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ARTICLE INFO ABSTRACT

Keywords: Background: Digital infrastructures, i.e., ICT systems, or system-of-systems, providing digital capabilities, such
Sustainability as storage and computational services, are experiencing an ever-growing demand for data consumption, which
Green IT is only expected to increase in the future. This trend leads to a question we need to answer: How can we
Energy efficiency

Digital infrastructures evolve digital infrastructures to keep up with the increasing data demand in a sustainal?le way?

Data centers Objective: The goal of this study is to understand what is the future of sustainable digital infrastructures, in
Cloud terms of: which solutions are, or will be, available to sustainably evolve digital infrastructures, and which are
the related adoption factors, impediments, and open problems.

Method: We carried out a 3-phase mixed-method qualitative empirical study, comprising semi-structured
interviews, followed by focus groups, and a plenary session with parallel working groups. In total, we
conducted 13 sessions involving 48 digital infrastructure practitioners and researchers.

Results: From our investigation emerges a landscape for sustainable digital infrastructures, composed of 30
solutions, 5 adoption factors, 4 impediments, and 13 open problems. We further synthesized our results in 4
incremental scenarios, which outline the future evolution of sustainable digital infrastructures.

Conclusions: From an initial shift from on-premise to the cloud, as time progresses, digital infrastructures
are expected to become increasingly distributed, till it will be possible to dynamically allocate resources by
following time, space, and energy. Numerous solutions will support this change, but digital infrastructures
are envisaged to be able to evolve sustainably only by (i) gaining a wider awareness of digital sustainability,
(i) holding every party accountable for their sustainability throughout value chains, and (iii) establishing
cross-domain collaborations.

Landscape
Qualitative research

1. Introduction

With the introduction of high bandwidth data transfers, afford-
able data plans, the generalized migration to the cloud of software
applications and data management, and the popularization of stream-
ing services, digital infrastructures are experiencing an ever-growing
demand of data consumption [1]. As expected, the related energy con-
sumption is steadily increasing over time. This motivated sector leaders
like Microsoft, Google and Amazon, to increasingly adopt renewable
energy resources, e.g., solar and wind farms, as a means to lower the
environmental impact of their hyperscale data centers. Nevertheless,
adopting renewable energy can be considered only as part of the solu-
tion, as (i) such adoption does not tackle the need to optimize the use
of cloud resources, and (ii) the production of renewable energy will not
meet its demands already in the near future. With the global transition
toward the adoption of renewable energy resources, the whole society

* Corresponding authors.

will need them. Therefore, exploiting renewables for the future digital
infrastructures will not, as such, make them sustainable, but rather they
need to become energy efficient, too, not to compete with the other
industrial sectors. This is especially true when considering Europe,
where prominent “data hubs” such as the Netherlands have to be
situated in relatively small geographic areas.

For the last decades the digital infrastructure industry has been able
to maintain a relentless pace of introducing new generations of faster
and more energy efficient computing hardware approximately every
two years [2]. Data consumption is, however, rising faster than the
improvement in energy efficiency and now also the so-called “Dennard
scaling” [3], that allowed lower power consumption with each new
semiconductor generation, is irremediably coming to an end. In addi-
tion, with the ever-growing increase of data transport speed, the power
consumed in wiring and communication is rising more than linearly. To
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maintain the increase in data processing power, innovative solutions
are needed.

Our work was carried out in the context of the Lower Energy Ac-
celeration Program' (LEAP) exploring alternative solutions towards a
sustainable growth of the data center industry. The aim of LEAP is
to accelerate the transition towards sustainable digital infrastructures
by integrating innovative developments at the heart of our energy and
digital infrastructures. One of the goals of the LEAP, and focus of our
work, is to develop a technology landscape for energy efficient digi-
tal infrastructures. The landscape focuses on three different temporal
horizons, namely:

» Horizon 1 (H1): State of the art (today)
» Horizon 2 (H2): Within the next 4-6 years (near future)
» Horizon 3 (H3): Beyond 6 years (future)

In our previous study [4], we conducted a set of exploratory in-
terviews involving 11 participants, in order to gain a preliminary
understanding of the topic of sustainable digital infrastructures. Such
study constituted the first of the three research phases (Phase 1, see
Section 3.2.2) on which the study reported in this paper is based. In
addition to conducting two additional research phases (Phase 2 and
Phase 3, see Sections 3.2.3 and 3.2.4), and extending our preliminary
findings, in this paper we discuss the solutions that according to a
diverse set of experts can be adopted to sustainably evolve digital
infrastructures, and their related adoption factors, impediments, open
problems, and evolution scenarios.

The results reported in this paper are based on a mixed-method
empirical process, born from the combination of semi-structured in-
terviews (Phase 1, see Section 3.2.2), focus groups (Phase 2, see Sec-
tion 3.2.3), and working groups involving a larger number of partic-
ipants (Phase 3, see Section 3.2.4). In total, 48 unique participants,
belonging to heterogeneous sectors relevant to the domain of digital
infrastructures, took part in this study.

The contribution of this paper is a landscape for sustainable digital
infrastructures, comprising:

+ Solutions that are or will be available in the future to sustainably
evolve digital infrastructures;

+ Adoption factors that will guide the deployment and support the
success of solutions;

+ Impediments that may inhibit the adoption of solutions;

* Open problems that need to be tackled to sustainably evolve digital
infrastructures;

« Four future scenarios of incremental nature, for the sustainable
evolution of digital infrastructures.

The target audience of this paper includes (i) researchers studying
the sustainability of digital infrastructures, who can profit from this
investigation by deepening their knowledge of the state-of-the-art of
sustainable digital infrastructures, and the key concepts, many of which
open for future research, that characterize their present and future
evolution; (ii) practitioners interested in improving the sustainability
of their digital infrastructures, who can gain insights into the current
and future solutions they may adopt and/or invest in, the trends that
will shape the future of their infrastructures, and the related concepts
to be considered while reasoning about the sustainability of digital
infrastructures; and (iii) any readers interested in gaining awareness
of sustainable digital infrastructures, who can gather an overview of
the key related concepts, and the factors that will characterize the
phenomenon of sustainable digital infrastructure evolution.

This paper is structured as follows. In Section 2 we introduce the
essential background knowledge required to understand our study.
In Section 3 we describe the study design and execution. Section 4

L https://amsterdameconomicboard.com/en/initiative/leap.
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presents the results of our research, in terms of identified sustainable
digital infrastructure solutions, adoption factors, impediments, and
open problems. In Section 5 we discuss our findings, by explicitly an-
swering our research questions, presenting four scenarios for the future
of digital infrastructures that emerge from our results, and providing
further considerations on the results we obtained. Section 6 presents the
threats to validity that, despite our best efforts, may have influenced the
results of our study. In Section 7, we document a review of the related
work, by discussing the main commonalities and differences w.r.t. our
study. Finally, Section 8 closes the paper by presenting the conclusions
and directions for future work.

2. Background

Over the years, numerous studies focusing on various aspects of
the sustainability of digital infrastructures have been presented in the
literature [5]. As this research field progressed, the concept of “sustain-
ability dimension” [6] has been introduced in order to systematically
reason about the multifaceted nature of (digital) sustainability. Based
on this concept, among others, Lago et al. [6] reworked the definition
into four core dimensions of sustainability, namely economic, technical,
social, and environmental. The technical dimension concerns the long-
term use of digital infrastructures and their appropriate evolution in a
continuously changing execution environment. The economic dimension
instead regards the preservation of capital and economic value of dig-
ital infrastructures. The social dimension regards the support of current
and future generations to possess the same or greater access to social
resources by pursuing generational equity. For digital infrastructures,
this dimension includes from the direct support of social communi-
ties, to the promotion of indirect activities creating benefits for such
communities. Finally, the environmental dimension focuses on the im-
provement of welfare while protecting natural resources. For digital
infrastructures, this dimension aims at addressing ecologic concerns,
including energy efficiency and ecologic awareness creation. In this
study, we leverage the four sustainability dimensions as defined by
Condori et al. [7] in order to systematically reason about and categorize
the concepts emerging from our research.

As further clarification on the concept of the sustainability of digital
infrastructures, as utilized in this investigation, our primary focus is on
the energy efficiency of digital infrastructures. Hence, while some con-
cepts related to energy efficiency (e.g., strategy for awareness creation,
see Section 4.2.1) may be touched upon, other sustainability aspects
of digital infrastructures (e.g, life cycle assessment, carbon footprint,
circularity and waste management, etc..) fall outside the scope of the
study reported in this paper.

Regarding the concept of “digital infrastructure”, in this paper we
utilize such term to denote ICT systems, or system-of-systems, provid-
ing digital capabilities, such as storage and computational services.
For example a digital infrastructure, as defined in this paper, can
range from the composition of a single hyperscale server and a thin
client, to a completely distributed network of edge devices. Instead of
considering different dimensions, e.g, socio-technical [8,9] or socio-
economic [10,11], our definition considers digital infrastructures as a
primarily technical concept [12]. Adopting such definition allows us to
study the topic from a well-defined and focused angle, scope-down our
research design (e.g., in terms of stakeholders to be considered), and
gain more depth in our research design and related results.

3. Study design and execution

In order to develop our landscape of sustainable digital infras-
tructures, we designed and conducted a qualitative mixed-method
empirical study [13]. In this section, we describe the main aspects of
our study design and execution. Specifically, in Section 3.1 we report
the research goal and research questions of the study, while in Section 3
we describe the research process followed to obtain our results.
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Fig. 1. Research process overview (S: Number of distinct sessions; P: Total number of participants).

3.1. Research goal and research questions

The overarching goal of this research is to understand how we
can sustainably progress the development of digital infrastructures in
the future, what are the key solutions, impediments, adoption factors,
and related open problems. More formally, by applying the research
goal formulation proposed by Basili et al. [14], the objective of our
investigation can be defined as follows:

Analyze digital infrastructures

For the purpose of identifying solutions, impediments, adoption factors,
and open problems

With respect to sustainability
From the viewpoint of practitioners and researchers
In the context of current and future digital infrastructure development.

By achieving our goal, we aim at providing concrete insights on
how to transition towards sustainable digital infrastructures, by making
explicit the determining concepts of this phenomenon. The concepts,
reflected by four sub-research questions (RQ,—RQ,), are (i) sustainable
infrastructure solutions, (ii) adoption factors, (iii) impediments, and
(iv) open problems, as further articulated in the reminder of this
section. By combining the specific concepts emerging from our study
we are able to derive four scenarios which answer our main research
question (RQ). An overview of the concepts, their dependencies, and
mapping to the research questions is provided in Fig. 7.b.

In order to achieve our goal, we have to answer the main RQ of our
study, namely:

RQ What is the future of sustainable digital infrastructures?

With our RQ, we aim at studying the state-of-the-art of digital
infrastructure sustainability, and understand how their ever-growing
requirements can be satisfied in a sustainable fashion in the future.
More specifically, we want to investigate what solutions for sustainable
digital infrastructures can be utilized, and in addition gain further
knowledge of the related impediments, adoption factors, and open
problems. In order to systematically answer our main research question,
we decompose our RQ in four sub-RQ as follows.

RQ; What are the solutions to develop sustainable digital infrastructures?

With RQ,, we aim at identifying what present and future solutions
can be utilized in order to create and maintain sustainable digital
infrastructures. With our subsequent sub-RQs instead, we aim at further
investigating concepts related to the identified solutions.

RQ, What drives the adoption of sustainable digital infrastructure
solutions?

With RQ,, we aim at identifying what can drive the adoption of
sustainable digital infrastructure solutions. More specifically, we aim
at identifying what technological, social, environmental, and economic
factors can stimulate and accelerate the adoption of solutions.

RQ; What hinders the adoption of sustainable digital infrastructure
solutions?

As a mirror question w.r.t. RQ,, after we identify the key challenges
of employing sustainable digital infrastructure solutions, we aim at un-
derstanding which are instead what can hinder or impede the adoption
of such solutions. This is expressed in our third sub-RQ (RQ3).

RQ4 What are the open problems related to sustainable digital infrastruc-
ture solutions?

With RQ,, we intend to investigate what are the open problems
and challenges related to sustainable digital infrastructures. Answering
this last sub-RQ allows us to understand what problems need to be
tackled in order to ensure a sustainable future development of digital
infrastructures.

3.2. Research process

An overview of the research process followed in this study is de-
picted in Fig. 1. During Phase 1, we conducted a series of exploratory
interviews with targeted participants. This phase was adopted to gather
the initial insights required to develop our landscape of sustainable
digital infrastructures (for more information on Phase 1, refer to Sec-
tion 3.2.2). In Phase 2, we conducted a set of focus groups [15] with
targeted participants. This phase was adopted to deepen and refine our
preliminary findings, leading to a preliminary outline of our landscape.
A detailed documentation of how we applied the focus group method
in Phase 2 is reported in Section 3.2.3. Finally in Phase 3, we started
by presenting our findings to an audience of targeted participants. The
presentation served as an introduction for a set of subsequent working
groups, which were carried out in parallel after the presentation. Phase
3 was used to gather feedback from a larger audience of experts,
in order to assess the correctness and completeness of our findings.
The results presented in this paper are the results of the incremental
findings collected during the three phases of our research, which are
further detailed below.

3.2.1. Participant sampling

Regarding the sampling strategy adopted to select participants for
our investigation, for all three phases we leveraged a mixed-method
non-probability sampling, consisting of accidental sampling guided by
ad hoc quotas [16]. This allowed us to involve participants belonging
to heterogeneous sectors relevant for the development and maintenance
of digital infrastructures (see Fig. 2). In addition to accidental sampling
supported by ad hoc quotas, we utilized purposive sampling [16] to
further refine the selection of participants. Specifically, our investiga-
tion focuses on the future evolution of sustainable digital infrastructures.
Therefore, the participants were required to possess not only knowl-
edge of the state-of-the art and/or state-of-the-practice about digital
infrastructures, but also sufficient insights to carry out the speculative
forecasting process implied by our RQs. To ensure the participants
possessed the required knowledge, we selected representatives of the
various organizations in the digital infrastructure value chain. The se-
lection of participants was conducted by ensuring, through the analysis
of their current role and past experiences, that they possessed both
technical expertise and a broad strategic overview of the topic within
their area of expertise.
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Fig. 2. Distribution of study participants across sectors.”

Participants where involved in one or more of our research phases,
as further detailed below. More demographic information regarding our
participants, in terms of sectors, unique companies, and research phase
they were involved in, is reported in Table 4 of Appendix.

Regarding the sampling of Phase 1 participants, the selection pro-
cess started by gathering an initial selection of diverse companies
working in the field of digital infrastructures, by considering as starting
set the companies involved in the LEAP Initiative and/or connected
to the Amsterdam Economic Board. Subsequently, employees of such
companies, who worked in roles relevant for our investigation (e.g,
digital sustainability managers, CTOs, and sustainability researchers)
were contacted to inquire about their availability to partake in our
interviews. After gathering an initial set of available participants, we
selected our final set of 11 Phase 1 participants by ensuring that dif-
ferent stakeholders of the digital infrastructure domain, e.g., hardware
manufacturers, cloud providers, software service providers, consul-
tancy firms, academic/research institutes, and digital infrastructure
customers, would participate in Phase 1.

Similarly, for Phase 2, we sampled participants from the ones
suggested during our research Phase 1 (see also Q4, Table 1), and
added additional participants, by considering the participants discarded
from Phase 1 (due to satisfied quotas). As for the sampling process of
Phase 1, ad hoc quotas were utilized to ensure that digital infrastructure
stakeholders of different sectors were equally represented during Phase
2. In total 19 participants took part in this phase.

Finally, for Phase 3 we re-invited the participants who were in-
volved in either Phase 1 or Phase 2. This allowed us to gain feedback on
our findings, and assess the quality of our data analysis and synthesis
processes by presenting our results directly to the people who provided
the data. In total, 30 participants were involved in this phase, with 13
participants who were involved also in a previous phase (5 Phase 1
participants, and 8 Phase 2 participants, see also Fig. 3). The remaining
17 participants of Phase 3, (i.e., the participants who were involved
only in this research phase) where selected by considering the potential
participants of Phase 1-2 who were discarded due to met quotas, inte-
grated with further participants suggested as relevant and potentially
missing by the participants of Phase 2.

In total, our study involved 48 unique participants, employed by 33
different organizations belonging to heterogeneous sectors (see Fig. 2
and Table 4).

2 As some participants could be mapped to more than one sector (cf.
Table 4), the total sum of participants depicted in this figure exceeds the total
sum of unique participants of our study (48).

M Phase 3 Only Participant M Phase 2 /3 Participant Phase 1 /3 Participant

30

17

Participant Count

5

Phase 2

Phase 1 Phase 3

Research Phase

Fig. 3. Distribution of study participants across research Phases sectors.

3.2.2. Phase 1: Exploratory interviews

During our first research phase, we carried out a set of semi-
structured interviews with targeted practitioners and researchers. The
goal of these interviews was to gain a preliminary understanding of the
topic under investigation, and gather the groundwork of findings to be
refined in the subsequent research phases.

Regarding the structure of the interviews, each interview started
with a general exposition of our planned research process and goal (as
presented in this section). Subsequently, 5 interview questions of open-
ended nature were posed to the participants. Follow-up questions were
posed after the answers of the participants, if these required further
clarification or enrichment.

The interview questions (see Table 1) were purposely designed as
wide-ranging, in order to let participants express their expert opinion
on sustainable digital infrastructures without biasing them towards
focusing on a specific topic. Specifically, with Q1 we aimed at gaining
an initial understanding of the areas of development deemed by the par-
ticipants as concrete options to build sustainable digital infrastructures.
With Q2 instead, we explored concepts related to sustainable digital
infrastructure solutions, in terms of the factors relevant to adopt the so-
lutions. While with Q1 we focused on the solutions available in the near
future, we used Q3 to investigate the solutions which will be available
in the longer-term, by exploring development areas showcasing high
potential in the future. Q4 focused on preparing for our next research
phase (Phase 2), by deploying a chain-referral sampling strategy [17],
executed by asking the participants who, in their opinion, are the key
stakeholders/experts/decision makers of the area under investigation.
Finally, with Q5, the participants were provided the possibility to add
further insights or remarks, in order to avoid the accidental omission
of potentially relevant data collection during this phase.
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Table 1 Table 2
Interview questions (Phase 1). Thinking scenarios (part of Phase 2).

ID Question D Question

Q1 What will be the next-generation energy efficient digital infrastructure T1 From your perspective, think of your investments in digital
solutions? infrastructures of the next 5+ years: what would you invest in?

Q2 What are the key factors which are important to adopt energy efficient T2 Imagine now a future where you have to operate with limited energy
digital infrastructure solutions? resources. What would you invest in?

Q3 Are you aware of any interesting developments in energy efficient digital T3 In 5 or 10 years time you have to deliver your customer service within
infrastructure solutions, which show high potential to become successful the same energy budget of today. What breakthrough solutions would
in the future? you need? And how can this be a success?

Q4 Are you aware of other key stakeholders/experts/decision makers on
energy efficient digital infrastructure solutions to contact?

Q5 Anything to add?

Each interview was conducted and moderated by the three authors
of this paper. Seven interview sessions were conducted during this
phase, by considering a total of 11 participants. Each interview in-
volved between one and three participants, was conducted via video
conference, and lasted between 42 and 58 min. The interviews were
video-recorded and transcribed manually by following the denaturalism
approach, i.e., by correcting grammar, removing interview noise (e.g.,
stutters) and uniforming nonstandard accents (i.e., non-majority), while
ensuring a full and faithful transcription [18].

The final output of Phase 1 consisted in a confidential techni-
cal report summarizing our preliminary findings gathered during this
phase, in terms of identified solutions, impediments, adoption factors,
and open problems. For more information regarding the data anal-
ysis and synthesis process followed, refer to the dedicated section
(Section 3.2.5).

3.2.3. Phase 2: Focus groups

In order to expand and refine the findings of Phase 1, in Phase 2 we
applied the focus group method [15]. Specifically, Phase 2 consisted of
presenting to groups of participants 3 thinking scenarios, followed by
the findings of Phase 1. This research phase was conducted to gather
feedback based on the discussion among participants to extend and
refine our preliminary results. As an introductory step to Phase 2,
the technical report produced as output of Phase 1 was shared with
the participants a week prior to the focus group session. This process
ensured that participants possessed sufficient background knowledge
on the topics to be covered, and ensured that participants assimilated
our preliminary results before the session.

Similar to Phase 1, each focus group session started with a general
exposition of our research process and goal (as presented in this sec-
tion). Subsequently, participants were presented 3 thinking scenarios
(summarized in Table 2) they had to jointly reason about. The first
thinking scenario (T1), was utilized to explore, from the point of view
of the participants, what would be the future evolution of digital
infrastructures, in terms of software/hardware technologies, deploy-
ment strategies, and other related concepts. After discussing the future
of digital infrastructures, with T2 we introduced to participants the
concept of limitations on the energy to be consumed in the future by
digital infrastructures. This second thinking scenarios allowed us to
investigate what solutions, according to the participant, would progress
the development of digital infrastructure in a sustainable fashion, as
dictated by limitations on the energy resources to be consumed. Finally,
with thinking scenario T3, we further pushed the boundary of the
limitations imposed on the energy consumed by digital infrastructures,
by envisioning a long-term future where digital infrastructures have
to grow in a sustainable manner by consuming the same amount of
energy as today. This last thinking scenario was used to explore future
breakthrough solutions which will influence the long-term future of
sustainable digital infrastructures, and what concepts, such as open
problems to be solved and adoption impediments, will arise.

After the discussion of the 3 thinking scenarios, the preliminary
solutions, adoption factors, impediments, and open problems identified

during Phase 1 were presented to the participants. This step allowed us
to gather feedback on our preliminary results, expand them, and refine
them according to the discussions within the participants of the focus
groups.

As conclusion of the focus group sessions, participants were given
the possibility to add further insights or comments on the topic under
investigation, to ensure that no relevant information was omitted from
the data gathering process of this phase.

The 19 participants of this phase were distributed over 5 focus
groups, with the participation ranging from 2 up to 6 participants
per focus group. The sessions were moderated by the first two au-
thors of the study, with the exception of one focus group, which was
moderated by the third author. The sessions were conducted via video
conference, and lasted between 55 and 108 min. The interviews were
video-recorded and transcribed manually by following the denaturalism
approach (as described in Section 3.2.3).

The final output of Phase 2 consisted in a confidential technical
report summarizing the findings of this phase into a preliminary land-
scape of solutions, adoption factors, impediments, and open problems.
As for Phase 1, the data analysis and synthesis process of this phase is
reported in Section 3.2.5.

3.2.4. Phase 3: Preliminary landscape presentation & working groups

In Phase 3, we evaluated and reviewed our findings by involving
a larger audience of participants. Specifically, this phase was carried
out as a single session, and consisted of a plenary presentation of
our preliminary landscape (i.e., the findings of Phase 2), followed by
5 working groups, carried out in parallel, where participants could
express their opinion and feedback regarding our results. The plenary
presentation consisted in presenting the overarching goal and research
process of this study, followed by the exposition of the results obtained
in Phase 2, i.e., the identified solutions, adoption factors, impediments,
and open problems. The presentation lasted a total of 25 min.

The subsequent working groups consisted of a discussion between
participants, each supervised by a moderator, and a research sup-
port member, in charge of transcribing the discussion and supporting
the interaction among participants. In total, 5 working group were
conducted, by involving 5 participants in each working group. Each
working group was conducted with the support of a Miro board,® i.e., an
online whiteboard where participants could use virtual “sticky notes”
to map their comments, feedback, and ideas on a summary graphical
representation of our findings. An example of Miro board structure,
as utilized in the working group sessions, is presented in Fig. 4. Each
Miro board was composed of @ an overview of the working group
participants, (B) two general question to kick-start the feedback session
and discussion, namely: “What would you like to add to each of the
categories?” and “What is most important in your view for each of the
categories?”, @@ summary of the results reported in the preliminary
landscape report (obtained via Phase 2), and @ feedback notes created
by participants during the session. In total, the parallel working groups
lasted 45 min, and were followed by a plenary post mortem phase,

3 https://miro.com/.
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lasting 15 min, where the key takeaways of the working groups were
presented and discussed.

One week prior to the execution of Phase 3, the technical report
produced as output of Phase 2 was shared with the participants, to
assure they possessed sufficient background knowledge, and did not
have to assimilate the results of our preliminary landscape exclusively
during the introductory plenary presentation of Phase 3.

After Phase 3, participants were provided the possibility to integrate
their comments and feedback by contacting the authors of this study via
mail. After all comments were assessed and integrated, the final results
of the Phase 3 data analysis and synthesis process was shared with the
participants, in order to validate our findings and further refine them
according to their final feedback. The output of this last step resulted
in this paper.

3.2.5. Data analysis and synthesis

The data analysis and synthesis process followed in this research
was defined a priori, and consisted of 4 core sub-processes, namely (i)
incident identification, (ii) coding, (iii) constant comparison, and (iv)
memoing. The data analysis and collection was carried out 3 times,
after each of our research phases (see Fig. 1). The data analysis was ex-
ecuted after the raw output of each phase, i.e., video-recordings (Phase
1-2) and feedback notes/transcriptions (Phase 3), were reported in tex-
tual form (e.g., via transcription for Phase 1-2, see Sections 3.2.2-3.2.3)
and organized for analysis.

A detailed description of each of the research sub-processes followed
in our data analysis and synthesis steps is described in the following:

i. Incident identification: As a first step, in order to systematically
analyze our data, we pre-processed it by subdividing the textual
output of each phase into incidents [19], i.e., bits of data, such as
sentences or paragraphs, which were related to the phenomenon
investigated in our research;

Coding: The core of our data analysis relied on a coding pro-
cess [20]. Specifically, in a initial coding phase, we adopted a
mix of provisional and open coding to classify our data into
different categories. More in detail, via provisional coding we
mapped each incident to one of the four concepts at the basis of
our study and RQs, namely solutions, impediments, adoption factors,
and open problems. Further provisional coding was then used

to map the four aforementioned concepts to their sustainability
dimension (i.e., technical, social, economic, or environmental), and
the solutions to their respective time horizon (HI1-H3). Following
this preliminary provisional coding step, open coding was used
in order to develop substantial codes describing our data. This
process was conducted by attaching to each incident a keyword
summarily describing its content, in order to swiftly analyze and
compare the content of different incidents in the next coding step.
Subsequently, we adopted selective coding in order to identify
the core concepts of our data, leading to the establishment of the
concepts and categories, i.e., the solutions, impediments, adoption
factors, and open problems, which constitute the results of our
research (see Section 4). Finally, in order to draw our main
conclusions, and answer our main research question (RQ), we
adopted selective coding to abstract and synthesize our findings
into four scenarios, presented in the discussion of this work (Sec-
tion 5,) with which the energy efficiency of digital infrastructures
can be addressed in the future.

Constant Comparison: In the execution of each data analysis and
synthesis processes, all research artifacts (i.e., incidents, codes,
categories, and memos) were constantly compared and revised.
This procedure was conducted to ensure that our preliminary
and final results constituted a faithful representation of the data
collected during Phases 1-3.

Memoing: Throughout our data analysis and synthesis steps ex-
tensive memos, i.e., textual notes, were recorded in order to keep
track of research observation which fell outside our predefined
coding process. This process, referred to as memoing [19], was
used to annotate, among others, coding trends, emerging con-
cepts, research actions to be taken (e.g., required homogenization
of codes), and potential relations between incidents.

iii.

iv.

3.2.6. On the selection of the research process

For the interested reader, in this section we describe the rationale
behind the adoption of our research process.

The very nature of this research is inductive, as it aims at un-
derstanding a phenomenon, namely the future of sustainable digital
infrastructures, rather than testing a preexisting theory. Therefore, the
data gathered from the participants can be seen as the fundamen-
tal “building blocks” which, throughout our three research phases,
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contributed in a bottom-up incremental fashion to the results of
this study.

Among the various qualitative research methods available to
achieve our goal [21], few can be considered as potentially fit to answer
our RQs. For example, grounded theory (GT) [19] might be deemed as a
potential candidate research method, as it aims at building a theory on
a phenomenon based on incremental findings. However, as presented
in Section 3, our study aims to answer an a priori defined goal and RQs.
Therefore, grounded theory could not be applied, as an a priori defined
goal and RQs would violate numerous fundamental assumptions of
GT, such as the unknown nature of the emerging theory, theoretical
sampling, and theoretical sensitivity [19].

A method which could be deemed as a better fit to answer our RQs
is case study research [22]. However, given the broad scope of our
research goal, adopting such method would constitute a major threat to
external validity of the study, making the results hard to generalize, and
ultimately defying the very goal of our exploratory investigation. To
mitigate threats to external validity, a multi case study design could be
contemplated. However, given the heterogeneous nature of industrial
sectors considered, which ranged from academic institutes to funding
agencies and hardware manufacturers (see Fig. 2), the effort required
to conduct such type of research would make the study unfeasible. In
a similar vein we deemed other qualitative methods, such as narrative
research, phenomenology, or ethnography [21], too narrow focused:
while potentially providing more depth to the findings, they are not
suitable to answer our RQs, which are broad in nature.

Given the above, for this study we chose to design an ad hoc
3-phase mixed-method inductive qualitative study, which allowed us
to tackle the encompassing nature of our goal, while guaranteeing
a satisfactory level of depth in the results. Specifically, in the first
phase, exploratory interviews were conducted to delineate the general
shape of our findings, in terms of relevant stakeholders, topics to be
considered, and preliminary results. Subsequently, the preparatory
results needed to be refined and consolidated. This task was achieved
by leveraging focus groups, which allowed participants to jointly
reason, discuss, and review findings which could have been hard to
digest individually. Focus groups also allowed us to gain more depth
in the findings, by empowering experts to make a “deep-dive” into
the sustainability of their sector during each targeted focus group.
Finally, as closure to our research process, we wanted to conduct
an as encompassing as possible validation of our achieved results.
Therefore, we re-invited all participants to take part to the evaluation
and refinement session. Given the significant number of participants
(30, see also Section 3.2.4), conducting exclusively a plenary research
phase involving all participants at the same time would have been
unfeasible. Therefore, we leveraged a set of separate working groups,
where a smaller number of participants could provided in a structured
and moderated environment feedback on the results we achieved.

4. Results

In this section, we report the result of our research. We open the
section with a documentation of the landscape’s key of reading, i.e., a
description of the landscape elements categorization, supporting the
reader in the interpretation of the landscape (see Section 4.1). In
Section 4.2 we detail the solutions for energy efficient digital infrastruc-
tures emerging from our study. In Section 4.3 instead we document the
emerging adoption factors that would facilitate, or even accelerate, the
adoption of the solutions. Section 4.4 reports the impediments elicited
by participants, i.e., the factors that could hinder the adoption of solu-
tions. Finally, the current open problems that need to be solved in order
to advance and accelerate the sustainability of digital infrastructures
are presented in Section 4.5.
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4.1. Landscape elements categorization.

Throughout the Results section (Section 4), concepts such as
solutions and open problems, are categorized via acronyms. The gen-
eral structure of the acronyms is “[sustainability dimension]-[concept
typel”. Sustainability dimensions can be technical (T), social (S), environ-
mental (E), economic (Ec), paradigm shifts (PS), or general (G) when
not tight to any particular one. Concept types can be solutions (S), adop-
tion factors (AF), impediments (I), or open problems (OP). For example,
“Domain-specific Hardware (T-S)” is a technological solution. It must
be noted that our main focus is on novel technologies/solutions; as
such, existing technologies (e.g., software virtualization like virtual ma-
chines and containerization) are left implicit even if they will undergo
continuous improvement and optimization, over time, to contribute to
energy efficiency.

The solutions are temporally ordered throughout the landscape
horizons, showcasing the technology readiness in terms of widespread-
adoption and full impact, as perceived by the participants of this
study.

4.2. Solutions for sustainable digital infrastructures

Fig. 5 gives an overview of the solutions described in this section.
It is important to note that, while in Fig. 6 software-centric solutions
are reported, it is in general hard to distinguish between hardware-
and software-centric solutions for most concepts presented in this
section (e.g., non-Von Neumann architectures are interlaced with novel
software architectures). Hence, in the reminder of this section, solutions
are presented without making a distinction between hardware- and
software-centric ones for the sake of clarity.

4.2.1. H1I: Solutions for today

Solutions belonging to the H1 are characterized as being readily
available for adoption. While the focus of this study is on horizons H2
and H3, we captured also the solutions in H1 that have been mentioned
by the participants, or well-known solutions that are being adopted
in H1 but are expected to reach further maturity or full potential in
H2. Examples may include software virtualization solutions (e.g., vir-
tualization and containerization also mentioned in the H1 report [23])
which are instrumental to maximize energy efficiency in the H1 sce-
nario of cloud centralization (see Section 5.2.5.1), and implement more
innovative scenarios like energy-driven dynamic consolidation, and
the flexible geolocation highlighted in Section 5.2.5.2. Although well
known, there is (still) significant room for optimization to maximize
the energy saving potential [24].

Moving to the Cloud (PS): During H1 we see a first paradigm
shift, already occurring in present time, namely moving to the cloud.
This paradigm shift entails moving data, computational, and software
capabilities from on premise to the cloud. In other words, rather
than owning resources locally, resources are accessed on-demand,
as provided by renowned cloud computing services (e.g, Amazon
Web Services, Microsoft Azure, and the Google Cloud Platform). This
paradigm shift influences the rise in popularity of software applications
specifically designed to be deployed on the cloud, such as cloud-native
and serverless applications. For instance, a study from Eclipse about

cloud computing growth between 2008 and 2014 [25], found that
86% of companies were already using between 1 and 4 different types
of cloud computing services, and predicted that 50% of all IT would
be cloud-based between 2019 and 2025. Figures from 2020 report
90% of companies being cloud based [26], hence far exceeding the
expectations. As another example, while cloud-stored data witnessed
a yearly growth of 20%, about 99% is waste as hardly ever used [27].

Heuristics for Hyperscale Hardware Management (T-S): Moving to
the cloud entails a growing centralization of software and hardware
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resources in hyperscale digital infrastructures. Therefore solutions rel-
ative to this paradigm shift are prominently characterized by the energy
optimization of this type of digital infrastructures, i.e., heuristics for
hyperscale hardware management. A frequent adopted solution regards
heat management, such as efficient cooling strategies (e.g, immersion
cooling) and the reuse of dissipated thermal heat. In addition, energy
consumption of hyperscale digital infrastructures can be lowered by
adopting energy-aware storage optimization. This solution often entails
moving the data that requires high transfer speeds to solid-state dive
storages (SSDs), while archiving less-frequently accessed data via long-
term backup storage solutions, e.g., Amazon Glacier,® that are far less
performant, but also more energy efficient.

Green Energy Resources (E-S): Another prominent category of solu-
tions regards the adoption of green energy resources, e.g., solar and wind
farms, which often envisions the proximity of the future hyperscale
digital infrastructures to green energy resources.

Energy-aware Software Optimizations (E-S, H1): Energy-aware soft-
ware optimizations of the applications running on the digital infrastruc-
tures is another category of solutions that start to arise in H1. An
overview of this type of solutions, distributed over the three horizons,
is reported in Fig. 6. Related to this horizon, a cloud-centric specific
solution is what is referred to as kill zombie systems, i.e., the detection
and shut down of idle servers to ensure that no energy is wasted to
keep unused hardware resources running. In addition, the transition
to the cloud encourages the use on demand of resources, enabled
by event-based software engineering, and allowing to timely consume
cloud resources only when certain triggers appear in the event stream.
Related to the moving to the cloud paradigm shift, H1 sees the rise of
cloud-native and serverless applications.

Integrated Infrastructures (T-S): Another solution, which spans also
across H2 and H3, regards the creation of integrated infrastructures

4 Solution specific to energy-aware software optimizations are depicted in
Fig. 6.
5 https://aws.amazon.com/glacier/.

born from the tight collaboration between software and hardware
companies, that develop dedicated hardware built to satisfy the needs
of software companies in a sustainable fashion.

Domain-specific Hardware (T-S): A solution specific to hardware
regards instead the appearance during H1 of domain-specific hardware.
Such hardware components are designed to efficiently solve specific
problems, e.g., the appearance of new graphics processing unit (GPU)
types developed and optimized specifically for deep learning.

Strategies for Awareness Creation (S-S): A solution addressing the
social dimension of the sector and much broader in scope, regards
strategies for awareness creation, e.g., monitoring and communicating
about the environmental impact of data production, manipulation, and
usage, hence striving towards a conscious use of energy, and a behav-
ioral change in the data consumption patterns. Design for reuse implies
a possible implicit tradeoff between energy consumption optimization
and hardware waste, as utilizing longer lived technologies can imply a
delay in using the newer more efficient technologies.

4.2.2. H2: Solutions for the near future

Flexible Distributed and Disaggregated Data Management (PS): Oc-
curring in H2, this paradigm shift foresees a transition from hyperscale
data centers to flexible distributed and disaggregated data management.
With the steady advancements in communication technologies, and
the growing affordability of computational power, edge computing is
expected to gain a widespread popularity in the near future. At the
same time the “edge” will take different shapes from what we first
thought, varying from static mini-clouds on premise to flexible “follow-
the-need services”. This will imply to elastically move a vast number of
computational tasks as near as possible to both the consumer premises
and the increasingly decentralized energy production, e.g., via onboard
computing, and distributed networks of computational nodes.

Strategic Geolocation of Digital Infrastructures (E-S): Transitioning
towards a flexible distributed and disaggregated data management will
allow for the strategic geolocation of digital infrastructures. With this
solution, digital infrastructures can be strategically positioned close to
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their end-users, in order to ensure high bandwidth, and keeping low
the energy consumption of data flow and related communication.

Dynamic Software Services and Resource Allocation (T-S): In addi-
tion, distribution and disaggregation supports better profiling of energy
consumption patterns, allowing for dynamic software services and re-
source allocation. At a coarser level of distribution and disaggregation,
mini-clouds can be seen as intermediate steps supporting the transition
towards a completely distributed paradigm. This solution enables to
profile data usage patterns, and dynamically allocate services and
resources by considering also the specific action performed on the data,
e.g, data transport, storage, or manipulation. For example, the energy
efficiency of data staging can be optimized via profiling by analyzing its
frequency of use, and subsequently allocating the best fitted resources
to reduce data traffic and improving performance at the same time.

Distributed Energy Landscapes (E-S): In addition to mitigating the
energy waste of both, or either, hyperscale and co-location data centers
(e.g., due to idle times or suboptimal virtualization practices), the shift
towards a distributed paradigm enables also the use of distributed energy
landscapes, supported by smart energy grids, to locally produce and con-
sume energy, avoiding the inevitable energy dissipation characteristic
of a centralized monolithic system.

Al Energy Optimization (T-S/E-S): Another characteristic aspect of
H2 is the prominent role that artificial intelligence (AI) will play.
As for other computational tasks, Al is expected in the near future
to shift further towards distribution and disaggregation, enabled via
(i) novel federated learning algorithms, supported by the appearance of
edge Al, (ii) data optimization/compression strategies allowing to transfer
high volumes of curated information rather than raw data, and (iii)
approximate computing, i.e., the provisioning of results of acceptable
quality, rather than optimal, in order to reduce energy consumption.
As Al training/serving are known as particularly energy greedy compu-
tational tasks [28], future developments of Al require applying energy
efficiency software engineering to Al-based systems, a field which is
currently rapidly gaining traction [29]. In addition, promising results
showcase how energy consumption of Al-based systems can be re-
duced by utilizing data-centric green Al techniques [30] and Al-dedicated
hardware components, i.e., Al on chip.

Energy-aware Software Optimizations (E-S, H2): While in H1 energy-
aware software optimizations apply software engineering practices for
energy efficiency, in H2 it will be instrumental to create innova-
tion as energy efficient distributed software, e.g., flexible distribution
and disaggregation, smart virtualization, and sustainability-aware self-
adaptation [31]. While current advancements towards stable and

reliable edge computing are promising, more significant research will
be required to systematically shift towards a distributed adaptation
paradigm. This will soon require to consolidate aspects such as serverless
architectures, and optimized service orchestration strategies. In addition,
the shift towards integrated infrastructures, spawn from tight collab-
orations between software and hardware manufacturers, will require
further advancements in fields such as infrastructure partitioning, i.e., the
partition of hyperscale data centers to optimize and sustain different
tasks and workloads. Current trends predict the widespread popu-
larization of innovative software optimizations, such as fine-grained
dynamic load balancing, and Al-enabled optimization of software energy
consumption (e.g., to manage virtualization and scheduling tasks). Other
solutions specific to energy-aware software optimizations (cf. Fig. 6)
regard (i) the software virtualization of hardware resources, virtualizing
pools of hardware resources in order to ensure the seamless allocation
and use of heterogeneous hardware components available on the cloud,
(ii) workload optimizations, carried out to dynamically tune hardware
and software resources to best fit the task at hand, and further ad-
vancements in the field of energy-driven software engineering, allowing
to refactor software applications to make them more energy efficient,
while maintaining unvaried their delivered functionality.

Sustainable ICT Skills Training (S-S): H2 is characterized by the
popularization of sustainable ICT skills training, carried out both in
academic and industrial settings. Such educational paths are necessary
to systematically create profiles able to reason about and address
the energy sustainability of digital infrastructures in all types of
industrial sectors.

Conscious Software Developers and Consumers (S-S): In addition to
educational training of sustainable ICT skills, advancements in energy
efficiency measurement and monitoring allow for the rise during H2
of conscious software developers and software consumers, i.e., people who
develop a renewed sense of responsibility regarding the sustainability
of the ICT solutions they implement and use. The rise of responsible
software developers and software consumers on the one hand leads
to more sustainable software solutions “by design”, and on the other
hand increases the (quality of) sustainability requirements of digital
infrastructures demanded by consumers.

Design for Reuse (S-S): H1 is characterized by an average lifecycle
expectancy of digital infrastructure hardware components equal to
approximately two years. Differently, H2 is expected to witness a
growing trend of design for reuse and hardware lifecycle management
practices. The adoption of these circular economy strategies allows
to produce longer lasting and maintainable hardware components,
amortizing the financial cost and environmental impact of hardware
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production over a longer time span. Obviously, this corresponds to a
trade-off between energy-efficiency and use of critical material which
is not a one-size-fits-all solution.

4.2.3. H3: Solutions further away

Hardware Breakthroughs (PS): H3 regards solutions that will appear
in the longer term, i.e., beyond 6 years. From this study, H3 appears to
mainly consider novel hardware breakthroughs. Such hardware break-
throughs, described in the reminder of this section, are expected to
drastically change how portions of digital infrastructures are designed
and operate. It is important to bear in mind that in the foreseeable
future, such solutions will not substitute the hardware technologies
currently adopted in digital infrastructures, but will rather co-exist with
them.

Photonics (T-S): Prominently, H3 is marked by a widespread use of
photonics. The demand of low latency communication will be steadily
growing while the shift towards distributed paradigms, starting in H2,
will gain momentum. While photonics is already in use during H1,
it is expected to become much faster and ubiquitous during H2, and
will be of widespread and consolidated use in H3. In addition to
inter-server/client communication (copackaged optics), which is already
showcasing promising results, the widespread transition towards optic
communication is expected to occur also within data centers, with the
replacement of micro-electronic hardware with optics-based one by
adopting integrated photonics.

Non-Von Neumann Architectures (T-S): In parallel, current advance-
ments in non-von Neumann research showcase how, during H3, complex
computational tasks will be executed at a fraction of the energy
consumed by the hardware of today. Prominently, the evolution of neu-
romorphic computing and similar solutions can lead to groundbreaking
energy savings required to carry out computational-intensive tasks. This
notable change of hardware technologies can lead to drastic changes in
the underlying hardware structures of data centers. In addition, current
progress in high-density storage solutions showcase promising digital in-
frastructure storage optimizations, e.g., by making use of electron spins
or relations between protons and electrons, and enabling to store high
volumes of data at a negligible energy cost. A consideration can also be
made regarding quantum computing: the successful implementation of
quantum computers can find applications in a dedicated class of com-
puting, fundamentally out of reach for conventional computers, e.g,
quantum physics, molecular chemistry of logistics. Nevertheless, such
computational tasks will with high probability fall outside the domain
of conventional digital infrastructures. In addition, the low temperature
at which quantum computers may have to operate (—272 °C), can pose
a serious concern regarding their energy efficiency.

Novel Software Architectures (T-S): As hardware is expected to
present some considerable breakthroughs in H3, software will be
needed to evolve and adapt to the new underlying hardware. This will
require the creation of novel software architectures, in order to evolve
software systems to best fit the drastic technology changes implied by
the hardware breakthroughs of H3.

4.3. Adoption factors

In this section, we present the elicited key adoption factors that,
if present, would facilitate and even accelerate the adoption of the
solutions presented in Section 4.2. An overview of the adoption factors
(as well as impediments and open problems described further on) are
depicted in Fig. 7.

Technology Readiness (T-AF): The most-frequently mentioned adop-
tion factor is technology readiness, especially relevant for H3. The
technology readiness results to be a key adoption factor, as developing
and on-boarding a preliminary solution with not clearly understood
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benefits and drawbacks implies a great risk. While solutions presented
in H1 are production ready, the technology readiness of solutions
appearing in H2 and H3 is hard to define. While the positioning of so-
lutions throughout the landscape depicted in Fig. 5 orders the solutions
temporally, it is important to bear in mind that such positioning is not
definitive, and may change as future developments of the solutions take
place.

Ease of Integration (T-AF): Another prominent adoption factor, spe-
cific to the software solutions, entails the ease of integration, allowing to
integrate solutions without any drastic change in the normal function-
ing of data centers. This results to be another key adoption factor, as
the normal functioning of digital infrastructures cannot be interrupted
while integrating a new solution, and the return of investment of adopt-
ing a certain solutions cannot be hindered by the cost of integrating the
solution.

Digitization and Digitalization (T-AF): The adoption of solutions
also highly depends on the future maturity of digitization (i.e., the
conversion of information into digital form) and digitalization (i.e.,
the adoption of digital technologies in business processes). Digitization
and digitalization processes can either pave the way, or inhibit, the
development of sustainable digital infrastructures. This depends on the
progress that digitization and digitalization will make in the future,
and the extent to which their advancements will consider sustainability
aspects.

Support for Trade-off Decision Making (S-AF): General to all so-
lutions is a clear understanding of potential tradeoffs and hence the
support for trade-off decision making, as energy savings should not dete-
riorate the quality of provided services. This entails also a systematic
analysis of implementation and deployment costs involved, in order to
understand the economic implications of proposed solutions, i.e., other
business cases.

Holistic Paradigm Shift (Ec-AF): Specific to the movement towards a
distributed paradigm is instead the requirement of a holistic paradigm
shift, allowing to distribute the cost of research and development across
a wide range of stakeholders, instead of burdening with the implied
risk a single party. Additionally, the widespread paradigm shift allows
stakeholders ensuring that the undertaken change will be used and
supported by other parties, hence mitigating the potential risk of de-
veloping silos technologies, i.e., technologies that are hard to interface
with others present on the market.

4.4. Impediments

In this section, we report the four key impediments, identified with
our research, which can hinder the adoption of sustainable digital
infrastructure solutions.

Unclear Impact (G-I): Related to the key adoption factors, are a list
of impediments, which might hinder the adoption of the solutions
reported in Section 4.2. The first and most important impediment is
the unclear impact of the solutions on service provision quality (e.g.,
performance), energy savings, and evolution of technology ecosystems.
This impediment is related to the technology readiness adoption factor,
and can be mitigated only by conducting systematic experimentation
to evaluate/measure the impact of the landscape solutions.

Adversity to Change (G-I): The unclear impact impediment can lead
to adversity to change of certain parties (e.g., telecommunication and
cloud providers), as reshaping currently consolidated technologies may
lead to uncharted situations, that have to be clearly analyzed and
understood before undertaking major investments.

Lack of Leading Champions (G-I): The study uncovered a relation
between the impediment resilience to change and the lack of leading
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champions, i.e., leading figures in organizations, or influential organi-
zations themselves, that take initiative and steer the change towards
the next generation of sustainable technologies. This impediment is
further discussed in the related open problem lack of guidance reported
in Section 4.5.

Unclear Use Cases and Business Cases (G-I): An impediment charac-
teristic to research oriented solutions (e.g., quantum computing) is the
yet unclear use cases and business cases, which have to be understood
before they can be successfully adopted in industrial contexts.

4.5. Open problems

In this section, we report the encompassing open problems of the
next generation of energy efficient digital infrastructure solutions.

Need for a Coordinated Change & Scattered Landscape (S-OP): Re-
lated to the lack of leading champions is the perceived need for a
coordinated change, enabling stakeholders to jointly progress, while
sharing costs/risks involved, and avoid a scattered landscape, charac-
terized by compartmentalized technology silos adopted only by few
companies. In addition, real progress needs shared responsibility and
shared accountability throughout the whole value chain, which makes
all parties responsible for their actions towards the sustainability of
digital infrastructures, and empowers them.

Lack of Activating Taxation Strategy (Ec-OP): A key driver towards
a communal paradigm shift, and a current open legislation problem
related to energy usage, is the lack of activating taxation strategy that
should both activate all stakeholders, and target other factors than just
electricity or carbon emissions. Energy bills are among the highest costs
of data centers, nevertheless the current taxation strategies do not drive
disruptive changes in energy consumption patterns of data centers®. In
a foreseeable future, smart taxation strategies may be formulated, such
as higher taxation of fossil energy sources, and dynamic pricing based

6 A quite successful activation strategy of the Dutch Government con-
cluded in 2020, was the MJA (Meerjarenafspraken, or in English multi-
annual agreements), a nationwide initiative intended to improve energy
efficiency of ICT products, services and processes by granting tax exemp-
tions when the efficiency targets were met. Results and details are online
at www.rvo.nl/onderwerpen/duurzaam-ondernemen/energie-besparen/mja3-
mee. Some of the resulting practices are reported in [32].
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on real-time energy demands. Similarly, e-waste production is currently
only marginally supervised, but more stringent legislation could lead
in the future to the popularization of “design for reuse” and other
optimizations of data center hardware life cycle strategies.

Lack of Policies and KPIs (Ec-OP): An open problem related to
missing activating taxation strategies is the lack of policies and KPIs.”
Specifically, this open problems regards the current lack of regulations,
standards, and policies regarding sustainability requirements of digital
infrastructures. The complexity of this problem is also due to the
current absence of KPIs, such as sustainability labels for software and
hardware components, that can track and guide the progress of stake-
holders developing sustainable digital infrastructures. The introduction
of KPIs throughout value chains can also support an enhanced moni-
toring, regulation, and resolution of sustainability concerns of complex
ICT business cases. The lack of policies should be addressed at both
the national- and the international level, as numerous hardware and
software companies are nowadays characterized by an international
nature, both in terms of multi-national companies, and companies
operating at a global scale.

Lack of Guidance (S-OP): Another open problem of social nature is
the perceived lack of guidance, i.e., guidance supporting companies in
becoming more environmental sustainable, and supporting them in the
systematic adoption of energy efficient solutions. This guidance can
from either from a governmental institution, a research consortium, or
even a private company, that champions and supervises the common
endeavor of parties towards more sustainable digital infrastructures.

Change of Mindset/Sense of Urgency (S-OP): An open problem that
can inhibit a shift towards energy efficient solutions is the need of a
change of mindset, in order to give a higher priority to sustainability of
digital infrastructures, which often is neglected in favor of other goals
such as business targets an customer satisfaction.

Brown Software (T-OP): Another open problem regards applying
energy-efficiency practices to the software for and in data centers which
is energy inefficient, so-called brown software. This problem is becoming
more prominent due to the ever-growing adoption of Al, which is at
the moment characterized by severe software energy inefficiencies. As

7 Key Performance Indicators.
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Al-based systems become more and more adopted, this open problem
may lead to serious energy supply shortcomings if left unaddressed.

Missing off-the-shelf-solutions (T-OP): As a general trend, the current
stall to move towards the next generation of energy efficient digital
infrastructures, implies a current perception of missing off-the-shelf-
solutions to optimize the energy consumption of data centers. This
translates in the current need of creating or adapting ad hoc solutions,
instead of having the possibility to efficiently and effectively applying
solutions that are available.

Energy Availability: During H1, we observe a reliable and satisfactory
energy supply. Nevertheless current energy consumption trends display
the rapid transitions towards electric of applications that used to run
on fossil fuel. A prominent example is transportation, e.g., electric cars.
To support this transition, it is estimated that the electric grid in the
Netherlands will need to at least double in capacity during H2. This
combined with the abandonment of brown energy resources, poses two
urgent and still open energy-related problems: (i) new challenges in the
capacity planning of the energy infrastructure, and (ii) the impending
scarce supply of renewable energy, due to the usage from other sectors
and the need for space and materials. In addition, this transition will
also lead to the inclusion of new notable consumers of electric energy,
such as the chemical industry and hydrogen producers, who will re-
quire the implementation of dedicated energy lines and energy buffers.
Nevertheless transitioning towards electric energy entails some slow
processes (from both a technical and regulatory point of view), e.g,
installing new cables and transformers. This slow installation processes
may require years in order to set up a large power connection in a
geographical region, putting practical limits on the growth of certain
areas. In addition, as digital infrastructures are moving towards the
adoption of green energy resources, they will start to compete with
industries of other nature, and even the public sector. This poses both
a practical and political problem, that is currently still open.

Lack of Knowledge and Awareness (S-OP): Related to this problem,
industrial contexts often suffer of a lack of knowledge and aware-
ness regarding what ICT sustainability really means, which could be
mitigated with dedicated education and training programs. This is
also reflected in a current lack of skills regarding energy efficiency
of digital infrastructures, that often leads to a lack of knowledge on
how to address sustainability in practice, and possibly the adoption of
suboptimal solutions.

In the following, we report two open problems that, given their
different and encompassing nature, are reported separately.

Inherent Time Required for a Paradigm Shift (G-OP): A general
problem regarding any new technology, which is present also in the
context of energy efficient digital infrastructure solutions, is the inherent
time required for a paradigm shift. From historical data, we know that
technology leaps often take between 10-20 years to gain traction, as
time is required in order to clearly understand its pros and cons of
the technology, and to be adopted by a wider audience. While the
information and communication technology domain is characterized by
an extremely fast innovation cycle, such consideration holds to a large
extent also for this domain.

Culmination of Micro-electronics Computational Advancements
(G-OP): The last open problem, laying at the root of the growing
concerns of data center energy consumption, is the culmination of
micro-electronics computational advancements, notably displayed by the
culmination of Moore’s Law [2]. As reducing further power consump-
tion of micro-electronics is becoming physically impossible, there is no
degree of freedom left to further optimize the energy consumption of
such technology. Hence, in order to improve the energy efficiency of
digital infrastructures, two different possibilities are available, paving
the landscape for H2 and H3, namely (i) transforming the current
data processing paradigms and data volumes, and (ii) systematically
transitioning towards the next generation of hardware technologies.
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5. Discussion

In this section, we report an in-depth discussion of the results of our
research. Specifically, in Section 5.1, we outline the general purpose
we envision for the landscape which emerged from our results. In Sec-
tion 5.2 instead, we revisit our research questions, and explicitly answer
them by considering the results we obtained. Finally, in Section 5.3, we
draw further considerations on our results and the future of sustainable
digital infrastructures.

5.1. A landscape open for inspiration

In Section 4.2 we describe the solutions we uncovered in our
investigation, as well as the time horizons in which our participants
placed them. This suggests a strategy about when each concept is
expected to be available on the market provided we invest in research
and development to create them—hence a landscape. However, this
landscape can (and should) be read in various ways depending on the
reader’s perspective. In general, it should be an inspiration to think
out-of-the-box about solutions and innovations needed to develop a
future-proof and energy efficient digital infrastructure. In particular it
can act as a strategy to achieve a goal over time, e.g., to position techno-
logical solutions over time, so that they incrementally build upon one
another (see the sketch in Fig. 8.(a)); or to incrementally realize target
scenarios that help creating socio-technical solutions which contribute
to a systemic way of thinking (see Fig. 8.(b)). The aim of the landscape
is to inspire to take action. Researchers, practitioners, funding agencies,
and policy makers (among others) should assess which innovations
to support and take forward in their next research and development
steps, to further accelerate the transition towards sustainable digital
infrastructures development and maintenance.

5.2. Research questions revisited

In this section, we revisit our research questions and answer them
based on the results we obtained with our investigation. Specifically,
we start by answering our sub-research questions (RQ;-RQ,), and
leverage such answers to subsequently draw our main conclusions, ie.,
answer our main research question (RQ).

5.2.1. Answer to RQ, (solutions)

With RQ,, which states “What are the solutions to develop sustain-
able digital infrastructures?”, we aimed at identifying solutions which
can be utilized in order to create and maintain sustainable digital
infrastructures. In Section 4.2, we documented the set of solutions we
identified though our research (see also Fig. 5). Identified solutions
belong either to the technical, social, or environmental sustainability
dimension. By considering the solutions we identified, we can draw the
following observations: (i) future solutions will not only be technical,
but also of social, and environmental nature, (ii) with the passing
of time, the sustainability of digital infrastructures will be supported
by an increasing distribution of computational and energy resources,
facilitating prosumption, and dynamic allocation of assets, (iii) solution
will reflect this increasing distribution, with a shift of focus from hy-
perscale/hardware optimizations towards distributed/software-related
solutions in the future, (iii) paradigm shifts, i.e., systematic changes of
the digital infrastructure domain, will deeply affect the development
of sustainable infrastructures, starting from an initial shift to the cloud,
to flexible distributed and disaggregated data management, and finally
revolutionary hardware breakthroughs, (iv) energy-aware software op-
timizations will play a key role in achieving the sustainability of digital
infrastructures.
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Fig. 8. Landscape illustrations (a) per target solutions and (b) per target scenarios.
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Summary of findings RQ, (Solutions): We identified 30 so-
lutions for sustainable development of digital infrastructure of
heterogeneous nature, ranging from technical (14 solutions),
to social (4 solutions) and environmental ones (12 solutions).
Solutions are expected to focus increasingly on distribution of
resources, be supported by numerous energy-aware software
optimizations (13 solutions), and culminate in radical hard-
ware breakthroughs in the long-term future. In addition we
identified 3 paradigm shifts, which will guide the present and
future of sustainable digital infrastructures.

5.2.2. Answer to RQ, (adoption factors)

With our second sub-RQ, namely “What drives the adoption of sus-
tainable digital infrastructure solutions?”’, we aimed at identifying which
factors stimulate the adoption of sustainable digital infrastructure solu-
tions. In Section 4.3 we reported the five key adoption factors identified
in our research, three of which related to the technical sustainabil-
ity dimension, one the social dimension, and one to the economic
dimension. Regarding technical-related adoption factors, participants
highlighted the characteristics solutions would be required to have, in
terms of technology readiness, ease of integration within existing digital
infrastructures, and the support of future digitization and digitalization
advancements, which will either enforce or inhibit the adoption of
solutions. In addition, participants expressed the need of support for
trade-off decision making, required to assess, reason about, and discuss
how adopting a certain sustainability solutions would impact other dig-
ital infrastructure properties. Finally, from an economic point of view,
the requirement of an holistic paradigm shift emerged, i.e., the need
to distribute sustainability research and development efforts across
multiple stakeholders, in order to mitigate the cost related to the

adoption of solutions.
P

Summary of findings RQ, (Adoption Factors): Five key
adoption factors emerged from our study, namely technology
readiness, ease of integration, digitization and digitalization, sup-
port for trade-off decision making, and holistic paradigm shift.
The identified adoption factor express key properties of the
solutions, and the context they are deployed in, required for
the adoption of solutions.

5.2.3. Answer to RQ; (impediments)

Our third sub-RQ states “What hinders the adoption of sustainable
digital infrastructure solutions?”. This research question was designed
to understand what factors discourage or impede the adoption of

13

sustainable digital infrastructure solutions. In Section 4.4, we reported
the 4 key impediments identified with our research. Such impediments,
rather than being related to a specific sustainability dimension (e.g,
technical or economic), are all of generic nature. One of the most
prominent impediments, related to the emphasis of this study on the
future, is the unclear impact of the solutions on sustainability. As stated
by the participants, before adopting a solution, solutions have to be
proven as effective, and allow for transparent trade-off analysis with
respect to other properties of digital infrastructures (e.g., performance
and maintainability). This can be deemed to constitute a vicious cycle,
where the impact of solutions has to be proven before deployed, but
only by deploying solutions in vivo the exact impact of solutions can
be studied. As a related impediment, participants noted the lack of a
leading champion, i.e., entities who take it upon themselves to develop,
experiment, research, and steer sustainable digital infrastructure ad-
vancements. Similarly, the unclear impact of solutions and the unclear
use cases and business cases lead to an adversity to change, that may
influence digital infrastructure stakeholders in adopting well-known yet
unsustainable solutions, instead of sustainable ones that may showcase
unknown properties.

e "

Summary of findings RQ; (Impediments): We identified 4
key impediments for the adoption of sustainable digital in-
frastructure solutions, namely unclear impact, unclear use cases
and business cases, adversity to change, and lack of a leading
champions. All impediments exhibit different facets of the un-
certainty bound to future solutions, and call for joint effort in
progressing the field of sustainable digital infrastructures.

5.2.4. Answer to RQ, (open problems)

Our last sub-RQ states “What are the open problems related to sus-
tainable digital infrastructure solutions?”, and was formulated to identify
the open problems and challenges related to sustainable digital infras-
tructures solutions. In Section 4.5, we identified a total of 13 open
problems, 2 of which of economic nature, 5 social, 3 technical, 2
environmental, and 1 general. From an economic point of view, open
problems highlight a current lack of legislative overview, standards,
and administration of digital infrastructure sustainability, expressed in
terms of a lack of policies, KPI, and activating taxation strategies. From a
social perspective, on one hand open problems demonstrate the need
of joint action to progress the sustainability of digital infrastructures
discussed also in Section 5.2.3, and is embodies in open problems
such as the presence of a scattered landscape, the lack of guidance, and
the need for a coordinated change. On the other hand, social problems
reflect the need of a social change in digital infrastructure providers
and consumers, embodied in our results as the open problems of lack



R. Verdecchia et al.

(REMOTE CLOUD)

(CLOUD)
(ON PREMISE)

o [o)
oo0 T
Q Q

CLouD

(MICRO-CLOUD;

o FLEXIBLE
GEOLOCATION

CENTRALIZATION

@‘/Q/C/)é\@

Sustainable Computing: Informatics and Systems 35 (2022) 100767

- e

o FOLLOWING TIM|
SPACE, ENERGY

(3) SEAMLESS
CONTINUUM

H1 H2

H3

Fig. 9. Scenarios of sustainable digital infrastructures across temporal horizons.

of knowledge and awareness, and change of mindset/sense of urgency.
Technical open problems instead showcase the technical need for novel
solutions (culmination of micro-electronics advancements), the perceived
immaturity of the field (missing off-the-shelf solutions), and the current
lack of technical sustainability skills in the job market (lack of skills).
The environmental problems identified in our research regard the
current neglect of brown software issues, and problematics related to
the future energy availability and supply requirements. The last open
problem, of general nature, regards the inherent time required for a
paradigm shift, i.e., the time needed by a technology to gain traction
and be adopted by a wide audience.

Summary of findings RQ, (Open Problems): In total, we
identified 13 open problems related to sustainable digital
infrastructure solutions, ranging from economic problems (2
open problems), to social (5 open problems), technical (3 open
problems), environmental (2 open problems), and general ones
(1 open problem). Economic problems display the lack of leg-
islation and standards for sustainable digital infrastructures,
while social problems highlight the need for a coordinated
change, and changes in the mindset of digital infrastructure
providers/consumers. Technical, environmental, and general
open problems result to be of more heterogeneous nature, dis-
playing different facets of the challenges related to sustainable
digital infrastructures ahead.

5.2.5. Answer to main RQ (the future of sustainable digital infrastructures)

In order to answer our main research question, we analyzed the
results of our study (see Section 4), and derived 4 incremental scenario
which address the sustainability of digital infrastructures. The scenar-
ios, ordered temporally from the one that is currently taking place, to
the one that can only be achieved in a long time horizon, constitute
the answer to our main research question, namely: “What is the future
of sustainable digital infrastructures?”. As the scenarios are incremental,
they can be ordered temporally throughout the three horizons of the
landscape. An overview of such ordering is provided in Fig. 9.

The documentation of each scenario, mapped to the involved
stakeholders (see also Table 3), is provided below.

5.2.5.1. Scenario 1 (S1): Cloud centralization. This first scenario entails
the migration of software and hardware resources from on-premise
to a centralized remote cloud. This scenario is connected to the first
paradigm shift (moving to the cloud) presented in Section 4.2.1, that
occurs during H1. An overview of this scenario is depicted in Fig. 10.

Intuitively, this scenario strives towards more energy efficient digi-
tal infrastructures by delegating sustainability concerns to prominent
cloud providers (e.g., Amazon, Microsoft, and Google). The sustain-
ability of this solution is based on the assumption that hyperscale
digital infrastructures deploy already some energy efficient solutions,

Table 3

Stakeholders involved in the sustainable digital infrastructure scenarios .
Stakeholder Scenario

S1 S2 S3 S4

Cloud Provider v v v v
Costumers and Consumers v v v v
Hardware Producers v v v v
Telecommunication Providers v v v v
Governments v v v v
Prosumers v v v
Smart Energy Grid Providers v v v
Municipalities v v 4
“Seamless Continuum” supervisors v v

e.g., green energy resources and energy-aware software optimizations (see
Section 4.2.1), that might be currently hard to be achieved by cus-
tomers concerned with managing only a fraction of their software and
hardware resources. In addition, the sustainability of this scenario is
supported by a high level of use on demand, as the consumption of
cloud resources is directly associated to a economic expense by the
consumers.

As presented in Section 4.2.1, this scenario has to be regarded
only as a temporary scenario adopted as a transition towards more
energy efficient scenarios (presented in the reminder of this section).
In fact, solutions adopted by hyperscale digital infrastructures, e.g,
hyperscale hardware management, should be regarded as heuristics to
mitigate the environmental impact of digital infrastructures, rather
than making them sustainable in the long term. In addition, geograph-
ical space limitations, and the current trends of green energy resources
development, pose serious concerns regarding the growth of hyperscale
digital infrastructures, as their centralized paradigm can constitute a
challenge for grid operators to ensure that the required infrastructure
facilitates all consumers in any specific geographical area. In addition,
the increasing user mobility (reflected in the pervasive use of mobile
devices) is turning remote-cloud data storage and -traffic into important
bottlenecks [33].

Stakeholders of Scenario 1. The most prominent stakeholders
involved in this scenario are:

* Cloud providers, who manage their hardware and software re-
sources, and make them available to customers in form of
services;

« Customers and Consumers, who make use of cloud services, and mi-
grate to various extents their hardware and software capabilities
to the cloud; they may include cloud-based applications accessed
by both office-workers and home-workers;

» Hardware Producers, who supply hardware components to cloud
providers, or support them in implementing their own hardware
solutions (e.g., via integrated infrastructures);
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*+ Telecommunication providers, who provide communications ser-
vices to connect the different entities of the scenario;

» Governments, who supervise the energy taxation and regulation of
customers and cloud providers.

5.2.5.2. Scenario 2 (S2): Flexible geolocation. The scenario is charac-
terized by a hybrid nature, in which remote clouds and micro-clouds
coexist. An overview of this scenario is depicted in Fig. 11.

The “flexible geolocation” scenario is supported by the paradigm
shift occurring in H2 flexible distributed and disaggregated data man-
agement (see Section 4.2.2). Specifically, as edge computing, distributed
energy landscapes, and dynamic software services and resource allocation
gain traction, it is possible to exploit for the sake of sustainability
the energy- and computational resources available at the edge of ICT
networks. This allows to distribute both the computational and en-
ergy consumption load between different geographical areas, hence
mitigating the energy consumption centralized in specific geographical
areas characteristic of Scenario 1. In addition, this scenario enables the
appearance of hardware, software, and energy prosumers, i.e., consumers
of hardware or software resources that can not only make use of their
local or personal hardware capabilities when possible, but can also
make use of local energy smart grids in order to consume energy in
more self-sustainable fashion. Flexible geolocation brings a systemic
vision of the energy sector and the ICT sector working together, hence
enabling both novel economies of scale and stability in terms of energy
needs and quality of service, for both sectors. For example, the geolo-
cation of heat production from e.g., data centers and heat consumption
from e.g, greenhouses creates mutually-beneficial ecosystems (see also
Fig. 13). Stakeholders of Scenario 2. In addition the stakeholders of
the previous scenario (Scenario 1, see also Table 4), the following new
stakeholders emerge in this scenario:

* Prosumers, who make use of their hardware, software, and energy
resources;

+ Smart Energy Grid Providers, who supervise and manage access to
smart grid services;

» Municipalities, who make urban decisions about e.g, spatial
planning for data centers, and the support of urban solutions
influencing the production and consumption of energy.

This scenario also uncovers the need for centralized government
(e.g., ministries) and decentralized government (e.g., municipalities) to
synchronize their decisions, and strategies.
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5.2.5.3. Scenario 3 (S3): Seamless continuum. This scenario is sup-
ported, among others, by advancements in hardware virtualization,
workload optimization and dynamic software services and resource al-
location that take place in H2 (see Section 4.2.2). This scenario is
characterized by a pool of shared hardware and software resources,
constituted by the resources made available by both micro-clouds and
remote clouds. An overview of this scenario is depicted in Fig. 12.

The shared pool of resources constitutes in this scenario a “seamless
continuum”, ie, hardware and software resources are allocated at
runtime, in order to select from the resource available from the pool
the ones which are best fitted to provide a certain service. This scenario
is supported by advancements in communication technologies, both
from a software and hardware perspective, allowing higher transmis-
sion speeds, and automatically avoiding congestions by profiling and
rerouting data traffic as needed. For example, by considering the AI
domain, the computational intensive training of an Al model can be
delegated to Al accelerators available on the remote cloud, while the
subsequent classification based on the trained model can be executed
by a device as close as possible to the end-user. This scenario allows
to progress towards the sustainability of digital infrastructures by
seamlessly selecting the hardware and software resources most fitted
to the task at hand, while leveraging the hybrid nature presented in
Scenario 2.

Stakeholders of Scenario 3. In addition the stakeholders of the
previous scenario (Scenario 2, see also Table 4), the following new
stakeholders emerge in this scenario:

+ “Seamless Continuum” supervisors, who supervise the distribution
of resources available in the pool. This could be a new type of

aggregator.

5.2.5.4. Scenario 4 (S4): Follow time, space, and energy. This scenario
builds upon the previous ones, with specific emphasis on the dynamic
allocation of resources characteristic of the seamless continuum (Sce-
nario 3). More specifically, differently from Scenario 3, in this scenario
resources are allocated based on both their software and hardware
capabilities, and on the availability of the energy the resources need,
the proximity of resources, and the timeliness of the task at hand. An
overview of this scenario is depicted in Fig. 13, where any digital infras-
tructure resource can be used seamlessly, hence conceptually linking
anything and everything (illustrated by the gray circle in the figure).
As an example for Scenario 4, we can consider a computational
intensive task, requiring eventual consistency, that has to be carried
out daily. As the execution of such task can be postponed during
the day, it is possible to allocate the task to the high computational
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Fig. 13. Follow time, space, and energy (Scenario 4).

power available in the remote cloud, and executing it when the energy
demand of the remote cloud is low (e.g., at nighttime). If instead the
load of the remote cloud never presents a decrease, it is possible to
allocate the task to a network of edge computing nodes available in the
proximity of the end-user, in order to carry out the task throughout the
day by making use of locally available energy.

In this last scenario, the sustainability of digital infrastructures is
achieved by making use of information regarding the task at hand, the
energy availability, and proximity of resources, in order to achieve a
sustainable service provisioning without any apparent degradation of
its quality aspects. In addition, this scenario enables the dynamic prior-
itization of energy resources used based on energy re-use, prosumption,
and overall sustainability of the resources.

Interestingly, in line with our results, the Gartner report on the
data centers of the future foresees that “by 2025, 85% of infrastructure
strategies will integrate on-premises, colocation, cloud and edge delivery
options, compared with 20% in 2020” [34].

Stakeholders of Scenario 4 This scenario involves all stakeholders
involved in Scenario 3 (see also Table 3).

( ")
Summary of findings main RQ (The future of sustainable
digital infrastructures). Digital infrastructures are currently
experiencing a shift towards cloud centralization, temporar-
ily improving their sustainability by delegating sustainability
concerns to cloud providers (Scenario 1). Sustainability limita-
tions of hyperscale digital infrastructures will subsequently be
addressed by distributing both the computational and energy
consumption load between different geographical areas, via
the introduction of flexible distributed and disaggregated data
management (Scenario 2). As time progresses, a seamless con-
tinuum, constituted by a pool of shared resources, will allow
to conveniently select the hardware and software resources
best fitted to achieve the task at hand (Scenario 3). Finally,
digital infrastructures will evolve to follow time, space, and
energy, allowing to fulfill tasks by allocating resources based
on software and hardware requirements, energy availability,
proximity, and timeliness of tasks (Scenario 4).
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5.3. Further considerations

Due to the continuous increase of data and digital services, the
energy required to operate digital infrastructures is steadily increasing,
so much so that it is rapidly reaching its feasibility limits unless
new technologies are applied. Open problems, impediments, adoption
factors, and solutions create a network of dependencies (see Fig. 7.(b)®)
framing the concerns relevant for deciding on the future sustainabil-
ity of digital infrastructures, and the related evolution scenarios. To
mitigate environmental repercussions, the current adoption of green
energy resources, and hardware/software optimizations for hyperscale
infrastructures has to be intended exclusively as part of the solution,
as it will not be able to scale with the ever growing data consumption
demands. In the near future, this can be mitigated by shifting towards a
more distributed architectural paradigm, bringing data and its process-
ing closer to the consumer premises, with a mix of strategic data center
geolocation and edge computing. Distribution and disaggregation will
dynamically promote energy consumption patterns based on renewable
energy supply, flexibility of services, and smart transfer and use of
information, hence mitigating the environmental impact characteristic
to modern hyperscale data centers. This will allow to progress in a sus-
tainable fashion, till novel hardware breakthroughs will occur, setting
new standards of low energy data storage, communication, and pro-
cessing. Rather than seeing digital infrastructures completely replaced
due to the introduction of new technology, the most likely progress
will entail building heterogeneous digital infrastructures, where old and
new technologies co-exist to provide a seamless service provision, but
with a sustainable mindset.

To progress towards a energy-aware future of digital infrastructures,
it is paramount that people gain awareness of the sustainability of the
digital services they develop and use. This allows to hold every party
present throughout value chains accountable for the sustainability of
their actions, potentially transitioning towards designing for less, i.e.,
ensuring that only what is really needed is produced and consumed.

In addition, the urgency to tackle the sustainability of digital in-
frastructures requires to promptly activate all stakeholders involved.
This is reflected in the current need to revise and innovate the modus
operandi of funding agencies, as only timely interventions can resolve
the current (un-)sustainability trends of digital infrastructures. The
adaptation of funding schemes requires also the strategic focus on
significant national-wide sectors in the Netherlands, such as the flower
industry, and the digital infrastructure industry itself.

To build the sustainable future of digital infrastructures that might
be, however, all stakeholders must act together: cloud providers,
cloud customers, technology providers, consumers, government, and
researchers - we are all decision makers. Further, we must take into
account, both qualitatively and quantitatively, possible rebound ef-
fects [36,37] of optimized features of current and future infrastructures,
e.g, the more data/processing speed is made available, the more data
is being consumed, which in turn causes a further need for speed.

6. Threats to validity

In this section we discuss the threats to validity of our study, by
following the categorization provided by Wholin et al. [38].

6.1. Internal validity

As any qualitative research investigation, the subjective influence
of researchers on the data collection, analysis, and synthesis may have
influenced our results. In order to mitigate this threat, interviews were
conducted or reviewed by at least two researchers, and the coding pro-
cess, albeit being conducted by a single researcher, was supervised and

8 The diagrams use the notation defined in [35]
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scrutinized independently by two additional researchers. In addition, to
mitigate internal validity threats related to the data analysis/synthesis
processes (see Section 3.2.5), the final results were presented back to
the participants, in order to ensure that the data they provided had
been correctly interpreted, processed, and faithfully reported.

6.2. External validity

The most prominent threat to external validity of this study lies in
the focus on the data provided by the 48 participants who took part in
this study. In order to mitigate this threat, via ad hoc quotas we ensured
that our sampling considered participants of heterogeneous sectors (see
Fig. 2 and Table 4). As a further threat to external validity, the topic
considered in this research focuses on the future evolution of digital
infrastructures, as envisioned by our participants. Hence, our results do
not have to be interpreted as absolutely certain and deterministic, but
rather as the probable evolution of digital infrastructures, as described
by our participants and their understanding of the state-of-the-art. In
addition, as any quantitative study, our results constitute a mid-range
substantive theory, i.e., our results do not have to be interpreted as
absolute or final, and can be refined and extended by follow-up or
replication studies.

6.3. Construct validity

An inherent threat to construct validity of our investigation may
be caused by the research process followed to answer our research
questions. In order to reduce this threat, we adopted different mitiga-
tion strategies. First, the research process we followed was carefully
designed and finalized a priori, in order to systematically execute our
research plan without altering it to accommodate unexpected incoming
data, impediments, etc. In addition, while the data analysis and syn-
thesis process was the same across our 3 research phases, we adopted
a mixed-method empirical study (see Section 3 and Fig. 1), in order
to mitigate potential threats to validity bound to a specific research
method. Finally, potential threats to validity related to our coding
strategy (see Section 3.2.5) were mitigated by involving 3 independent
researchers in the process, who scrutinized, discussed, and reviewed
the coding process and related results.

6.4. Conclusion validity

In order to mitigate potential threats to conclusion validity which
may have effected our results, we leveraged the participants of our
study in order to assess and validate our findings. Specifically, after
each of our 3 research phases, the obtained intermediate/final results
(i.e., the preliminary findings report, the preliminary landscape report,
and the final landscape report, see Section 3 and Fig. 1) were presented
back to the participants, who had the opportunity to scrutinize how we
analyzed and synthesized their input, and provide feedback on our con-
clusions. In addition, our intermediate results were presented not only
to the participants who provided the data, but also to new participants,
i.e., the ones who participated to the subsequent research phases, and
were never exposed to our result before (see Table 4 for an overview
of new / “recurring” participants). This allowed us to further mitigate
threats to conclusion validity, by having independent participants, who
were not involved in the study yet, assess our findings.

7. Related work

In this section, we review the related literature which we deem
the closest to our study in terms of treated research topic, and discuss
the main commonalities and differences. Specifically, given the vast
body of knowledge available on the topic of ICT sustainability [5], we
concentrate our discussion on the related work studying the topic of
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future evolution of sustainable digital infrastructures, or the solutions
available to support such evolution.

As the impact of digital infrastructures on sustainability became
clearer, during the years several studies, position papers, and roadmaps
on the topic emerged. This led to the emergence of manifestos, both
academic and industrial, outlining the future of sustainable digital
infrastructures, and the actions to be taken to sustainably evolve them.
In “A Manifesto for Energy-Aware Software” [39], Fonseca et al. de-
scribe nine principles of energy awareness, which can guide the way
towards establishing sustainable digital infrastructures. By comparing
the manifesto to our study, we note that numerous reported principles
emerge also in our investigation (e.g, as the solutions Sustainable ICT
Skills Training and Strategies for Awareness Creation), albeit our research
considers a much vaster range of concepts (e.g., adoption factors,
impediments, etc..) and reports energy-aware software optimizations
(see Fig. 6) only as minor portion of the total solutions identified.

In an earlier work produced by IBM [40] in 2012, key elements of
green digital infrastructures, and a set of energy efficiency techniques
for digital infrastructure sustainability are presented. Given the time
elapsed from the publication of such work, it comes to no surprise that
the paper covers exclusively solutions reported in H1 of our landscape,
and does not consider a setting other than a centralized one (Scenario
1, see Section 5.2.5.1). Furthermore, as a difference w.r.t. our study,
we further characterize the sustainability of digital infrastructures by
focusing not only on available solutions, but also on future ones, with
the addition of concepts characterizing the phenomenon (e.g., adoption
factors and impediments).

A study which instead focuses also on future temporal hori-
zons is the taxonomy of sustainable cloud computing presented by
Gill et al. [41]. In such survey, the authors present a taxonomy of
solutions for the sustainable evolution of digital infrastructure. When
compared to our work, we note that the study by Gill et al. focuses
exclusively on technical solutions, with particular emphasis on virtual
machines (e.g., virtual machine load balancing and consolidation), and
heuristics for hyperscale hardware management (e.g, thermal-aware
scheduling and cooling management). The landscape presented in our
study instead considers solutions belonging also to other sustainability
dimensions, such as the environmental and social one. In addition, our
study aims at a broader understanding of sustainable digital infrastruc-
tures, by considering not only solutions but also impediments, adoption
factors, and scenarios. Interestingly, similarly to our investigation re-
sults, Gill et al. elicit a set of open challenges, often posed as open
questions. By comparing these challenges with the open problems of
our landscape, we note that the ones presented by Gill et al. lay at a
completely different level of abstraction, and result to possess a much
finer-grained level of focus (e.g., “How does size of the cloud datacenter
affect its energy efficiency?”) w.r.t. the encompassing nature of the
problems emerging from our investigation.

The work of Varghese et al. [42] presents an outline of the future
generation of digital infrastructures. In line with the results of our
study, Varghese et al. note an increasing distribution of computational
and storage resources in the future. Albeit presenting sustainability
as a key to architecting future digital infrastructures, the study of
Varghese et al. only marginally touches upon sustainability aspects
of digital infrastructures, by discussing the energy-aware positioning
of data centers, and the importance of considering energy efficiency
as a quality-of-service metric. In contrast, the primary focus of our
investigation is on the sustainability of digital infrastructures, and
hence reports a much deeper level of detail and results on the topic.

Harmon et al. [43], in a study dating back to 2012, defined a
roadmap for sustainable IT for the upcoming decade (i.e., 2012-2022).
The roadmap reports market segments, technologies, compliance re-
quirements, organizational changes, and value migration of the future
sustainable IT. The authors identify two “waves” of sustainable IT. The
first wave, occurring in the present to near-term future, is characterized
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by “green datacenter products and technologies” (e.g., power and work-
load management, cloud computing, and server design). The second
wave instead, occurring between the near-term and intermediate-term
future, is characterized by “sustainable IT services and technologies”.
By comparing our landscape to the roadmap of Harmon et al. we
observe that the first wave described by Harmon et al. is still ongoing,
showcasing the slow advancement of sustainable digital infrastructures
in practice. In addition, as major differences w.r.t. Harmon et al. [43],
our study focuses also on other factors, e.g., open problems and imped-
iments, and considers solutions and their interconnection at a refined
level of granularity.

In the work of Uddin et al. [44], a framework leveraging different
energy optimization solutions (e.g, virtualization, cloud computing,
and green metrics) to improve the sustainability of digital infrastruc-
tures is presented. As for the aforementioned paper by IBM [40], also
this study focuses exclusively on solutions appearing in the temporal
horizon H1 (see Section 4.2.1), and does not consider other concepts
emerging in our landscape, e.g, adoption factors, impediments, and
open problems.

Finally, there are various studies that compared to ours, tackle
only specific aspects within digital infrastructure sustainability. These
studies range from the assessment of digital infrastructure sustainabil-
ity [45-471, to monitoring and visualizing sustainability metrics [48,
49], supporting decisions to improve the sustainability of digital in-
frastructures [50,51], adopting sustainable networking solutions [52],
and utilizing software engineering techniques to improve energy
efficiency [53,54].

8. Conclusions and future work

Digital infrastructures are experiencing an ever-growing demand for
data consumption, which is only expected to increase in the future with
the popularization of high bandwidth connections and affordable data
plans. This trend opens for a new question that we, as digital infras-
tructure providers, researchers, and consumers, will have to answer in
the near future: How can we evolve digital infrastructures to keep up with
the increasing data demand in a sustainable fashion? In order to answer
this question, in this study we present a mixed-method qualitative
empirical research, conducted by involving 48 unique practitioners
belonging to heterogeneous digital infrastructure sectors. Our findings
shed light on the solutions which are or will be available in the future
to sustainability evolve digital infrastructures, the adoption factors that
will guide their deployment, the impediments related to their usage,
and the open problems that need to be tackled. In addition, from
our investigation emerge four subsequent scenarios for the future of
sustainable digital infrastructures, starting from an initial shift from
on premise to the cloud, and culminating in a distributed scenario,
where digital infrastructures will follow time, space, and energy to dy-
namically allocate resources. While technological, environmental, and
economical solutions will support this change, another factor emerged
as crucial to achieve the sustainability of digital infrastructures. The
shift towards sustainability of digital infrastructures cannot be achieved
by a limited number of stakeholders alone. Only by gaining a wider
awareness of the sustainability of digital infrastructures, hold every
party present throughout value chains accountable for the sustainabil-
ity of their actions, and establish cross-domain collaborations, we will
be able to sustainably evolve digital infrastructure while keeping up
with their growing demands.

As documented in Section 2, in this research we studied the fu-
ture evolution of sustainable digital infrastructures primarily from a
technical viewpoint. We hope that our results can inspire and be
used as handle by researchers from other (cross-)domains, e.g., socio-
technical [8,9] or socio-economic domains [10,11], to further enrich
our findings.

Based on this finding, as future work we are currently establish-
ing an interdisciplinary collaboration involving heterogeneous parties,
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from hardware manufacturers, to cloud providers, software service
providers, and research/academic institutes. The goal of our research
plan is to implement, apply, and evaluate the sustainable digital infras-
tructure solutions reported in this study, with keen interest in the shift
towards the distributed paradigm, which is at the basis of the incre-
mental scenarios for sustainable digital infrastructures documented in
this research.
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Table 4
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Overview of Study participants, mapped to company, sector, and research phase they took part in.

Participant ID Company ID Company sector Research phase
Phase 1 Phase 2 Phase 3
P1 C1 Special interest group v
P2 C1 Special interest group v
P3 C2 Cloud Provider, Software Service Provider, v
Harware Manufacturer
P4 Cc2 Cloud Provider, Software Service Provider, v
Harware Manufacturer
P5 Cc2 Cloud Provider, Software Service Provider, v v
Harware Manufacturer
P6 Cc3 Academic Institute v
P7 Cc3 Academic Institute v v
P8 C4 Academic Institute v v
P9 C4 Academic Institute v v
P10 Cc4 Academic Institute v
P11 C5 Cloud Provider, Software Service Provider, v
Harware Manufacturer
P12 Cc5 Cloud Provider v
P13 Cc6 Consultancy Firm v
P14 Cc7 Research Institute v
P15 Cc8 Cloud Provider, Software Service Provider, v
Harware Manufacturer
P16 Cc9 Software Service Provider v
P17 C10 Cloud Provider v
P18 C11 Cloud Provider v
P19 C12 Consultancy Firm v
P20 C13 Funding Agency v
P21 C14 Academic Institute v
P22 C14 Academic Institute v
P23 C15 Academic Institute v v
P24 C16 Software Service Provider v v
P25 C17 Cloud Provider v v
P26 C18 Cloud Provider v v
P27 C19 Cloud Provider, Software Service Provider, v v
Harware Manufacturer
P28 C20 Software Service Provider, Consultancy Firm v v
P29 C21 Cloud provider, Software Service Provider v v
P30 C22 Consultancy Firm v v
P31 C1 Academic Institute v
P32 c23 Hardware Manufacturer v
P33 c23 Hardware Manufacturer v
P34 C24 Telecommunication Service Provider v
P35 C24 Telecommunication Service Provider v
P36 C25 Special interest group v
P37 C26 Research Institute v
P38 C26 Research Institute v
P39 c27 Academic Institute v
P40 c27 Academic Institute v
P41 C28 Consultancy Firm v
P42 C29 Cloud Provider, Software Service Provider, v
Harware Manufacturer
P43 C29 Cloud Provider, Software Service Provider, v
Harware Manufacturer
P44 C30 Research Institute v
P45 C31 Cloud Provider, Software Service Provider, v
Harware Manufacturer
P46 C32 Special interest group v
P47 C33 Special interest group, Funding Agency v
P48 C33 Special interest group, Funding Agency v
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