Cabine :L‘; del drying dur. (h]  energy cons. [kKWh/h] computed kWh | impact DB 1.304 computed 000
7
pollution  Transport 1 E20  Deliver Bike v 13 Eﬂ dist. [km] weight [ke] | computed (km | impact DB 0.842 computed ’}”":

{01, f1,¢1, w1} are fully connected, as they pairwise share
event ev2. Object graphs are used as a basis for multiple
OCPM techniques intended to connect objects and/or events
for specific considerations, such as identifying single process
executions [1], [13]. A version of such a graph can be used
to allocate impacts. For example, to allocate the impacts of
the registration event ev] to one of the two bikes, we could
determine the shortest path of the object involved in the event
(o) to each of the bikes and assign the impacts to the object
with the shortest path. If the shortest path leads to multiple
targets, we split the impact according to a specified weighting.
Allocating all impacts according to this method and splitting
shared impacts (e.g. the impact of the packing installation)
equally leads to a total impact of 236.335 kq co2e for bikel
and 195.913 kq co2e for bike2.

Based on the demonstration above, we observe that the
proposed method allows for flows tied to objects, event-object
combinations and events can be combined without additional
pre-processing. It is even possible to include relevant data that
is tied to a subset of objects by adding a dummy event with
the flow/impact data that only has E20 relations to the objects
of the subset. However, flows and flow parameters associated
with objects must either be time-independent (no aggregation
over a period of time) or span the entire timeframe the OCEL
represents (e.g., a machine’s energy consumption).

An important realisation is that the consideration of in-
dividual events and objects does mot imply that more de-
tailed sustainability data is required (but it can be used if
available). Instead, it merely enables more accurate allocation.
Consider the example of the consumed energy (flow 2) from
Section II-B: The monthly energy consumption tied to the
activity is equally distributed among the frames processed
within the considered timeframe. Leveraging the OCEL, we
do not distribute the consumption among the products but the
logged events of the activity. Now, if one of the products
required rework, i.e., the activity is executed multiple times,
it receives a higher impact’. Another interesting realisation

7Considering the products with a higher impact than others, an analyst
can now identify the necessity of rework as an impact driver and apply PM
techniques to determine the cause of the rework can now be identified using
OCPM techniques and help avoid the additional impact in future.

is that the multi-perspective consideration of the process and
the allocation based on E20 relations allows for a mixture of
aggregation levels w.r.t. quantified flows and impacts.

Interpretation: Figure 6a shows the events and objects and
the impacts they directly refer to, and the results of the alloca-
tion are depicted in Subfigure 6b. We see that analyses based
on OCEL data allow for an interpretation of the results from
an event and object perspective. On the one hand, the event
perspective gives insights into which activities a company
may need to change in order to improve its sustainability
performance. On the other hand, the object perspective allows
for identifying machinery, components, or products with high
sustainability impacts. It is also possible to interpret the
results on instance (e.g. individual components, bikes, ...) or
type level (e.g. all bikes produced in the time frame repre-
sented in the event log). This allows for a joint consideration
of LCA-concepts such as flows and impacts with business
processes, enabling an alignment between sustainability and
process management. This lays a technical foundation for the
application of more advanced process analyses. For example,
root-cause analysis [29] can be used to identify correlations
between individual process behaviour, object properties, and
sustainability impacts.

The comparison of the allocated impacts per bike shown in
Figure 6b emphasises another interesting distinction to clas-
sical LCA: The allocation of impacts to the individual bikes
differs according to the properties of the objects and events. In
part, this is due to the more fine-grain data required for OCEL.
However, the fact that we did not have to allocate individual
flow parameters and work with averages also accounts for this
phenomenom. This also offers the basis for a more accurate
interpretation of results: The less allocation has to be done
in the inventory analysis phase (e.g., by having to divide a
monthly energy consumption by an average number of bikes
produced), the less falsified and flattened the data we use for
the detection of impact drivers.

V. IMPLEMENTATION: OCEAN

OCEAn (Object-Centric Environmental Analysis) is in-
tended as a proof of concept for researchers and practitioner’s
to explore OCELs and the application of OCPM for sustain-



(a) Impacts of flows directly connected to the different events and objects.
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(b) All impacts allocated to the two different bikes based on their relationship
with the origin of the impact in the object graph.

Figure 6: Overview of the impacts that can be derived based on the
data in the event log.
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Figure 7: Overview of the functionality of OCEAn.

ability assessment and is publicly available on GitHub 8. The
tool currently only considers emissions, i.e., assessments for
the impact category climate change and assumes all flows to
be tied to either an event or an event-to-object relation. Object
flows can easily be transformed to events by creating a dummy
event for every object representing a flow which is related only
to the object is was created for.

Figure 7 provides a high-level description of the functional-

8https://github.com/rwth-pads/ocel4lca, repository also includes the illus-
trative example and all calculations made with it.
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Figure 8: Dashboard describing for the uploaded example OCEL.
The emissions displayed in the activity overview at the bottom are
based on the impacts determined using the impact rules.

ity of OCEAn. OCEAn extends an OCEL with impacts which
are linked to either events or objects. It allows the user to
define impact rules on activity and attribute level to quantify
flows included in the event log. These event-related impacts
are then either aggregated to a single impact value per event,
or allocated to a selected object type. The resulting OCEL
then contains an addition attribute stating either the event’s or
the object’s impact.

A user can select an OCEL 2.0 as sqlite or browse through
a selection of publicly available OCELs and load the event
log. Figure 8 shows the user interface after loading an event
log. The dashboard shows the user a sample of the uploaded
event and object data and allows for the discovery of a process
model (object-centric Petri net). The user gets an overview
of the event and object attributes (different tabs), showing
their names, the activities and object types they refer to, the
number of unique values, and the range of numeric values,
helping her specify each attribute’s unit. Furthermore, she can
select attributes that already quantify an impact and identify
the individual object types as either a process resource or
a handling unit; this distinction decreases the allocation’s
required computational power and memory. At the bottom of
the page, the user can see the frequency of events for the
different activities and objects per object type. Once impacts
are quantified, she can visualise the average, sum, min, max
and median impact per activity as well as the total number or
share of events that have an impact assigned to them.

In the Emissions-Tab (see Figure 9), the user can define
impact rules for either events or event-to-object combinations.
She selects an activity (and object type), based on which she
can choose the attribute’s of which she would like to multiply
the values with to quantify every event(-to-object)’s flow. If



47 OCEAN  start  Emissions export of enriched log »ok B X

= Emission Rules & Overview

Pick ltems: 0,001 kgCO2e x AIMGISICu [g](Frame) x Alu. Imp. Factor o Imported

Frame @ i L
kgcozelkg] (Frame) Rule-based 800439 kg

Empty rule LN
Total 800439 kg

select
rule type
Actvty @ paintFrame
32‘?‘ 0 oryer select
event/object
Quaifier | quaifie -
A attributes
Proportional @ dry JORY »
0
¥ select impact factor from
API
Emission % ® Y $x

factor ~
germany o

, histogram of target
R impacts
o,

|

Event-level emission rule <
O Event-to-Object-level emission rule

Type

W] (kW] (Oryer) x

@ Electricity suppled from gri
Spray.inst. @F "  residual mix
ener, g

@ Electricity supplied
Assemble gike; 17om 9rid

@ Electricity supplied from
Goars @ pick il 91id: T&D losses

@ Fectric d i

power plant 10 MW
© Add rule

%' Object Allocation

= Object Emissions

.
Target o s

objects.

Rule

Options g
Pass emissions between objects of same type 3
H

Select target type &
allocation A B ade

Figure 9: The emissions tab to define impact rules and allocate
impacts to objects of a selected object type.

she adds a climatiq” APT Key in the settings, she can search
for a corresponding impact factor in the catalogue. OCEAn
applies filters to the catalogue based on the combination of
specified units to support the selection of a suitable impact
factor. In the top-right, the user gets an overview of the total
impacts determined, divided into the impacts provided directly
in the event log and those computed by the rules.

Once OCEAn detects impacts for the OCEL, these impacts
can be allocated to the objects of a selected object type.
The rationale behind the allocation is illustrated by Figure 7.
Every impact rule leads to the calculation of an impact for
all events of the selected activity for the specified flow. The
definition of multiple impact rules, therefore, may lead to
several flow’s impacts referring to the same event. The event-
based allocation merely aggregates all impacts associated with
an event and assigns this sum to the event. For the target-
based allocation, OCEAn has three simple allocation rules the
user can choose from. Each of the rules first assigns all E20-
impacts where the object is a target object to this target. The
remaining impacts are aggregated to a single value per event.
Each of the allocation rules assigns a set of target objects
to every event and splits the remaining impact evenly among
the event’s set of objects. The allocation rules differ in their
approach of specifying this set of targets. The ALLTARGETS
allocation rule assigns all target objects to every event; all
impacts are divided evenly among the target objects. In the
PARTICIPATINGTARGETS allocation rule, we distinguish be-
tween events that have an event-to-object relation to at least

“Emission database we use: https://app.climatiq.io/. Every user gets keys
with a limited number of calls for free.

one target and those who do not. For each event with such
a relation, the assigned set of targets are all targets the event
is related with. All other events map to all target objects; for
these events we apply the ALLTARGETS-rule. Finally, for the
CLOSESTTARGETS allocation rule, we determine every related
object’s shortest path to a target object in the object graph.
Every event’s remaining impacts are assigned to all targets
that can be reached within a distance of the shortest path.

VI. DiscussioN

The work presented here is explorative; we demonstrate
the suitability of OCEL for sustainability analyses using a
realistic yet fictive example and show that corresponding
software tools can be implemented. As seen in the previous
sections, it is possible to generate detailed impact profiles
of individual events, objects, activities, object types, process
executions and individual processes based on an OCEL. To
turn this demonstration into fruitful discourse, we consider
the suitability, feasibility, challenges and potentials of using
OCPM for sustainability analysis.

In its structure, an OCEL is comparable to data formats
used in LCA, such as EcoSpold 2 [31] and ILCD [12];
sustainability-relevant data can be stored and processed from
an OCEL. There are, however, notable conceptual differences
between PM and LCA. An event log describes a discrete
world-view, while in LCA, traditionally, continuous processes
are modelled. OCEL-based LCA has the potential to align
the sustainability perspective with the business perspective,
as it builds upon traces of business processes and not on
manually created models. It can be used to identify root causes
for sustainability impacts and give insights into what needs
to be changed in the business processes of an organisation.
The explicit hierarchy inherently provided by the structure of
the OCEL (events/objects/attribute values vs. activities/object
types/attributes) allows for results on different levels of aggre-
gation and a more differentiated analysis. As we have shown, it
is possible to conduct flexible analyses from multiple perspec-
tives with our approach, which addresses the need for more
flexible analysis possibilities in LCA. However, sustainability
analysis based on OCELs has one major limitation compared
with classical LCAs: Everything that can be considered must
be either an event or an object — both of which require
unique identifiers. Yet, the assumption that in a production
and logistics setting every element of interest and relevance
in process and sustainability analysis (e.g., individual final
products such as pens or cups) have an identifier is unrealistic.
This being said, there is ongoing research in the domain
of PM that looks into the consideration of non-identifiable
products that play a role in business processes [17]. We have
seen above that the OCEL can be used to both store and
determine data relevant for sustainability analysis. However,
the determination of relevant data using an OCEL strongly
relies on domain knowledge and a more detailed understanding
of the data, i.e. aitomation is challenging. On the other side,
with a well-defined data standard for sustainability assessment
it is conceivable that OCPM offers a foundation for continuous



automated assessment—especially in combination with impact
databases.

The creation of an OCEL and the collection of holistic
sustainability data are challenging tasks which both facing
similar challenges such as the combination of data from differ-
ent systems (potentially crossing organisational boundaries).
Not all data required for sustainability assessment is native
to the data required for an OCEL and the share of data that
has to be added specifically for sustainability assessment is
large and cannot be neglected. However, we demonstrated that
logs from operational systems (event data) and master data
(e.g., weights, distances, (amount of) materials used) can be
beneficial for sustainability analysis and even lead to more
accurate results. The question of how to calculate and allocate
impacts to different entities needs further elaboration in the
future. We have addressed this in the OCEAn implementation
by showcasing different variants of allocation rules. In the
future, these can be elaborated e.g. with introducing allocation
rules that consider weights or economic value of entities, as
is common in LCA.

Finally, our approach demonstrates that the distinction of
events and objects in OCPM is well suited to integrate sus-
tainability data and inform sustainability analyses. However,
OCPM is a relatively young research area, and challenges
remain, e.g. in the generation of process models based on
OCEL that support the visualisation and interpretation of
sustainability impacts. This is an ongoing research area.

VII. CONCLUSION

In this paper, we explored the potential of object-centric
process mining (OCPM) as a novel approach to sustainability
analysis. Our work demonstrates the promising capabilities
of OCPM in supporting a semi-automated multi-perspective
sustainability analysis by combining domain knowledge with
object-centric event logs. Our approach addresses several criti-
cal limitations of traditional sustainability assessment methods.
By leveraging existing digital traces of business activities, the
outlined approach could reduce the effort required for manual
data collection. The framework provides flexibility in data
integration, allowing iterative enrichment of event logs with
sustainability-relevant information. The key contribution of
this research is the ability to align sustainability perspectives
directly with business processes. By building upon actual
traces of organizational activities, our method offers unprece-
dented insights into the root causes of environmental impacts.
Using OCELSs enables organisations to not just measure their
sustainability performance, but to understand and potentially
modify the underlying processes that generate these impacts
using object-centric process mining techniques. Based on the
findings in this work, we consider sustainability analysis using
OCPM a promising new direction worth pursuing. Hence,
future work should focus on developing a more concrete
conceptualisation of object-centric process mining for sustain-
ability, and focus on:

o The consideration and integration of relevant process
elements without unique identifiers

« Developing more sophisticated allocation rules for impact
assessment

« Integrating domain-specific knowledge more comprehen-
sively, e.g., with a standard for sustainbility-enhanced
OCELs (sOCEL)

o Exploring methods to natively log sustainability-relevant
data in information systems to leverage the more detailed
perspective enabled with OCPM

o Advancing visualization techniques for interpreting sus-
tainability impacts in object-centric process models

While not a complete solution, our framework represents a

significant step towards more dynamic, data and process driven
sustainability analysis. By bridging the gap between process
mining and life cycle assessment, we offer a foundation for
more agile and insightful impact evaluation. As organisations
increasingly seek to understand and reduce their environmental
footprint, techniques based on OCPM will become crucial. The
potential to transform raw business process data into mean-
ingful sustainability insights offers a powerful tool for driving
organizational change towards more sustainable practices.
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