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Abstract - In the anticipated transition to 6G technologies, their impact
on sustainability will be of central importance. To assess these impacts,
an innovative approach based on key value indicators (KVIs) is proposed
that takes into account the multiple dimensions of sustainability. This
includes the direct impact of the technology (e.g, via its ecological foot-
print) as well as its indirect impacts on societal, environmental, and
economic sustainability in various sectors. This article critically reflects
on the formation and application of KVIs as a metric by which to as-
sess sustainability in 6G developments. It suggests the addition of tech-
nology assessment as a practical means to understand and assess the
equity implications of 6G design, working alongside stakeholders and
building on existing critical technology studies to create value-based
socio-technical ecosystems.

Wertsteigerung, Wertverschiebung: Betrachtung der Nachhaltigkeit
von 6G-Entwicklungen anhand zentraler Wertindikatoren

Zusammenfassung - Bei der zu erwartenden Umstellung auf 6G-Tech-
nologien werden ihre Auswirkungen auf die Nachhaltigkeit von zentra-
ler Bedeutung sein. Um diese abzuschdtzen, wird ein innovativer An-
satz vorgeschlagen, der auf Schliisselindikatoren (Key Value Indicators,
KVis) basiert und die vielfdltigen Dimensionen von Nachhaltigkeit be-
rticksichtigt. Er erfasst sowohl direkte Auswirkungen der Technologie
(etwa tiber deren Gkologischen FuBabdruck) als auch indirekte Auswir-
kungen auf die soziale, okologische und 6konomische Nachhaltigkeit
in verschiedenen Sektoren. In diesem Artikel wird die Entwicklung und
Anwendung von KVIs als Mafstab fir die Bewertung der Nachhaltigkeit
von 6G-Entwicklungen Rritisch beleuchtet. Es wird fur eine erganzende
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Technikfolgenabschdtzung pladiert, die sich mit den Auswirkungen der
6G-Entwicklung auf die Gerechtigkeit befasst, um gemeinsam mit den
Stakeholdern und aufbauend auf existierenden Technikstudien wertori-
entierte soziotechnische Okosysteme zu schaffen.
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Introduction

The development of telecommunications networks has long been
associated with environmental and ecological costs. Such an as-
sociation is not unprecendented. In the mid nineteenth century,
for example, when the inherent thermoplastic properties of latex
harvested from a tree native to South East Asia (Gutta-percha, or
Palaquium gutta) had been discovered, and allowed for overcom-
ing the problem of insulating subsea telegraphic cables, a huge
demand for this natural resource was spurred. By the end of the
nineteenth century, the scale of demand had become so great that
the species was close to extinction, bringing about what has been
referred to as a “Victorian ecological disaster” (Tully 2009).

Today, once more, major ongoing environmental and ecolog-
ical challenges are tied to the rapid growth of data networks
and information and communication technologies (ICT), with
increasingly alarming evidence pointing to their material and
energy demands (Monserrate 2022). Moreover, from network in-
frastructures to application, present-day telecommunication risks
disrupting economic systems and social structures; it can lead
to unbalanced economic growth by favoring a few organiza-
tions and individuals and promote a range of activities that con-
tribute to social fragmentation and a deterioration of democratic
systems.
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In assessing the direct environmental impact of ICT networks,
there exists commonly used energy metrics, such as energy per
bit and carbon intensity. But in practice, it is difficult to measure
and attribute the energy use of highly distributed and multi-lay-
ered ICT systems accurately. For example, one of the most widely
cited energy metrics for data centers, power usage efficiency, has
struggled with inconsistent measures because it does not specify
where exactly the power should be measured in the power de-
livery grid of a data center (van de Voort et al. 2017). And data
centers are only one component of ICT networks, alongside core
and access networks, mobile base stations, routers, switches,
servers, and end-user devices, with each component consuming
energy differently. Furthermore, the emphasis on energy metrics

ongoing preparation for the next generation of mobile network
technologies, namely 6G (sixth-generation mobile networks),
there is increased pressure on the telecom research and develop-
ment (R & D) community to be more cognizant of the broader
consequences of their work. The current development envisions
6G as essentially a more advanced and capable version of 5G,
allowing for higher speed and lower latency. It aims to address
the limitations of 5G and to enable a wider range of applica-
tions and use cases, including virtual reality, augmented reality,
and advanced automation. This includes considerations of how
6G technologies can create value across various sectors, while
also addressing societal and environmental challenges as well as
combatting the societal acceptance issues of 5G technologies.

Present-day telecommunication risks disrupting

economic systems and social structures.

often fails to account for other aspects of environmental sustain-
ability and global impacts of ICT. For example, recent industry-
led efforts to account for the environmental sustainability of ICT
have been critiqued for their narrow focus on energy metrics and
the overlooking of wider rebound effects (Luccioni et al. 2025a).
While conventional assessment methods such as life cycle as-
sessment are still used, there is increased acknowledgement of
their shortcomings as metrics of social and environmental impact
are not considered until deployment and manufacturing supply
chains are evaluated, years after the design phase, and often only
when third-party studies reveal flaws (van der Giesen et al. 2020).

Beyond the direct environmental costs, the assessment of
telecommunications sustainability impacts is further compli-
cated when socio-political, economic and further-reaching in-
direct environmental factors are considered. For example, while
many telecommunications developments such as internet of things
(IoT) enabled sensors and artificial intelligence (Al) applications
purport to advance positive environmental impact, they simul-
taneously fail to address contradictory social, political and eco-
nomic factors at play (Gabrys 2020; Green 2019; Powell 2021).
For example, in the case of deploying smart waste management
systems that are intended to improve urban environmental waste
services, it has been shown that misaligned labour practices and
business models can make such measures ineffective and even
problematic.

The development and deployment of advanced mobile net-
work standards has been mired with criticisms and concerns. In
the case of 5G, these have ranged from questions of the over-
proliferation of infrastructures and devices (Mattern 2019); the
social need and public utility (McDermott 2022); the resultant
technocratic control and concentration of power (Robson 2023),
as well as the controversial public health issues associated with
electromagnetic radiation and the conspiracy theories linking
COVID-19 to 5G (Flaherty et al. 2022). Subsequently, in the
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In taking up lessons learned from the 5G experience and ad-
vancing the cause of 6G developments, the mission of sustain-
ability has been singled out as a key motif for envisioning the
future development of 6G applications (Latva-aho et al. 2019).
In this sense, 6G is presented as a transformative infrastruc-
ture, merging capabilities of Al, telecommunication and sensing,
targeting sustainable development goals (SDGs). Importantly,
within this new framing the relationship between sustainability
and 6G development is considered in two ways. First, in terms of
the direct impact of the technology on the ecological footprint,
and second, in terms of its indirect impact, that is, its enabling
effect on various sectors’ environmental, economic and social
sustainability.

However, properly measuring and accounting for the various
forms of sustainability impact, particularly the indirect ones, is
an unsolved problem with unique challenges for different cases
and sectors. The use of key value indicators (KVIs) has been
proposed as a new tool for identifying and assessing a broad
range of impacts of technological advances like 6G networks.
How these key values and key value indicators are to be obtained
and refined remains open.

Key concepts and frameworks

Sustainability in 6G research and development

In the context of EU funded 6G R & D, the term ‘sustainability’
is used as a wide-ranging concept that covers environmental,
social and economic aspects (Hoffmann et al. 2021). This fol-
lows the sustainability principle of “development that meets the
needs of the present without compromising the ability of future
generations to meet their own needs” as set out in the World
Commission on Environment and Development report (1987,
p. 16). It aligns with the triple bottom line framework, as has
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been commonly used in organizational and institutional contexts
including that of the EU (Sala 2020). It is also the basis for the
UN SDGs, a global framework of goals with the ambition of ad-
dressing across-the-board sustainability challenges by 2030 (UN
2015).

As previously mentioned, in 6G R & D, the relationship be-
tween sustainability and 6G technologies is considered in two re-
spects. First, there is the consideration of the direct sustainability
impact of 6G technology, foremost its direct energy consump-
tion and material footprint (referred to as ‘sustainable 6G’). It
requires understanding and ameliorating direct material and en-
ergy requirements during the lifecycle (Hoffmann et al. 2021,
p- 90). Second, in new assessment frameworks for the devel-
opment of 6G the indirect or sustainability enabling impact of
the technology in various sectors is considered (referred to as
‘6G for sustainability’). It requires a much broader considera-
tion of of a wide array of 6G-induced positive and adverse effects
(Hoffmann et al. 2021).

Introducing key value indicators

In an effort to account for a wider set of sustainability impacts
across 6G developments, the KVI framework has been set out
as a means to evaluate predicted impacts and outcomes for af-
fected stakeholders. Emanating from technology design for per-
formance and the associated key performance indicators (KPIs),
which are widely used to measure technical aspects of telecom
networks (throughput, speed, latency, reliability, spectrum effi-
ciency, etc.), it aims at the design of technology for value(s)
as per use case and associated set of KVIs. KVIs have been
proposed by International Telecommunication Union, academia,
and numerous 6G white papers as a complementary layer so
as to capture the value contribution of a technology to society,
economy, and the environment. They for example measure the
‘contribution to workers well-being’ or the ‘improvement in rural
connectivity.’

The aforementioned UN SDG framework is commonly used
as the scafolding structure for defining and assessing the KVIs.
The KVI methodology relies on mapping the relationship be-
tween key values, challenges, target areas and KPI/KVIs as per
use case. The KPI/KVI mapping involves demonstrating how
achieving specific technical performance metrics drives the cre-
ation of value (for example, meeting the KPIs of higher speeds
of service and reduced latency of networking, supports the KVIs
of cost savings per avoided downtime and energy saved). The
identification of an SDG is used as the basis for achieving a key
value of sustainability and for defining relevant key value indica-
tors. KVIs, in turn, act as forms of impact assessment, mapping
potential 6G use cases onto SDGs, for example, smart grids to
SDG 7, energy, and SDG 13, climate action.

Applying key value indicators to 6G: the case of e-health
While the KVI approach in 6G R & D has yet to be imple-
mented, the document ‘Expanded 6G vision, use cases and so-
cietal values’ (Hoffmann et al. 2021) offers examples of how
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the framework would be operationalized, presenting idealized
scenarios of how future 6G technologies would address sustain-
ability challenges as aligned with the UN SDGs. Here we take
the specific case of e-health as one example area to demonstrate
the application of KVIs to 6G.

E-health is the use of ICT services to deliver, improve, and
manage healthcare services. It covers a wide range of applications
including digital healthcare systems, telemedicine, loT devices
and advanced Al-driven diagnostics. 6G is expected to be a key
enabler of e-health applications, because it is intended to deliver
fast connectivity, low latency, massive IoT integration, and Al
based designs. Examples of technical KPIs relevant to e-health
include reduced delay in remote consultation and increased ac-
curacy of Al diagnostic models.

As per the description of e-health use case in the document
‘Expanded 6G vision, use cases and societal values’ (Hoffmann
et al. 2021), there are multiple SDG targets that e-health could
contribute to, including: Target 3.8: Achieve universal health cov-
erage; Target 3C: Increase health financing and support health
workforce in developing countries; Target 5.6: Universal access
to reproductive health and rights, and; Target 16.6: Develop effec-
tive, accountable and transparent institutions at all levels. These
identified SDGs act as guidance for the definition of key values
that could be potentially impacted in a positive way by the in-
troduction of the technology. Subsequently, KVIs (as associated
with the key values) are formulated in order to measure the scale
and level of impact. In the e-health use case, such KVIs might be:
average gain in healthcare access; number of active users; num-
ber of hospital stays, etc. Following the use case deployments,
the outcome of the KVIs are to be gauged, and subsequently
compared with formulated targets, after which the value impact
can be assessed.

Challenges

Key value indicators as derived from key performance
indicators

The KVI model is strongly tied to the KPI model, but this results
in a number of shortcomings. While one might quantify and
assess the performance of a technology easily, this is not the case
with quantifying and assessing the value outcome for different
use case scenarios and different groups of stakeholders.

Sustainability as defined in generalized terms

The key values as derived from the UN SDGs are often defined
at a very abstract level, beyond any specific context of deploy-
ment. Aligning key values of future 6G developments with the
UN SDGs thus results in a top-down and generalized approach,
which subsequently lacks operational specificity and sensitiv-
ity to geopolitical contexts. To inform practical implementation,
the diversity of contextual socio-economic and political factors
needs to be defined more precisely in order to meet the require-
ments of specific local conditions and to gain acceptance from
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a wide variety of societal actors (Kropp et al. 2021). To this end,
Wikstrom et al. (2024) outline an alternative KVI framework,
deriving key values and intended outcomes from the use cases
in a more bottom-up manner.

Overpromising net positive value

Throughout the literature on KVIs in 6G R & D, there is a strong
normative assumption that 6G will bring added positive value in
addressing a wide range of sustainability challenges, while nega-
tive implications or tradeoffs are overlooked or downplayed. This
position of technology as (solely) adding value is not unique to
the case of 6G technologies (Birhane et al. 2022). As Wikstrom
et al. (2024) point out, much of the R & D work on ICT has not
been based on empirical assessment but instead is vision-based.
Critical technology studies illustrate how technological develop-
ments that overpromise on transformative change, often overlook
significant socio-cultural, political and economic factors at play.
(Kropp et al. 2021). For example, the sustainability claims of 6G
purport to improve efficiency of services while simultaneously
reducing environmental costs. But as many scholars have dem-
onstrated, the increase in efficiency of ICT systems ultimately
generates an increase in resource utilization and associated envi-
ronmental costs (Gossart 2015; Adelmeyer et al. 2017; Luccioni
et al. 2025b). Consideration for such competing values and im-
plications are absent throughout the literature.

Assessing value over time ex-post

Sustainability related measurements such as energy use are of-
ten applied to a specific technology or subset of technologies
without considering the full end-to-end system. This problem
is compounded by the fact that the evaluation of sustainability
impacts requires post-deployment observations over a sufficient
period of time to identify the persistent and long-term trends.
Furthermore, while KVIs are intended to bring attention to mea-
sures that might indicate future impact, the evaluation ex-post is
commonly not planned for.

technological development. To this end, the formal application of
technology assessment (TA) to emerging 6G technologies could
contribute in bringing to the foreground the varied perspectives,
interests, and knowledge of relevant affected parties. In particular
6G R & D would benefit from participatory technology assess-
ment (pTA) for involving citizens and non-experts directly in the
TA. This involvement could pre-empt issues of social exclusion
and perceived value by involving communities in discussions
about sustainability, accessibility, and data privacy. In addition,
constructive technology assessment (cTA) would be beneficial
in allowing diverse stakeholders (citizens, civic society, poli-
cymakers, etc.) in actively shaping the technology development
direction through interactions with the technical developers early
on and throughout the R & D process. This early involvement
in the technology design could assist in anticipating and influ-
encing potential impacts before lock-in. Ultimately both pTA
and cTA could bring much-needed reflexivity to the 6G R &
D process, forcing technical developers to reflect on assump-
tions (e.g., ‘more connectivity is always good’) and to adjust
roadmaps, which in turn will lead to applications that are better
aligned to the societal needs than those driven by the KPI/KVI
framework.

Conclusions

In the dual contexts of increased pressure for more ICT net-
worked systems for sustainability efforts, and increasing global
resource scarcity from energy, raw materials and ecosystems
survival, there is an ever greater need to understand which, and
to what effect, ICT technologies produce meaningful outcomes
and public value. While KVIs are a proposed new tool to ac-
count for the wide-ranging dimensions of sustainability impacts
of 6G technologies, they appear to offer a prescriptive vision of
techno-centric sustainability futures and ultimately fall short in
critically engaging with the complex and often contradictory re-

Economic and geopolitical contexts as well as end-users

and related institutions cannot be negated.

Assessing group-specific values

A robust assessment framework would require engaging with the
varying expectations of all affected stakeholders and end-users
throughout the entirety of the R & D process, including a suffi-
cient period post-deployment. This would allow for a more bal-
anced assessment of the interrelated trade-offs (benefits/harms)
of how 6G-enabled services and solutions function across differ-
ent use case scenarios as well as over different timescales (short-
term, medium-term, long-term). By allowing space to ask ques-
tions of how 6G technologies might create opportunities but also
challenges, the hope is to promote more intentional and equitable
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lationship between the ICT/telecoms industry, energy demands
and the climate crisis.

The current vision for 6G as driven by organizations such
as 6G-IA, 6G4Society, and the NGMN Alliance with a strong
sustainability focus and SDG alignment and KVI integration,
is welcome, but ethical and environmental needs, the exist-
ing metrics for achieving this, need to be radically reimagined.
This reimagining requires the 6G R & D community collabo-
rating with critical humanities and socio-technical researchers
to study use cases from a context-led perspective, and to take
a critical evidence-based approach to understanding the varied
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processes, practices, and parameters of 6G deployments to re-
assess their wider environmental, societal and economic im-
pact. This type of multidisciplinary R & D could be instrumen-
tal in delivering much-needed reflection on the lessons learnt
from previous iterations of next generation network technolo-
gies (as Klein and D’Ignazio (2024) ask in the case of data
science and Al research from an intersectional feminist point of
view).

A reimagined assessment model for 6G development also re-
quires a deeper engagement with a wider diversity of stakehold-
ers, to account for a wider array of perspectives across societal,
environmental, and economic concerns. The existing use cases
and KVIs are devised by technical groups and industry partners.
But in order to have a more meaningful impact, they need to
include those populations who will be directly affected by the
deployments, for examples, workers in healthcare and opera-
tors in logistics and manufacturing industries or communities
living close to 6G trials who might have concerns about electro-
magnetic radiation. To this end, the 6G R & D process would
stand to benefit from integrating forms of pTA and cTA into the
process.

While the initiators of 6G technologies might imagine the
technological aspect as taking center stage in the infrastruc-
ture’s rollout, in reality, the role of both the socio-cultural, eco-
nomic and geopolitical contexts as well as those end-users and
related institutions cannot be negated. Theoretically, 6G might
offer a myriad of potential sustainability benefits. But in order to
meaningfully develop and integrate 6G technologies, there needs
to be a move away from rose-tinted optics of innovation-driven
sustainability and efficiency, to a more contextual based under-
standing of how network technologies will have real life impact
on established services and what the trade-offs might be. As other
scholars studying the political economy of network technologies
can attest to (Starosielski 2015; Appel et al. 2018; Ali 2021), this
concerns not only the technical aspects of the applications but
also how they become entangled in multiple interconnected and
complex practices, processes and systems within different social-
cultural and institutional contexts. This requires grounded empir-
ical research into the direct and indirect impact of deployments,
to understand the new arrangements between technologies and
users. This also requires in-depth post-deployment analysis and
evaluation of value added, value displaced, resultant trade-offs
as well as grounded understandings of the challenges of cultural
pushback and societal acceptance.
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