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Abstract: In an era where sustainability is paramount, understanding the environmental impact of
digitalizing business processes is critical. Despite the growing emphasis on sustainable practices,
there is a lack of comprehensive methodologies to evaluate how digitalization impacts environmental
sustainability compared to traditional processes. This paper introduces a carbon-aware methodologi-
cal framework specifically designed to assess the sustainability of business process reengineering
through digitalization. The Digital Green framework quantitatively analyzes the environmental costs
associated with digital transformation, ensuring that truly sustainable digitalization results in lower
resource consumption relative to the complexity of the process being digitalized. To demonstrate its
effectiveness, the framework was applied to a case study involving the reengineering of an adminis-
trative process at a small university in southern Italy. The case study highlighted the framework’s
ability to quantify the environmental benefits or detriments of digital transformation, thus guiding
organizations toward more sustainable digital practices. This research contributes to the field by
offering a concrete tool for aligning digitalization efforts with ecological sustainability, and by paving
the way for integration with initiatives such as the Green Software Foundation’s Software Carbon
Intensity (SCI) specifications.

Keywords: sustainability; sustainable digitalization; environmental impact; process reengineering;
carbon-aware framework; eco-friendly business processes; quantitative sustainability analysis

1. Introduction

In recent years, an increasing number of researchers have become more sensitive to
the theme of sustainable digitalization. Gartner’s glossary defines digitalization as using
digital technologies to alter a business model and create new opportunities for revenue
and value [1]. Sustainability is a highly complex concept with many facets, highlighting
the close connections between the environment and society. The Sustainable Development
Goals (SDGs) within the United Nations’ Agenda 2030 were adopted in 2015 to address
challenges in the field of sustainability. SDGs partially overlaps with ESG (Environmental,
Social, and Governance), i.e., the parameters that a company must consider to implement
sustainable strategies.

The growing use of digital tools in daily life is helping to reduce the negative impacts
of polluting gases. For example, e-commerce, telecommuting, and participation in video
conferences have reduced the global travel of people and goods, and therefore, the con-
sumption of oil and Green House Gases (GHG) emissions. However, the impact of digital
transformation on the environment is a highly debated topic. Among other studies, Belkhir
et.al. [2] predict that by 2040 the environmental impact of ICT could represent 14% of the
total global footprint at the 2016 level, surpassing the current footprint of the agricultural
sector (9%) and almost half of the current total footprint of the industrial sector (29%) in
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the United States. Digitalization contributes to environmental pollution due to energy
consumption. Often, the electricity required to feed digital-base activities is produced
burning fossil fuels, which are a significant source of carbon emissions. Consequently,
the energy consumption of digital assets in a process can be considered as a proxy for the
associated carbon emissions, as it indirectly reflects the environmental impact related to
energy production.

Therefore, further investigations are needed to ensure that digitalization does not
result in more emissions of GHG than it saves, so there are increasing efforts to make
software more sustainable. However, at the business process level, it is notable that there
has only been superficial approaches to sustainability at a descriptive and argumentative
level without true incorporation into its methodological foundations.

The main aim of this work is to understand whether suitable tools and methods can be
employed to make business processes environmentally friendly. In our opinion, this can be
achieved by analyzing current business processes—which are increasingly complex—and
proceeding with their reengineering based not only on cost, quality, time, and flexibility
aspects but also on cross-cutting issues such as their environmental impact. Following
this approach, this paper introduces a methodology named “Digital Green” (DG), aiming
to quantitatively measure the environmental impact of a process, enabling an assessment
of the real feasibility of potential reengineering based on advanced digital technologies.
The methodology is founded on the principle that digitalization, to be truly sustainable,
must provide more value than the resources it consumes. It considers not only the involved
digital technologies but also the personnel, assets, and non-digital resources engaged
in process execution. Our methodology takes into account only operational emissions,
disregarding embodied emissions related to assets like the buildings and the hardware.

To illustrate the application of DG, a concrete case study is presented. Our university’s
administrative office opted to reengineer a process related to the publication of the aca-
demic course offering. Specifically, this process, mandated by Italian regulations, requires
universities to identify a set of reference professors ensuring coverage for a study program
in the coming years. The selection of professors must satisfy various constraints, making
the identification of an optimal solution non-trivial and iterative for a small university
like ours. The process currently involves multiple actors, primarily in departmental sec-
retariats, along with central coordination, using their time intensively and tools such as
VoIP phones and somewhat unwieldy Excel sheets. The administration is considering
supporting the process with a Machine Learning (ML) tool. The described case is ideal for
experimenting DG, given that the environmental impact of Artificial Intelligence (AI) is no
longer negligible [3]. A comparison will then be made between the impact generated by a
process in its current state, known as “As-Is”, and the impact of a reengineered process,
known as “To-Be”, to assess how much the former generates impacts compared to the
latter. Our exercise shows that our innovative methodology can provide stakeholders with
a comprehensive view of the lifecycle of digitalized processes and their impact on the
external environment.

To summarize, the main contributions of this paper are the following:

• Provides a new methodological framework able to quantitatively measure the extent
to which the digitalization of processes is coherent with the ecological transition;

• Reports on a case study which serves as an example of application for the new
methodological framework, also providing the verification package;

• Paves the way for a new research line where business processes design is not only
driven by cost, time, quality, and productivity, but also encompasses the sustainable
dimension.

To encourage open science, we provide the verification package of this work, consisting
in the spreadsheet we used to instance the DG framework on the selected business process
https://github.com/softengunisalento/rp_dg (accessed on 2 September 2024). It also
includes all the trivial calculations that we have not reported in this paper for conciseness.

https://github.com/softengunisalento/rp_dg
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The rest of the paper is structured as follows. Section 2 provides the needed scientific
and industrial background, as well as stating the motivations. Section 3 illustrates the
research methodology and fully describes the DG framework. In Section 4 we present the
case study that is needed to validate the framework on a real case. In Section 5 we discuss
the main results. Finally, Section 6 provides the conclusions and sketches the future works.

2. Background
2.1. Literature Review

The digital orientation of a company has a significant effect on environmental per-
formance, and this effect is even more pronounced in technologically turbulent business
environments [4]. Business models are crucial in determining the strategic direction and
sustainable development of organizations [5], hence, sustainability aspects should be in-
tegrated into the life cycle of business processes [6]. Xiaoxia Chen et al. [7], for example,
propose a life cycle perspective considering the environmental impacts arising from both
the product life cycle and the technology itself. Their contribution stems from a summary
of implementation practices to maximize the eco-sustainability of digital technologies.
Another very interesting study is Hoesch-Klohe et al. [8]. In this work, the “Abnoba Frame-
work” is created for the management of sustainable business processes. It is explained
how an algebraic framework can be exploited to enable an environmental assessment in
multiple heterogeneous dimensions (qualitative or quantitative in nature). Nevertheless,
its applicability in an industry setting was never proofed. In [9], the authors introduce
the Green BPM model which evaluates the energy consumption of business processes, IT
applications, and devices. A bold statement of the authors is that green business processes
should be optimized for short execution times, and the underlying BPM systems should
be closely associated with energy-saving mechanisms related to the system. Anyway,
authors provide no explanation of why to optimize for shorter execution times, as in some
circumstances, low-intensity, longer time processes could be greener.

The nonlinear impact on emissions of enabling factors on public services should also
be considered. For example, in the context of transportation, Kwilinski et al. [10] prove that
the initial adoption of digital technologies may lead to increased energy consumption and
emissions, but subsequent advancements could contribute to a reduction. This is also the
case for AI, for which new concerns are emerging, leading to the definition of Green AI [11]
that can influence architectural decisions in AI-based systems [12]. The transition towards
more sustainable practices requires companies to assess their social and ecological impact
and implement new processes in complex inter-organizational systems [13]. In this context,
process mining has potential in the analysis and improvement of sustainable business
processes, but it still has room for development in the field of sustainability.

With regards to the gray literature, some interesting standardization efforts do exist.
The UNI EN ISO 14040 standards [14] family relates to Environmental Management and Life
Cycle Assessment (LCA). It provides detailed guidance on the principles and framework
for evaluating the life cycle of a product. The scope of the standard encompasses several
key elements, including the considered product system, its functions, the functional unit,
system boundaries, allocation procedures, selected impact categories, impact assessment
methodology, and subsequent result interpretation. Nevertheless, despite the LCA for
software applications being a valuable method to assess and improve the environmental
performance of software products and services, it lacks a clear and consistent framework
to measure and report the impacts at the business process level. More recently, in 2021,
the Green Software Foundation https://greensoftware.foundation/ began to work on
the Software Carbon Intensity (SCI) [15] specifications, which provide guidance on how
to calculate the carbon intensity of a software application. In contrast to the conventional
approach of an annual sustainability report to calculate the total carbon footprint of a
software system, SCI focuses instead on providing information on how to reduce this
footprint during the creation of the software solution. It is important to note that SCI does
not represent the total carbon footprint but rather a rate of software carbon emissions,

https://greensoftware.foundation/
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for example, per minute or per user device. This can serve as a crucial benchmark to assess
the carbon intensity of a software system over time, especially during updates, but not
for business processes. Recently, the SCI specifications have reached the status of ISO
standard [16].

2.2. Motivations

Despite the increasing contributions on the joint topics of BPM and sustainability,
the current literature lacks dedicated studies analyzing the environmental impact arising
from reenginering business processes. In general, while there has been a growth in studies
focused on creating sustainable software and infrastructures in recent years, there is still a
lack of specific research at the process level, representing another area for further investiga-
tion. Decision-makers and various business stakeholders currently lack a tool that guides
them in sustainable digitalization at the process level before its actual implementation.
Particularly, a tool needed to quantitatively evaluate the effects of reenginered processes
with respect to the legacy counterpart is currently missing. It is crucial for decision-makers
within organizations to ensure that the introduction of new digital technologies will not
consume more energy than they actually save, possibly before the actual process revamp-
ing activity.

3. Research Method

In Figure 1, we present the research methodology we apply in this paper. The first step
consists in what we have already reported in the previous section; that is, a careful analysis
on the state of the art, enriched with a particular deepening on the gray literature, consisting
of industry standards and ongoing initiatives. The second step consists in designing the new
framework, first conceptualizing the methodological foundations, and then formalizing
it in a rigorous mathematical framework. The third step aims at defining a case study
useful for demonstrating the validity of the framework. This step also includes the BPMN
design of the As-Is and To-Be versions of the process subject of study, which needs a
preliminary interview of the involved actors. Finally, the fourth step is aimed at instancing
the framework for the provided processes, in order to collect evidence on the practical
applicability of the framework and the specific results for the considered process.

STEP 1
Review related works
Review industry standard and initiatives

STEP 2
Conceptualization of the framework
Mathematical formulation of the framework

STEP 3
Identification of the process serving as a case study
Interviewing process actors
BPMN design of processes

STEP 4
Instance the framework on the process
Perform calculations and collect results
Discuss the validity of the framework for the specific case

Figure 1. Research methodology applied in this paper.

In the next section, we are going to describe in detail the concepts and the formulation
behind the novel DG framework.

The Digital Green Framework

Business processes can be digitalized in many ways: you can digitalize them wisely—
i.e., introducing sustainable technologies, bringing real value to the organization—or
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you can digitalize them for purposes that are out of any practical logic, for example, for
marketing purposes (e.g., nowadays, it is trendy for companies to write on LinkedIn
that they use Generative AI), or because they must digitalize, e.g., for compliance with
regulations, or because of the accepted truth that digitalization makes organizations smarter.
In the latter case, technologies only consumes resources. Organizations choose their own
approach towards digitalization; the aim of this work is to provide a tool shedding light on
the coherence of such choices with regards to sustainable goals, assigning a score.

Specifically, our proposal consists in the definition and experimentation of a novel
methodological framework called Digital Green (DG) aimed at quantitatively assessing
the environmental impact of digitalization. Our intention is to enable decision-makers
to conduct an analysis using mathematical and engineering tools capable of processing
information and data from the informational assets of their organizations to evaluate the
sustainability of the digital transition. DG calculates how many resources the digitalized
(or to be digitalized) process uses over time, from its activation until the completion of the
task for which it exists, comparing it to baseline values within the life cycle of the systems
and technologies employed.

The reason it is referred to be “carbon-aware” is that it uses information on energy con-
sumption, which acts as a proxy indicator for carbon emissions. As mentioned in Section 1,
digitalization contributes to pollution because it involves high energy consumption, often
generated from the burning of fossil fuels.

As mentioned in Section 1, the development of this new model starts with the assump-
tion that the use of concurrent resources in the digitalization of a process must necessarily
be lower than the complexity of the process itself. This is the only way to assert that the
digital transformation is in line with the ecological transition. Complexity can be inter-
preted from various perspectives. In this work, we consider a complex system as the sum
of its elements, characterized by high dynamism caused by multidimensional interactions
and the unpredictability of the system’s state, contributing to the generation of intrinsic
characteristics of the system itself [17]. In our vision, the more complex a system (or a
process) is, the more it costs per unit of time to organizations. Hereby, we measure it in
[EUR/hour].

Ideally, it can be stated that the complexity of any process must be less than the
resources aimed at making it more technological:

Complexity of P > Allocation of resources for digitalizing P (1)

Equation (1) is a cornerstone for our framework; its implications are profound and
must be clear to the reader. Intuitively, to be coherent with the ecological transition, few
resources must serve big processes, i.e., the number of progressively involved resources
(humans, assets, energy, money, etc.) must grow less than the size of the process. The size
of the process, and by proxy its complexity, have been previously defined.

The DG function can be defined as follows:

fDG(P) =
Complexity of P

Allocation of resources for digitalizing P
(2)

then the following can be deduced:

fDG(P) > 1 (3)

The duration of the process is given by the time (measured in [hours]) that elapses
from the start of the first activity (first input) ts to the completion of the last activity that
generates the final output te.

△→ t = (te − ts) (4)



Sustainability 2024, 16, 7789 6 of 18

The cost of the process is determined by the cost of each operator involved in relation
to the time spent on each individual activity concurrent with obtaining the final output.
If we assume the cost of each operator (measured in [EUR] and referred to as ri) for
each non-digitalized (or to be digitalized) activity (referred to as aj), it is given by the
following formula:

R(ri) =
n

∑
j=1

(
△→ t(ri, aj) · hourly_unit_cost(ri)) (5)

where, with activity (aj), we refer to any operation that transforms an input element into an
output. The cost of human resources (measured in [EUR]) for producing a final output in
the given process is determined by the summation of the costs of the m-resources:

RH(P) =
m

∑
i=1

R(ri) (6)

In developing our framework, it is of fundamental importance to carefully evaluate
the cost of human resources. This aspect is crucial as there is a close correlation between
the number of human resources employed and the duration and complexity of the process.
A reduced number of human resources leads to longer durations and an increased com-
plexity of the process, while a greater number of resources can facilitate and accelerate the
completion of the planned activities, but it also incurs in higher costs. The complexity of
the process is determined by the ratio of the total cost of the m-human resources involved
in the process (labor cost) to the total number of human resources md operating on each
individual activity of the n activities to be digitalized that are necessary to achieve the
result; this is all relative to the total duration in hours.

Therefore, indicating with md the number of human resources related to the activities
to be digitalized and considering that md ≤ m, it follows that the complexity (measured in
[EUR/hour]) of the process is defined as follows:

C(P) =
RH(P)

md
/

△→ t = ∑m
i=1 R(ri)

md
/

△→ t (7)

Consequently, the result of the ratio will be higher when there are few resources to be
digitalized in the process, while it tends to decrease as the digitalized resources increase,
and therefore the number of human resources related to each activity to be digitalized
increases. From this, it is deduced that complexity is proportional to cost.

The use of process resources (or cost) U(P) (measured in [EUR]) is given by the
summation of energy consumption and the costs of technological/infrastructural resources
during their lifecycle, from the beginning to the end of the process, for the resources
involved in the process. The summation is normalized to the cost of 1 kWh.

In our methodology, N is a constant representing the cost per kWh derived from
monthly energy cost statistics [18]. Subsequently, this cost is adjusted by deducting the
average quantity of energy produced from renewable sources (e.g., solar, wind, biomass,
hydroelectric). This methodology enables the accurate calculation of the total cost of
process resources, separating the cost of renewable energies from the overall energy cost
and accounting for all factors impacting the environment negatively.

U(P) = N · (R1 + R2 + R3 + Rp)·
△→ t (8)

where

• For IT resources R1, the total energy consumption in kWh and consequently the total
cost is calculated;
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• The resources related to lifecycle costs, such as all activities related to development,
design and disposal, are identified by the term R2;

• For resources related to other technological devices R3, the total energy consumption
in kWh and consequently the total cost is calculated;

• For other support resources for the process Rp, the total energy consumption in kWh
and consequently the total cost is calculated.

The cost of resource consumption is considered as follows:

N · (R1 + R2 + R3 + Rp) = Ei − Gi (9)

where

• Ei is the cost of the nominal energy consumption of resource Ri over time
△→ t.

• Gi is the cost of “natural or green” nominal consumption of resource Ri over time
△→ t

to which a value (positive) is deducted.

The DG function of a process is the following:

fDG(P) =
CX(P)
U(P)

(10)

which is explicitly represented as follows:

fDG(P) =
∑m

i=1 R(ri)
md

△→ t
· 1

N · (R1 + R2 + R3 + Rp)·
△→ t

(11)

Therefore, the DG function of a digital process is given by the following:

fDG(P) =
C ∑m

i=1 C(ri)
md

N · (R1 + R2 + R3 + Rp)
(12)

The following is concluded:

fDG(P) =
Cost of P

Cost of resources required for digitalizing P
(13)

The connections between a process (digitalized or to be digitalized)—i.e., the set of
activities that constitute them—and their variables are represented below, with respect
to the application systems that digitalize it and the supporting technologies (Figure 2).
The macro resource technologies (Rn) that impact the process with respect to the variables
are illustrated in Figure 3.
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PROCESS

ACTIVITIES(1)

ACTIVITIES(2)

ACTIVITIES(n-1)

ACTIVITIES(n)

SYSTEM(1)

SYSTEM(2)

SYSTEM(3)

SYSTEM(m-1)

SYSTEM(m)

H TECHNOLOGY(1)

H TECHNOLOGY(2)

H TECHNOLOGY(3)

H TECHNOLOGY(4)

H TECHNOLOGY(5)

H TECHNOLOGY(6)

H TECHNOLOGY(l)

H TECHNOLOGY(l-1)

Figure 2. Connections between a process and its variables, in terms of involved activities, systems,
and technologies.

MACRO TYPES OF 

RESOURCES

RESOURCES RELATED TO OTHER DEVICES. TOTAL 

CONSUMPTION IN kWh FOR THE COST OF ONE kWh, 

INCLUDING IT RESOURCES IN SERVICE. 

OTHER RESOURCES

RESOURCES RELATED TO THE LIFECYCLE. 

TOTAL COSTS OF EACH ACTIVITY RELATED TO THE 

PROCESS DURATION FOR A UTILIZATION 

COEFFICIENT.

IT RESOURCES. 

TOTAL CONSUMPTION IN KWH PER COST OF ONE 

KWH, INCLUDING IT RESOURCES IN SERVICE (Hi).

• PC; 

• LAPTOP; 

• MONITOR (VIDEO CARDS);

• SERVER; 

• CPU; 

• VM;

• MEMORY; 

• STORAGE I/O;

• DEVICES; 

• ….

• NETWORK DEVICE.

• CONCEPTUAL MODELING ACTIVITY; 

• ANALYSIS ACTIVITY; 

• DESIGN ACTIVITY; 

• DEVELOPMENT ACTIVITY; 

• ADAPTIVE AND CORRECTIVE 

MAINTENANCE ACTIVITY; 

• EVOLVING ACTIVITY; 

• MIGRATION ACTIVITY; 

• …..

• DISPOSAL ACTIVITY.

• UPS; 

• ….

• MONITORING STATION.

• TRAINING ACTIVITY;

• HEATING/COOLING;

• LIGHTING.

Figure 3. Macro resource technologies mapping.

4. Case Study

In this section, we apply the DG methodological framework to a case study, with the
aim of assessing the effectiveness of this innovative methodology on a real case. In par-
ticular, the administrative process within a small university in southern Italy is under
examination. The analysis initially relied on identifying the process in its current state,
followed by a reengineering of the process supported by a ML algorithm. Subsequently,
an evaluation was conducted to measure the impact of both processes on the external envi-
ronment.

Figure 4 depicts the As-Is version of the “Reference Professor” (RP) establishment
process, using the BPMN notation. In the Italian educational system, a RP is a teacher that
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the university indicates as a “guarantor” for a specific degree program. There are several
constraints that make the RP selection process very tricky for smaller universities, such as
the following:

1. A RP can be the guarantor for only one degree program;
2. A RP guarantor for a degree program must deliver at least one course in the program;
3. Nine RPs are required to establish and sustain a bachelor’s degree program, six for a

master’s degree;
4. At least five RPs should be Associate Professors (AP) or Full Professors (FP) for

bachelor’s degree programs, and four for master’s degree programs;
5. RPs cannot share the same course;
6. Optionally, the Ministry of Education and Research (MISE) recognizes a financial

bonus if the RP’s scientific field is a characterizing sector for the degree program.
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EVALUATION NUCLEUS

Send complete Excel to head of
education

Communicate changes to
delegate dean educational

offerings

Proposes changes to
the performance

delegate

Evaluate compliance

Update Excel file
and submit

Acquires Excel
files

Sends proposals for each
"degree program" to the
evaluation nucleus for

feedback

Send confirmation to the
Head of Education for

inclusion of guarantors in
Sua and Anvur

Inserts Guarantors into Sua
and Anvur

They are 

Perform ex
post verification

Collaborates with delegate dean
performance and chief teaching

officer in order to find new
guarantors for inclusion

Checking compliance and
editing Excel file

Acquires updated
Excel file

Acquires information on new
"degree program" or existing

"degree program".

Acquires, analyzes and
edits data on "degree

program".

Are variations
needed?

yes

no

Figure 4. As-Is version of the RP establishment process, in BPMN notation.

The actors involved in the process are as follows: the delegate appointed by the rector
for educational offerings; the delegate appointed by the rector for performance; the head
of the didactic sector (for each department); and the department and the university’s
performances evaluation nucleus (which, in our case, is a black box).

For readability, the process is split in two sub-processes:

1. The first sub-process (Figure 5 is dedicated to the collection/update of information on
existing degree program or new ones;

2. The second sub-process (Figure 6) is aimed at the revision and analysis of all the
information by the head of the didactic sector.
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Figure 5. Collection/update of information on existing degree program or new ones, in BPMN
notation.



Sustainability 2024, 16, 7789 11 of 18
U

N
IV

E
R

S
IT

Y
 A

D
M

IN
IS

T
R

A
T

IO
N

H
E

A
D

 O
F

 E
D

U
C

A
T

IO
N

 S
E

C
T

O
R

D
E

P
A

R
T

M
E

N
T

Acquires data
reported to its

own department

Proposes any
changes

Uploads a file to the
drive with a list of all
identified guarantors

A department council is
established where the
topic of guarantors is

discussed

Selects faculty
present in the
educational

offerings

Requires approval
from the relevant
department for
each teacher

Notify the teachers
who refused

Acquires the changes
to be made

Officialize
guarantors

Approve list of
guarantors

Are faculty members
chosen from those in

the department?

Do all teachers
accept?

Does the
department accept?

Loop      no

yes

yes

loop

no

no

yes

Figure 6. Acquisition, analysis, and editing of data by the head of the didactic sector, in BPMN
notation.

The process is very complex and iterative; being a small university, there is a low
number of researchers and professors currently employed, but the number of degree
programs is growing quickly because of the demand from institutions, industries, and
students. Currently, the referenced actors spend a lot of time at the PC and at the VoIP
phone to find the best match between degree programs and RPs, via a number of “what-if”
trial and errors. Often, new degree programs risk not starting because of the non-optimal
allocation of RP in other courses, mainly due to constraint 3.

Figure 7 shows our proposed To-Be, where a genetic algorithm (GA) is introduced
to rapidly converge to the (sub-)optimal match between degree programs and RPs. GAs
are inspired by the natural evolutionary process and are used to solve optimization and
search problems [19]. A GA operates by creating, selecting, and modifying a population of
candidate solutions iteratively until it reaches an optimal or satisfactory solution. For these
reasons, a GA was the ML approach chosen to digitalize the RP process via ML. GAs are
often used in universities, for example, to find the best classes or rooms schedules [20–22].

Although there is no classical “training” phase like in neural networks, the “learning”
component in a GA can be seen in how the system improves solutions over time through
the process of natural selection and crossover, hence learning from successive iterations.

Once the process has been analyzed in its current state and the digitalized process
designed by using the BPM notation, the second step is to apply the DG framework. First, it
is crucial to identify and quantify the activities carried out by individual actors to calculate
the energy consumption associated with each activity. For simplicity, we have considered
the activities performed by the actors “delegate appointed by the rector for educational
offerings” and “head of the didactic sector”. We interviewed the two actors so that it
was possible to quantify, in terms of time, the activities they usually carry out for the
establishment of a single degree program; the duration of the same process for a single
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degree program is shown in Tables 1 and 2. This calculation includes the time spent using
the computer, as well as the time dedicated to sending emails, and considers an average
call duration of 2 min. This approach allowed to determine that the total number of hours
amounts to 197.666 h (including every actor).

Table 1. Identification and quantification of the activities performed by the two actors.

Computer Usage
Hours Number of E-Mails Number of Phone

Calls

Delegate appointed
by the rector for

educational offerings
192 140 70

Head of the didactic
sector 3 30 10

Table 2. Duration of the process in hours.

Computer Usage
Hours (Including

E-Mails)

Minutes of Calls
(2 Min each
Averagely)

Total

Delegate appointed
by the rector for

educational offerings
192 2.333 194.333

Head of the didactic
sector 3 0.333 3.333

Accordingly, the cost of each operator will be calculated as follows, applying Equation (5),
where the hourly cost is the value obtained from ISTAT data [23] (EUR 29.400):

R(r1) = (194.333 · 29.400) = 5713.390 [EUR] (14)

R(r2) = (3.333 · 29.400) = 97.990 [EUR] (15)

The cost of human resources is

RH(P) = 5713.390 + 97.990 = 5811.380 [EUR] (16)

The complexity of the process is

C(P) =
5811.380

2
/197.666 = 14.700 [EUR/hour] (17)

Apparently, CX(P) seems to be the average hourly cost for the two employees. In this
specific case this is true, since md = m (i.e., all the actors are impacted by the digitalization
process). We chose to leave all the calculations, even if trivial, for the sake of clearness.
At this point, Equation (8) is applied to identify the cost of the resource usage. To carry
this out, the energy consumption of each individual resource needs to be known. Specifi-
cally, the energy consumption of regular desktop computers is 0.150 kWh [24]; VoIP calls
energy consumption is 1.162 kWh [25]; and the energy consumption of sending email is
0.276 kWh [26] (the latter is counted twice to consider the data transfer to and from the
mailbox).
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Figure 7. To-Be version of the RP establishment process, in BPMN notation.

In addition to this, we included in our evaluation two non-IT-related elements having
a carbon footprint: heating (or air-conditioning) and lighting the office. In [27], researchers
assess the energy consumption resulting from lighting within an office environment. Ac-
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cording to their study, the consumption is 21 kWh per square meter per year. This infor-
mation is useful for calculating the hourly consumption of each operator involved in the
process. Specifically, by considering each individual office with a surface area of 18 square
meters (in accordance with the university’s cadastral maps) and performing some trivial
calculations, the energy consumption required for lighting the two offices amounts to
0.378 kWh. Similarly, thanks to the study conducted in [28], it is possible to determine the
energy consumption of heating and cooling the office. The authors argue that the energy
consumption in kWh per square meter averages 185 kWh. From this, the total energy
consumption amounts to 3330 kWh. Table 3 shows the energy consumption related to
the two actors. We obtained the energy consumption reported in the table, leveraging
previous research reporting average energy consumption for each resource associated
with the examined activities; each number is a bare multiplication of the average energy
consumption for the specified resource, and the quantity of the same resource involved in
the process. We recall that the proposed methodology considers only operational emissions.
In addition to the emissions from the PC, calls, and emails, we also consider the emissions
from lighting, heating, and cooling of the building.

Table 3. Energy consumption for the 2 considered actors.

Calls (2 min on
Average) E-Mails Calls (2 min on

Average) Lighting Heating/Cooling

Energy
consumption

[kWh]
29.250 93.940 3.097 74.717 658.228

Therefore, the total energy consumption is 859.133 kWh. By multiplying this quantity
by the cost of 1 kWh (EUR 0.127 during April 2024 in Italy [18]), we obtain the total
cost expressed in Euros. At this point, DG dictates to deduct the “natural” (or “green”)
consumption from this value, which in 2023 accounted for 47.97%. This percentage is
derived from Electricity Maps [29] and provides the average amount of energy produced by
renewable sources (solar, wind, biomass, and hydro) in 2023 in southern Italy. Consequently

U(P) = 859.133 · 0.127 · (1 − 0.4797) = 57.047 [EUR] (18)

This way, it is possible to compute the DG Function value as follows:

fDG(P) =
14.700
57.047

= 0.257 (19)

Since this value is less than 1, according to (3), we can state that the As-Is version of
the RP process is not aligned with the digital and ecological transition.

After calculating the DG function for the “RP selection” process for a specific degree
program in its current state, the same methodology is applied to the digitalized process (To-
Be), enabling a comparison between the pre-digitalized and digitalized processes to assess
the extent of the digital transition’s environmental friendliness. Based on the expectations
of the stakeholders involved in the process, the ML algorithm would enable 80% reduction
in workload hours per degree program. Therefore, considering this expectation and the
introduction of a new server within the process, it will be possible to calculate the new
value for the DG function. When considering a GPU-equipped machine, we assume that
the server would consume 0.136 kWh [30,31]. Furthermore, we approximate that in the
digitalized process, the energy consumption due to VoIP calls and emails will be nullified.
These assumption allows to calculate the function. We do not reiterate all the calculations
for the sake of conciseness. All the details can be found in the verification package provided
in Section 1:

fDG(P) =
14.700
9.997

= 1.470 (20)
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This time, with the DG value greater than 1, according to (3), we can state that the
use of digital resources is coherent with the digital and ecological transition in the To-Be
version of the RP process.

5. Discussion

The aim of the case study was to provide a practical analysis and comparison of a
process, pre- and post-digitalization, in order to assess the extent to which digital transfor-
mation aligns with ecological transition. The first step involved outlining the As-Is process
and calculating the related DG function. After a series of computations, the value of this
function was determined to be 0.257. The second step was to replicate all evaluations
conducted for the pre-digitalization process with the digitalized one. In this case, a ML
algorithm was introduced in the process, significantly reducing the working hours of the
human resources involved in the process. The DG function derived from the digitalized
process amounted to 1.470. Therefore, it can be asserted that the function value of the To-Be
process indicates a use of digital resources coherent with a sustainable digital transforma-
tion. Particularly, in the specific case study, an evident increase in the function’s value
for the To-Be is a signal that the advantages in introducing innovative technologies grow
more than the involved resources spent in digitalizing the process, which becomes “more
coherent” with the ecological transition. This is mainly due to the As-Is process involving
a greater expenditure of time compared to the second (because each actor in the As-Is
manually executes each activity). In the potential digitalized process, the implementation
of a ML algorithm would result in considerable time savings, as these activities are carried
out in an automated manner, so the university administration now knows that the environ-
mental cost of innovation is sustainable and worth the brought advantages. Additionally,
it is worth noting that the analysis was conducted for a single degree program, so if one
considers that there is a plurality of courses in each university, with more and more new
courses activated each year, the Digital Function value of the “identifying RP guarantors”
process should be re-computed.

The example also highlights some of the weaknesses of the framework. First, since we
instanced the DG framework before the actual To-Be implementation, some of the variables
have only been guessed to the best of our knowledge (with regards to the convergence
time of genetic algorithms) and of the stakeholders’ expectations (with regards to time
saving percentage). The need to assess the impact of digitalization before the actual
process reengineering makes the DG framework’s effectiveness imprecise. Vice versa,
such a limitation could instead be useful to find specific requirements (or thresholds)
that the new process should meet in order to be sustainable. Second, DG has primary
focus on environmental aspects, but we think that human and social aspects are also very
important in the sustainable transition, given that—for example—professors would have
strong opinions themselves on the courses they would be expected to be able to teach.
So, a research challenge for the framework would be to incorporate other dimensions
of the sustainability, social and individual among all. Third, actions should be taken to
update the model by encouraging the sharing of resources with other processes or the use
of legacy hardware. For example, the DG framework currently lacks a usage coefficient
for the involved resources, implicitly taking for granted that they are 100% dedicated
to the specific process. Fourth, while the SCI score and our framework serve distinct
purposes—with SCI providing precise measurements of the carbon footprint of software
systems and our framework assessing the impact of business processes to guide policy-
makers in digital transformation—the case study allowed us to observe a notable difference
in the sophistication of the impact computation for digital systems between our framework
and the SCI metric.

Our framework has been conceived to be carbon-aware, in the sense that, through
monitoring energy, which is a proxy for carbon, we indirectly take into account carbon
emissions. Then, with the DG function as a rule assigning a score to any business process,
such a score does not have a unit of measure (because it is a ratio between homogeneous
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measures). Hence, talking about carbon or energy for our framework is irrelevant. Nev-
ertheless, a direct relationship with CO2 emissions is not present, as the framework relies
more on energy consumption rather than how the energy is produced, while the grid
provides an energy mix which may vary region by region and time by time. For example,
Ref. [32] states that sending one email emits 4 g of CO2, but this quantity highly depends
on the abovementioned variables. A true incorporation with carbon variables could further
detail the framework and making it able to provide additional insights.

Implications and Limitations

In this work, we have made some assumptions that may affect the validity of the
results we have presented. The main threat to internal validity lays in the generalizability
of the findings from a single case study. Since the framework was applied and validated in
a specific business process within a particular industry, its applicability to other industries,
contexts, or scales of operation remains uncertain. To mitigate this risk, we plan future steps
including an empirical study, aimed at verifying the capability of the framework to capture
(un)sustainable innovation among a statistically relevant number of business processes.
By comparing the outcomes from various contexts, it will be also possible to better assess the
framework’s robustness and general applicability. Additionally, engaging with a broader
range of stakeholders in future case studies could provide more comprehensive insights
into the framework’s versatility.

The main threat to external validity arises from the reliance on estimates taken from the
state of the art to validate certain variables in the model. We documented all assumptions
made, providing transparency for future users who can be aware of potential constraints
and adapt the framework accordingly. However, these estimates might not accurately
reflect the specific conditions of the case study, potentially leading to biased or skewed
results. To mitigate this risk, we ensured that the estimates used were derived from reliable
and recent sources, cross-checked against multiple references, and where possible, adjusted
to better fit the specific context of our case study.

The main threat to construct validity in our study is the scope of emissions considered.
Our framework evaluates the environmental sustainability of digitalization by focusing
solely on operational emissions and excluding embodied emissions. Embodied emissions,
which include the carbon footprint associated with the production, transportation, and dis-
posal of digital infrastructure, are a critical component of a comprehensive sustainability
assessment. To mitigate this risk, we acknowledge this limitation and recommend that
future iterations of the framework incorporate measures for embodied emissions.

Finally, a major threat to conclusion validity is the potential for insufficient statistical
power, given the reliance on a single case study, which may limit our ability to detect
significant effects. To mitigate this, we ensured thorough and rigorous data collection and
analysis, even within the constraints of a single case study. Another threat is the possibility
of measurement errors in assessing operational emissions, which could impact the accuracy
of our conclusions. We addressed this by using reliable and validated measurement tools
and cross-referencing data sources.

6. Conclusions and Future Works

In this paper, we have presented the ‘Digital Green’ framework, a methodology
designed to systematically evaluate the environmental implications of digitalizing business
processes. This approach facilitates a quantitative analysis, enabling the determination
of the environmental convenience of reengineering endeavors using advanced digital
technologies. The reason the framework is considered “carbon-aware” is that it uses
information on energy consumption as an indicator of carbon emissions. In other words,
the framework takes into account the environmental impact associated with the energy
required for digital operations. Since nowadays most of the energy comes from burning
fossil fuels, monitoring and analyzing energy consumption provides a proxy indicator of
carbon emissions, thereby contributing to awareness of the environmental impact business
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process. Future works will extend towards broader experimentation, encompassing an
assessment of additional processes within our university, which currently includes the
results of this research as part of its sustainability agenda. This will enable us to check the
suitability of the tool on a broader spectrum, empowering policy-makers to make informed
and cohesive decisions regarding digital transformation.

This work is useful for the following stakeholders:

• The industry—including decision-makers and business stakeholders—has a quantita-
tive metric, allowing to drive the digital transformation coherently with the ecological
transition.

• Researchers in the field of Business Process Management can build upon this study by
extending the framework to include additional factors such as embodied emissions or
by applying it to different sectors and contexts.

• Organization and public bodies can measure and publish the carbon footprint of their
digitalized processes in a transparent way.

• Educators can use the presented framework as an educational tool in courses on envi-
ronmental sustainability, business management, and digital transformation, helping
to educate and inspire future generations of researchers and practitioners.

The DG framework is a completely novel methodology, and it is not yet aligned
with the Software SCI Specifications. However, the goal is to address this gap through
future works, as well as the other limitations stated in the Discussion section. A strategic
incorporation of SCI into the DG framework will enable a more accurate measurement of
the system component, facilitating more informed decision-making by policy-makers.
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