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Abstract
Sustainability has entered all aspects of life, calling for an active approach from the wireless and mobile communications community to help in solving fundamental challenges facing societies. Societal, economic, and environmental aspects of sustainability have become
increasingly important design criteria in developing future technologies, along with the
United Nations Sustainable Development Goals (UN SDGs) framework that sets specific
goals and targets to be achieved by 2030. The role of mobile communications is important
in supporting nations and organizations in meeting the UN SDGs in a timely manner, but
the whole ICT sector itself, with its critical role as the backbone of society, can create a
significant sustainability burden. Research on the next-generation mobile communication
networks (6G) has started, aiming at first deployments in 2030, in a new era where sustainability defines its development. Therefore, sustainability, especially through the UN SDGs,
and the future 6G wireless networks, cannot be treated in isolation, but a clear connection
between them is urgently needed. This paper extends from traditional green communications and energy efficiency considerations in wireless communications to establishing a
close connection between 6G and the triple bottom line of economic sustainability, societal sustainability, and environmental sustainability. The paper outlines open research challenges for sustainable 6G development and provides a set of research questions encouraging especially the researchers and engineers in the wireless and mobile communications
community to address to realize a sustainable future.
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1 Introduction
Sustainability has become a key influential factor in virtually all aspects of society. The
development of any new technology can no longer occur in isolation from sustainability considerations. Yet, the definitions and approaches for sustainability and sustainable
development are highly context-specific, creating a complicated environment to operate in.
The 2030 Agenda for Sustainable Development by the United Nations defines a framework for sustainable development including 17 Sustainable Development Goals (SDGs)
with detailed targets measured through a set of indicators that countries are committed to
achieving by 2030 [1]. This UN SDG framework is the major global sustainability driver,
and its principles are increasingly finding their way to regional and national level strategies, see e.g. European Green Deal [2]. Also, the wireless and mobile communications
research needs to address the UN SDG framework in a comprehensive and timely manner
[3].
Sustainability and sustainable development can generally be considered from three
interdependent perspectives, often referred to as the triple bottom line of economic sustainability, societal sustainability, and environmental sustainability [4]. For managing their
interdependence, the demands stemming from these perspectives should be balanced, not
compromised [5]. If economic sustainability aims to secure profitability and liquidity, societal sustainability aims to contribute to human and societal capital, and environmental sustainability refers to the consumption of reproducible resources [6]. In addition, the requirements for circularity should be considered in sustainable development by moving from the
linear model of "take, make, use, and dispose" to the circular model "reduce, reuse, recycle, recover, remanufacture, and redesign" at product, process and system-level of analysis
[7].
Information and communication technologies (ICT) are important enablers in the path
towards a sustainable future. ICT present a diverse set of technological tools and resources
used to transmit, store, create, share or exchange information, such as computers, the Internet, fixed or mobile networks etc. [8]. ICT and, more specifically, mobile communication
networks and devices play a critical role in today’s society as the backbone for virtually all
sectors of society, and this role is further expected to increase in the future. The wireless
and mobile communication sector has the potential to transform the operations of several
other sectors towards sustainability [9, 10]. At the same time, the impact of the whole ICT
sector itself on sustainability, including its climate and environmental impact, is significant
and needs to be thoroughly addressed, see [11, 12].
The ICT sector in general and the mobile communications sector specifically have a
close connection with the UN SDG framework [1, 13] as outlined in [9, 10, 14–20].
Mobile communication solutions can contribute to, for example, alleviating hunger through
enhancing food production, making quality education available in remote locations, accessing health services remotely, or promoting gender equality by providing access to information. Yet, also their development needs to be ecological and societally just. Future 6G
systems are expected to emerge in 2030, after an intensive research and development phase
that usually takes a decade for each new generation of mobile communication technologies. The development of this new technology does not appear in a vacuum but is increasingly targeted at solving underlying societal challenges. In fact, in the world’s first white
paper on 6G, the UN SDGs are identified as a key driver for 6G [21].
What is meant with sustainability is often context-specific, leading to diverging
approaches for introducing sustainability into the development of the new technology. This
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paper aims at clarifying sustainable development in the context of research and development of future 6th generation mobile communication networks (6G). The paper introduces
different sustainable development perspectives focusing on the internationally agreed UN
SDG framework [1]. Building on the initial work in [3], the paper further outlines a connection between 6G and the UN SDGs to guide the development of this new technology.
Finally, the paper proposes fundamental research topics for the mobile communication
community to address for realizing a sustainable future through 6G.
The rest of this paper is organized as follows. Section 2 presents the background on sustainable development in the context of mobile communications, focusing on the UN SDG
framework. Section 3 presents visions for 6G, as outlined in the community. Section 4 outlines a connection between 6G and the UN SDGs. Section 5 presents topics for further
research on sustainable 6G, followed by conclusions in Sect. 6.

2 Understanding the Connection Between Mobile Communications
and Sustainability
Sustainability has entered all aspects of society. There are many understandings of sustainability, most notably including the 2030 Agenda for Sustainable Development by the
United Nations [1, 13]. This chapter presents an overview of the state of the art of the connection between sustainable development and mobile communications, considered from
different perspectives, including environmental, societal, and economic sustainability [4],
and specifically focusing on using the UN SDG framework.

2.1 Sustainable Development and Mobile Communications
New technologies such as 6G promise significant opportunities for new value creation and
profiting from innovation [22]. However, from the perspective of sustainable development,
the emerging, enabling, and embedding nature of technology is important to address [23].
First, as there are often several initial variations of a technology, the lifecycle of that technology should be considered from the beginning. Second, as technologies are commercialized in multiple application domains, they might lead to significant societal outcomes and
requirements for complementarity and extendibility. Third, in developing a technology, the
business models and ecosystems where the technology is commercialized need to be carefully considered. Each emerging, enabling, and embedding technology element could represent a different source of value co-creation and co-capture for a developed technological
solution.
The different perspectives of sustainability need to be considered in parallel and as balanced and uncompromised: environmental sustainability should be sought without sacrificing economic and societal progress; societal values should be sought without compromising economic and environmental sustainability; and finally, economic sustainability
should be sought without causing negative societal or environmental consequences (c.f.
[5]). Figure 1 summarizes the different sustainability viewpoints for sustainable development. For achieving integrated sustainability [24], attention in the wider context of digitalization and digital technologies needs to be paid to achieving agility and proactiveness
toward emerging opportunities and resilience in terms of continuity and value conservation
[5]. In addition, integrated sustainability means moving from mere efficiency-orientation
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Fig. 1  Interrelations of societal, economic, and environmental sustainability in sustainable development

to considering effectiveness in the triple bottom line of economic sustainability, societal
sustainability, and environmental sustainability [4].
Regarding environmental sustainability, an approach of 6Rs—reduce, reuse, recycle,
recover, remanufacture, and redesign—presented in [25, 26] and originally developed for
assessing the sustainability of manufactured goods, can be used. The 6R approach extends
with slight modifications to develop new technologies. ‘Reduce’ provides guidelines for
reducing resource usage, energy consumption, waste, and health hazard, while ‘reuse’
points to the use of reusable materials in general at product (including its components and
complements and extensions), process, and (eco)systems levels over the whole lifecycle of
technology and minimize the use of new material. ‘Recycle’, in turn, refers to the conversion of waste into something usable after the post-use cycle. ‘Recover’ denotes collecting end-of-life products and recovering what is reusable for (other) post-use. ‘Redesigning’
offers flexibility for remanufacturing process but especially allows for complementarity
and extendibility of a technology and its function. Finally, ‘remanufacture’ refers to the
re-processing of used products, processes, and systems or restoring the original state or
possible new form.
Regarding sustainable development in the ICT domain, authors in [27] have introduced
a framework for constructive sustainability assessment for emerging technologies as part of
a broader approach. They distinguish two levels of environmental impacts from ICT, on the
one hand, related to the life cycle of hardware and the other related to how the applications
are being used. This is aligned with the view from [18] and [19] that while ICT in general
and mobile communications are explicitly often seen as a means to reduce CO2 emissions
on a global scale by developing smarter cities, transportation, or electrical grids to save
energy, they are a significant source contributing to the increasing levels of CO2 emissions
through the production of devices and as a source of electronic waste.
In the wireless and mobile communications networks domain, much attention has
been paid to environmental sustainability, typically understood through energy and other
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resource efficiencies [28, 29], especially in the form of "green communications" [29, 30].
The authors in [31] review 20 years of research on "green radios." This research considers spectrum efficiency and energy efficiency in wireless networks and end-user devices as
essential for sustainability, highlighting the ever-increasing role of green radios in future
networks. Fundamental green tradeoffs for 5G networks are presented in [29] focusing on
the theoretical relations between the pairs of spectrum efficiency, energy efficiency, deployment efficiency, delay, power, and bandwidth.
Authors in [32] create a systems engineering approach for 5G in creating a sustainable society, highlighting three key domains: the policymaker, the industry, and the market
in the sustainability development. A mobile network operator (MNO) perspective on 5G
from a sustainability viewpoint is given in [33] where the energy consumption of the radio
access network is assessed with different load conditions. The MNO view is further studied
in [34] from the point of the environmental and financial feasibility of MNOs becoming
carbon neutral. Energy efficiency for 5G networks is studied in more detail in [35] where
methods for evaluating and reducing the network’s energy consumption are presented. A
survey of metrics and measurement tools for sustainable cloud networks in [36] divides
the sustainability treatment into corporate-level, facility-level, network-level, equipmentlevel, and component-level approaches, focusing on energy consumption and greenhouse
gas emissions.
Sustainability for very high capacity mobile and fixed networks is studied in [37]. The
focus on sustainability is reducing bit rate through video compression, reducing packet loss
rates through intelligent algorithms, and reducing round-trip time with edge computing.
Energy-efficient backhauling for ultra-dense 5G small cell networks is studied in [38] by
optimizing the use of both passive optical networks and wireless millimeter-wave backhauling solutions for energy savings.
The network functions virtualization (NFV) paradigm that is rapidly entering the mobile
communication networks in 5G is considered in [39], where a carbon footprint estimation
model is proposed to assess the environmental sustainability of NFV through energy consumption. The authors conclude that despite the promise of NFV to optimize resource use
through the use of virtual resources, the sustainability impact of NFV in its current implementation is higher, indicating that the energy consumption aspect of NFV must be seriously addressed in its current implementation the design of NFV architectural paradigms.

2.2 UN SDG Framework and Mobile Communications
Agenda 2030 for sustainable development by the United Nations [1] consists of 17 goals
that cover major global challenges to be achieved by 2030. The goals are further detailed
into 169 targets, which are measured with 231 unique indicators. The UN SDG framework
presents a comprehensive action plan whose achievement can be significantly contributed
to with the use of wireless and mobile communications solutions in various sectors of society. However, out of the 231 indicators, only seven indicators are identified as ICT-related
and they address only four SDGs (SDG #4: Quality education; #5: Gender equality; #9:
Industry, innovation & infrastructure; and #17: Partnerships). These ICT related indicators
include the proportion of schools with access to the Internet for pedagogical purposes; the
proportion of schools with access to computers for pedagogical purposes and proportion
of youth/adults with ICT skills, by type of skills; the proportion of individuals who own a
mobile telephone; percentage of the population covered by a mobile network, broken down
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by technology; and fixed Internet broadband subscriptions, broken down by speed and proportion of individuals using the Internet.
In reality, there is a close linkage between ICT/mobile communications and each of the
17 UN SDGs, as illustrated in Table 1. In general, the role of mobile communications in
contributing to the UN SDGs follows a three-layer approach: deployment of infrastructure
and networks that form the foundation for the digital economy; providing access and connectivity allowing people to use mobile services; and enabling services and relevant content for people [9, 10, 40–42].
Prior work on the connection between mobile communication networks and the UN
SDGs has used the classification of economic, social and environmental SDGs [17]. However, instead of looking at all UN SDGs through these three different perspectives, the
work in [17] divided the SDGs into three and concluded that UN SDGs #1, #2, #3, #8 and
#9 are economic SDGs, UN SDGs #4, #5, #10, #11, #16, and #17 are social SDGs, and
UN SDGs #6, #7, #12, #13, #14, #15 are environmental SDGs. However, treating the UN
SDGs separately and categorizing them into the economic, social, and environmental sustainability approaches (see Chapter 2.1) has limitations since they are cross-cutting across
the UN SDGs. While the UN SDGs present a helpful approach by setting concrete goals
and targets to achieve sustainability measured with indicators [1], it does pose challenges.
Authors in [45] point out, e.g., that the UN SDGs are largely detached from the international legal system and are not legally binding. Eisenmenger et al. [46] criticize the goals
for prioritizing economic growth over sustainable resource use and Wiedmann et al. [47]
for them to be coupled with GDP growth (SDG #8), which in fact, contradicts some of the
SDGs (e.g., #12 and #13).
The corporate-level sustainability of the ICT sector from the UN SDG perspective is
studied in [48] where an evaluation framework is proposed, based on the UN SDGs, to
analyze at the firm level, including themes such as energy efficiency, materials/resources
recycling/efficiency, supply chain management, air pollutants, waste, and water. Authors
in [49] have noted that the progress in meeting the UN SDGs has been hampered by the
lack of data available to measure the indicators in the UN SDG framework and propose an
interdisciplinary program of research about artificial intelligence (AI) techniques.
Furthermore, mapping each of the 17 UN SDGs with corresponding mobile communication topics is a valuable starting point for understanding the complex connection between
the two themes. However, the achievement of one SDG can negatively impact the achievement of another SDG due to their interrelations. Therefore, the topic of cross-cutting
themes (entry points) has been introduced to consider the whole [50]:
•
•
•
•
•
•

Obstacles to human well-being and capabilities,
Sustainable and just economies,
Food systems and nutrition patterns,
Energy decarbonization with universal access,
Urban and peri-urban development, and
Global environmental commons.

These themes contribute to several individual UN SDGs and offer the most promise for
achieving the desired transformations. Sustainability should not be approached by targeting
a single goal but rather by looking at the big picture. Negative tradeoffs should be negotiated in order to approach sustainability in a balanced manner. The entry points enable
access to the underlying systems. By prioritizing individual goals alone, there is a risk of
unbalanced attention given to the UN SDGs [50] entry points.
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Table 1  The connection between mobile communications and the UN SDGs
UN SDG Connection to mobile communications
ICT technologies connect the unconnected, bringing access to information, education, healthcare
and more significant economic opportunity [14]. Mobile communications can provide communication infrastructure to stimulate local economy growth in poor communities; lower barriers
to access economic resources by providing access to mobile money and micro-financing; and
generate employment opportunities for people living in extreme poverty [42]
Connectivity, IoT applications and sensors, AI, Machine Learning bring faster access to information and greater efficiency across industry and agriculture. ICT helps farmers improve crop
yields and business productivity through better access to market information, weather forecasts, training programs, and other tailored online content [10]. Precise location and time data
will enable autonomous farm robots that can perform continuous weed control with pinpoint
accuracy. Therefore, farmers could significantly reduce their use of herbicides, minimizing the
impact on soil/water quality and protecting biodiversity [14]
Mobile communications enable communication with medical practitioners, monitor well-being
through mobile, provide access to health programs, provide digital identity service to access
healthcare, improve water quality through IoT, and provides big data for epidemics [42]. As
the digitalization and connectivity of healthcare grows, the complexity of robots, telemetry,
remote surgery solution requires trustworthy networks. Access to data and data ownership
are vecinubg more important factors in value creation. However, limiting access is one of the
means to control and restricti empowerment [3]
ICT powers a revolution in digital learning; mobile devices allow students to access learning assets anytime, anywhere; teachers use mobile devices for everything from literacy and
numerical training to interactive tutoring; mobile learning can help break down economic barriers, divides between rural and urban, as well as the gender divide [10]. Education powered
by the Internet of Skills and the Internet of Senses will enable specialization from the school
system’s early grades. Learning will be tightly connected to personal data to react to any
disturbance and ensure a successful study track based on individual interests. Students will be
able to choose virtual courses and degrees from any university globally and visit digital twin
campuses for interaction. Global networking during studies will support international career
planning, which is done partly remotely [43]
Mobile phones can help women in low- and middle-income countries feel safer and more connected. They also provide access to information, services and life-enhancing opportunities.
Mobile can connect women to sharing economy and allow access to female-specific (e-health)
services [9]
ICT enables intelligent water management, facilitating the measurement and monitoring of water
supplies as well as necessary interventions. It enables practitioners at the local level to ensure
the equitable and sustainable extension of water, sanitation and hygiene services; ICT can be
integrated into monitoring and evaluation frameworks to optimize operations [10]
ICT and energy efficiency are connected in two ways: ‘Greening of ICTs’ and ‘Greening through
ICTs’ [10]. Mission-critical communications is essential for power utilities. The digitalization of power utilities is expected to bring sustainable power efficiency to increase quality and
potential cost savings to end consumers [14]
Mobile communications can increase market size by online channels with consumer connectivity and provide access to mobile financial services for companies [42]. In 2018, mobile
technologies and services generated $3.9 trillion of economic value (4.6% of GDP) globally, a
contribution that will reach $4.8 trillion (4.8% of GDP) by 2023 [42]. ICT skills are a prerequisite for almost all forms of employment. ICT transforms the way that business is being done
everywhere and creates new employment opportunities [10]
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Table 1  (continued)
UN SDG Connection to mobile communications

Mobile networks are critical infrastructures for providing affordable access to voice and data
services and connecting remote areas to employment opportunities. They connect people
to opportunities to improve their lives through access to education, enhanced healthcare,
information and public services and market opportunities. They also connect people to things
and things to things creating more efficient and sustainable possibilities [14]. IoT solutions can
be used for sustainable manufacturing [9, 42]. Broadband is essential infrastructure due to its
capacity to power industry and innovation; globally harmonized spectrum and standards are
essential to facilitate the development of transformative digital infrastructure [10]. The development of resilient infrastructure relies on secure digital solutions for monitoring and efficient
management [15]
Mobile communications enable access to information/social networks to promote social and
political inclusion, allow access to marketplaces, and facilitate mobile money and digital
identity services [42]. ICT enables access to information and knowledge to disadvantaged segments of society—including those living with disabilities, as well as women and girls [10]
Advanced communications techniques can attract and retain workers in rural areas by improving the teleworking experience, allowing for collaborative innovation systems among firms
and research centers. They also help to increase efficiency of rural business and training of
workers. Self-driving cars can improve public transport and increase attractiveness to live and
work in rural areas, while drones can boost productivity of rural business, improve access to
goods, and reduce productions and delivery costs [44]. Internet of Things (IoT), data insights,
and the 5G-based solutions enable smart, sustainable solutions e.g., in public transport, traffic
control and real-time monitoring of air quality [15]
Increased dematerialization and virtualization, and innovative ICT applications, enable sustainable production and consumption. Cloud computing, smart grids, smart metering, and reduced
energy consumption of ICTs positively impact reducing consumption. ICT energy consumption and negative impacts of ICTs, such as e-waste, need to be minimized [10]. The internet
gives consumers and prosumers direct access to services that replace physical products and
support growing service economies [15]. AI, IoT, blockchain, and sensors are already bringing
greater efficiency across industries and transparency to supply chains. They also help improve
production, circularity and consumption. A circular approach to business enhances efficient,
less wasteful consumption while also reducing the need for virgin natural resources. Asset
recovery services enable recycling, reuse and refurbishment of old telecommunications equipment [14]
Mobile communication can help avoid greenhouse gas (GHG) emissions by enabling other sectors to reduce their GHG emissions, facilitate smart traffic management, smart urban lighting,
smart parking, smart logistics, building energy management systems, remote working, sharing
economy, smart grids, connected health, and precision agriculture [9]. Radio access sites
consume approximately 80 percent of a mobile network’s energy. Novel context aware solution
bring increased energy efficiency, and renewable energy decarbonizes the radio sites energy
consumption [14]
ICT facilitates conservation and sustainable use of the oceans through improved monitoring and
reporting delivering timely and accurate data, while local sensors deliver updates in real-time.
Big data can be used to analyze the short-term and long-term trends in areas like biodiversity,
pollution, weather patterns and ecosystem evolution, and plan needed mitigation activities [10]. Enabling technologies in the ocean economy can improve data quality, data volumes,
connectivity, and communication from the depths of the sea. Blockchain and big data analytics
applications are being deployed in port facilities and maritime supply chains, autonomous
ships and autonomous underwater vehicles (AUVs) [44]
ICT allows conservation and sustainable use of terrestrial ecosystems and the prevention of
biodiversity loss through improved monitoring and reporting by delivering timely and accurate
data globally, while local sensors can deliver on-the-spot updates in real-time. Big data can be
used to analyze short- and long-term trends in terms of biodiversity, pollution, weather patterns and ecosystem evolution, and to plan mitigation activities [10]
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Table 1  (continued)
UN SDG Connection to mobile communications
Mobile technology for authorities (e.g., police) helps prevent violence and adheres strict data
privacy and security policies aligned with national and international law [42]. The growing
use of open data by governments increases transparency, empowers citizens, and helps to drive
economic growth by record-keeping and tracking government data and local demographics.
In natural or other disasters, ICT can help obtain, communicate and transmit accurate and
timely information [10]. Connectivity is a social good that can support human rights by enabling free expression, exchange of ideas, education and economic development [14]. The sense
of community created by 6G technology and the collaborating directly with others enables
humans to participate and act in society unprecedentedly in countries where access to new
technologies is the norm due to competences and skills in using new technologies [3]
The mobile sector supports collaboration between the public and private sectors [9]. ICT is
crucial in achieving all of the SDGs since ICT acts as catalysts that accelerates all three
pillars of sustainable development—economic growth, social inclusion and environmental
sustainability—and provide an innovative and effective means of implementation in today’s
inter-connected world [10]. The ICT industry is increasingly adoptin the ecosystem approach.
Partnering with a broad range of stakeholders helps to unlock the potential of digital solutions
that are the drivers for sustainable development, and in managing industry-common and crossindustry challenges [15]. The sharing economy, crowdsourcing, and crowdfunding expand the
space for new forms of organization and innovation [3]

3 The Vision of Future 6G Mobile Communication Networks
While the deployment of 5G is well underway, the research community has already
launched dedicated efforts to investigate what comes after 5G. The research on 6G is in the
early phase, aiming at the first deployments of 6G mobile communication networks starting in 2030. Together with the telecommunication industry, the research community made
the world’s first 6G White Paper in 2019 [21] as a collaborative effort of 70 experts globally, led by the Finnish 6G Flagship. In this first joint vision of 6G presented in [21], 6G
is expected to merge traditional communication service with sensing, imaging, and highly
accurate positioning capabilities and mobility, which in turn can open the door for a myriad
of new applications. Another key finding in the white paper was the consensus that the UN
SDGs should be a key driver for 6G research and development.
In a set of 12 follow up 6G White Papers from the 6G Flagship prepared in collaboration with 250 experts from 100 organizations in over 30 countries [51], selected themes
were revisited in more detail, including UN SDGs; business scenarios; validation and
trials; remote area connectivity; networking; machine learning; edge intelligence; trust,
security and privacy; broadband connectivity; machine-type communications; localization and sensing; and RF aspects. The 6G technology aims at becoming a general-purpose
technology [43], instead of merely an enabling technology. General-purpose technology
(GPT) can be defined as (1) being pervasive, (2) having dynamism for continuous technical improvements, and (3) enabling innovational complementarities across a wide range
of industry sectors [52]. While a GPT progresses and advances, it spreads throughout the
economy, bringing about and fostering generalized productivity gains. GPT, which typically drives technological change in an industry and is used widely by downstream applications, has large positive static and dynamic spillovers [53].
From the business perspective, 6G is expected to offer novel business scenarios, like
which were not envisioned for 5G at such a large scale. Special emphasis in the 6G business scenarios developed in [43] is put on scenarios for sustainability [54]. Authors in [43]
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identify key trends that are closely connected with the development and future implementation of 6G. These include societal and political trends such as geopolitics, public network funding and issues concerning the ownership of data or governance of the spectrum,
and technological aspects such as developing AI and mobile communication technologies
in general. Also, issues regarding both technology and policy have to be solved, such as
cybersecurity and privacy. 6G can advance the goals by creating disruptive business models and enabling the breaking down of barriers. From the legal and regulatory perspective,
6G can improve and create public services and access to them (such as health care, education) and contribute to the sustainable use of resources, such as water or land. The use and
ownership of spectrum and data continue to be key issues ultimately shaping the business
ecosystem. 6G will need to be developed to fully address the requirements for sustainability, for example, for improved resource efficiency, including energy efficiency [3, 43].
A 6G vision presented in [55] envisages new services, such as holographic communications and technological enablers, including sub-terahertz and visible light communications and more generally massive use of multi-radio access technologies and multilink
techniques. At the architectural level, new approaches are expected for delay-sensitive
AI applications. Another 6G vision presented in [56] introduces a large-dimensional and
autonomous network architecture integrating space-air-ground-underwater networks for
providing full coverage and unlimited wireless connectivity. 6G vision in [57] introduces
additional senses and emotions as 6G applications, proposes ultra-long battery life as a key
requirement, and highlights the importance of the socio-technical design of 6G. 6G vision
in [58] highlights photonics and AI as disruptive technologies for 6G. According to a comprehensive survey on 6G in [59], 6G will accommodate use cases introduced in 5G with a
better quality of experience in a more cost-efficient, energy-efficient, and resource-efficient
manner. 6G will also enable new use cases, e.g., holographic-type communications, pervasive intelligence, and ubiquitous global connectivity, and introduce the expansion from
only human-centric to also connecting machines and things. The 6G vision in [60] expects
new themes to emerge, such as new man–machine interfaces, ubiquitous universal computing, multi-sensor data fusion, and precision sensing and actuation to control the physical
world. Quantum machine learning for 6G is reviewed in [61], where a 6G vision of a massively connected complex network, capable of rapidly responding to the users’ service calls
through real-time learning of the network state, is introduced. In the context of 6G, trust,
security, and privacy will become an ever-increasing priority [62].
The European Hexa-X project’s 6G vision presented in [63] and developed in collaboration with 25 organizations is to connect the worlds and revolve around their interaction: a
human world of our senses, bodies, intelligence, and values; a digital world of information,
communication, and computing; and a physical world of objects and organisms. The following six main research challenges were identified: connecting intelligence, the network
of networks (e.g., millions of (specialized) subnetworks), sustainability, global service coverage, extreme experience, and trustworthiness.
Figure 2 summarizes elements of the 6G vision from multiple sources.

4 Sustainable Development and 6G
The first connection between UN SDGs and 6G was created in the world’s first 6G White
Paper [21] that concluded that 6G development should be aligned with the UN SDGs.
After reaching this consensus, further work on the connection between 6G and UN SDGs
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Fig. 2  Elements of 6G vision towards a general-purpose technology

was done in a continuation 6G White Paper [3], where 40 experts globally developed the
linking and a vision for 6G. The work identified a three-fold role for 6G: as (1) provider of
services to help to reach the UN SDGs, (2) enabler of measuring tools for data collection to
help with the reporting of indicators, and (3) reinforcer of a new ecosystem to be developed
in line with the UN SDGs.
The white paper [3] further developed a methodology for connecting 6G and UN SDGs
through the existing indicators of the UN SDG framework. In the UN SDG framework,
only 7 of the 231 individual indicators are directly related to ICT, but the ICT sector can
influence many other targets as measured through the individual indicators. The white
paper [3] analyzed how 6G can contribute to the different targets within the SDGs via these
existing indicators. The white paper also launched the process of developing a new set of
indicators for 6G, taking into account the proposed three-fold role of 6G. The white paper
also outlined a preliminary action plan where different stakeholders, including research
and educational organizations, governments, standards developers, users, MNOs, network
equipment manufacturers, application and service providers, and verticals, were invited to
think out-of-the-box and create new technology solutions and collaborative business models, intending to support the achievement of the UN SDGs. The novel observation in the
white paper [3] was that the future 6G systems, where the communication capabilities are
merged with sensing, location, imaging, and other capabilities, could gather a variety of
data to report on the achievement of the UN SDGs on a highly local granularity level. This
could respond to the challenge that nations face in reporting the indicator data on achieving
the UN SDG framework targets. The UN SDG framework is likely to evolve during the full
deployment of 6G in the 2030s.
Authors in [64] present a survey of the 6G ecosystem and summarize KPIs for the UN
SDGs, including, e.g., coverage, frequency, connectivity, data rate, % ICT ready cities, %
smartphones. Energy self-sustainability is proposed for 6G in [65] where zero energy 6G
devices are envisaged. The survey on green 6G technologies in [31] focuses on sustainability in the wireless evolution towards 6G networks in architectural changes, energy harvesting, and flexible and intelligent materials.
The 6G vision of [63] introduces Key Value Indicators (KVIs), capturing trustworthiness, inclusiveness, and sustainability of 6G, and sees 6G as an enabler for sustainability. Up to 5G, the dominant paradigm used in assessing and comparing technological
solutions and generations has been to use KPIs (key performance indicators). However,
in 6G, the KPIs will be extended to comprise KVIs [66] related to different aspects
of sustainability [63]. Thus, introducing and implementing sustainability to mobile
communications calls for a process of dealing with numerous interacting metrics that
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consider the emerging, enabling and embedding nature of technology across the economic, societal, and environmental perspectives on sustainability. Quantifying qualitative metrics related, e.g., to user experience and comprising various collective societal
factors like privacy or freedom and environmental factors from different stakeholder
perspectives is challenging; applying these new metrics to technology development calls
for careful consideration.
Figure 3 illustrates the interrelated societal, economic, and environmental sustainability perspectives in the sustainable development of 6G. Sustainability requirements
will need to be translated into new KPIs for 6G that will drive the development of 6G
technical enablers and technology components that will need to be standardized to reach
economies of scale. Some of these technology components could also be used as measuring tools for collecting data on sustainability. Economic sustainability will lead to
the emergence of a new 6G business ecosystem with new stakeholders and roles and
possibly conflicting views on how business could be conducted. KVIs stemming from
societal sustainability aspects will be needed for 6G, especially to indicate how well 6G
can help all aspects of society reach UN SDGs.

5 Future Research Challenges for Sustainable Development of 6G
Next, we discuss open research challenges for sustainable development of 6G for the
wireless and mobile communications research community. Sustainability in this context is more than traditionally considered green communications to optimize energy efficiency, and it opens up important research topics for the development of 6G, addressing
economic, societal, and environmental perspectives of sustainability.

Fig. 3  Societal, economic and environmental sustainability perspectives in the sustainable development of
6G
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5.1 Economic Sustainability
Economic value and sustainability have for long been evaluated at the firm, network, industry, ecosystem, and market levels of analysis with measures like revenues, margins, profits, and asset value. However, in developing new technologies, such as 6G, this kind of
retrospective measures are not practical considering the emerging, enabling, and embedding nature of new technology and the economic, societal, and environmental expectations
placed on new technologies in general by different stakeholders. New technologies should
be profitable, affordable, and have positive spillover and network effects [67]. In developing new technologies, a practical way to plan for economic sustainability is to focus on the
opportunities, value creation potential, and advantages of the developed technology and
contribute to the scalability and replicability of that technology [43]. Resilience, in turn,
is influenced by the scalability, replicability, and sustainability of technology. Resilience
refers to the capacity of a human system, such as an individual business, business sector,
local community, or the wider society, to absorb disturbance and reorganize their functionality while undergoing a change or even severe shocks. Thus, it has two sides, absorption
and adaption, concerning the change. Resilience and integrated sustainability can be seen
as co-evolving, or resilience may be interpreted as an economic, societal, and environmental sustainability outcome. People, communities, and societies can become stronger and
more resilient as they use and develop novel 6G technologies.
Regarding 6G, the question is whether it can become a true general-purpose technology like the Internet and not just an important enabling technology. While enabling technologies are upgradable and adaptable, have improvement potential and broad applicability
[68], general-purpose technologies are "characterized by the potential for pervasive use in
a wide range of sectors and by their technological dynamism" [52]. As general-purpose
technologies evolve and advance, they spread throughout the economy, bringing about and
fostering productivity. However, most general-purpose technologies remain enabling technologies that open up new opportunities rather than offer complete, final solutions.
The collaborative research and standardization development have enabled massive
growth in mobile communication technology and downstream application innovation ecosystems. 6G can be defined as an emerging general-purpose technology being ubiquitous,
enabling continuous technical improvements, and empowering innovational complementarities across industry sectors via open value configuration and ecosystem-focused business
model. From the policy perspective, there is a trend towards the strengthened public–private-partners model in which the governments will have a stronger role in funding the key
enabling technologies and GPTs. The counterforces to winner-takes-all monopolies include
platform cooperatives, the peer-to-peer economy and sharing economic models, and the
progress of the human-driven fair data economy and the fair distribution of wealth. This
restorative economy will lead to a society characterized by broad empowerment, greater
equality, a higher level of well-being, and better sustainability. Key issues in 6G will be the
regulation of multi-sided platforms and the governance of privacy and security of users,
impacting the data protection and artificial intelligence (AI) rights particularly.
The collaborative research and standardization development have enabled massive
growth, especially in mobile communication technologies and downstream application
innovation ecosystems. 6G can be defined as an emerging general-purpose technology
being ubiquitous, enabling continuous technical improvements, and empowering innovational complementarities across industry sectors via open value configuration and
ecosystem-focused business model.

13

1352

M. Matinmikko‑Blue et al.

5.2 Societal Sustainability
The sense of community created by 6G technology and the ability to collaborate with others directly enable people to participate and act in society in a new way. Co-evolution of
humans and technologies and people co-creating digital futures is part of their everyday
lives and practices at work and leisure time. It is essential to always consider whether users
have real access to digital services needed in everyday lives: that they have the necessary
devices and know how to use those and the available services. There is a serious need
to consider non-users and why they are excluded; is it by their own choice or for some
other reason. A deeper understanding of technology in the form of technology development
skills such as, e.g., programming or digital fabrication also further enhances the users’
possibilities to take an active role in the ecosystem and make and shape technologies for
their personal needs. This helps the users evaluate and reflect on the technologies and their
role in the user’s own life and, more widely, in the society: Who benefits from technology
or service use, and how? Who experiences value? What is the real price, and is it worth
paying? Furthermore, future research is needed to explore how user empowerment can be
ensured in this context. Do users have a genuine opportunity to play an active role in the
ecosystem, including design techniques for experimenting, making, and shaping technologies for their personal needs? In addition, how can users be assisted to take a reflective
approach to technology use so they can evaluate and reflect on the role and value of technology in their everyday life contexts and more widely in society?

5.3 Environmental Sustainability
Environmental sustainability in 6G will go beyond traditional resource efficiency considerations. Yet, the 6G systems need to critically address energy efficiency and end-to-end
energy consumption, for which new measures and measurement methods are urgently
needed. Environmental sustainability in 6G can be considered using the 6R approach—
reduce, reuse, recycle, recover, remanufacture, and redesign- originally developed to assess
the sustainability of manufactured goods [25] guide us in the development of new 6G
technologies. Table 2 summarizes open challenges for sustainable development using this
approach. ’Reduce’ provides guidelines for reducing resource usage, energy consumption,
waste, radiation, and other emissions with possible health hazards, which in the context of
5G and 6G have become increasingly important concerns of end-users. ’Reuse’ points to
the use of reusable materials in general at product (including its components and complements and extensions), process, and (eco)systems levels over the whole lifecycle of a technology. This ecosystem-level should also include the users and the whole social context of
the deployment of technology. In the 6G context, massive reuse of existing physical and
hardware infrastructure as well as software will be important from a sustainability perspective. In turn, ’Recycle’ refers to converting waste and other byproducts of technology into
something usable after original use. Of specific importance in this regard is data. ’Recover’
denotes collecting end-of-life products and other artifacts and outcomes and recovering
what is reusable for (other) post-use. For 6G, this could refer to how the different generations of mobile communications networks in different phases in their lifecycle could be
used to minimize their burden on sustainability. ’Redesigning’ offers flexibility for remanufacturing process but especially allows for complementarity and extendibility of technology and its function. It also refers to considering the changing societal values and aspects
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End-to-end energy consumption needs to be reduced and energy
efficiency needs to be improved
End-to-end visibility and transparency on supply chains’ resource
use is needed as an enabler for circular economy
Measurement and reduction of CO2 and other emissions over the
product/service lifecycle
Assessment, evaluation and monitoring of human exposure to radio
frequency electromagnetic fields

The reuse of resources (incl. infrastructure, spectrum) needs to
increase
Open source paradigm expands to increasing the reuse of SW and
data
Introduction of new generation mobile communication technology
needs to reuse existing infrastructure
Modular structure of devices would allow reuse of components
Higher level of recycling of materials/devices/components is needed
How to redefine waste and to avoid linear recycling?

Reduce

Reuse

Parallel use of different generations of component technologies to
optimize resource use and minimize sustainability burden

User experience needs to be at the center and rethought including
different types of users
De-centralized (zones/communities) could emerge
New network architecture needs to accommodate variety of different
needs for communications, computing and other services
The different roles of users and non-users needs to be addressed

Recover

Redesigning

Recycle

Identified challenges/opportunities

Elements for environmental
sustainability for 6G development

Table 2  Open research challenges for sustainable 6G development and example research questions

How to create fully automized traceability of materials and components?
How to transform from linear recycling of elements towards circular
economy between applications and industries?
How will different learning, interaction and communication processes
be interconnected, researched and understood with new intelligent
6G technologies?
How to exploit networks that are in different life-cycle phases (e.g.
cellular generations)?
What are the novel human skills and capabilities and to enable a
human-driven digital 6G future?
How humans can be empowered to participate in the co-creation of
digital 6G environments to make the best out of it?
How to get non-users on board?
How to integrate user and societal aspects to the redesigning process?

How to share infrastructure, (virtualized) network resources and
spectrum?
What kind of techniques could reuse energy via energy harvesting?
Who are the ones to co-create digital solutions for the future?
How to integrate societal and economic perspectives to enhancing and
measuring reuse?

How to measure end-to-end energy consumption?
What are the energy consumption limits and energy efficiency targets
for 6G?
How to develop 0-energy devices?
How to track and trace more complex supply chain ecosystem?
How to integrate users into measuring emisssions so that to reach
effective, valid and reliable results?
How to assess human Exposure to Electromagnetic Fields in the 6G
era?

Example research questions
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Identified challenges/opportunities

Increasing use of “as a service (aaS)” business models
Considering remanufacturing as a convenient business opportunity
for developing countries

Elements for environmental
sustainability for 6G development

Remanufacture

Table 2  (continued)
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How to manage and orchestrate virtualized open distributed and
shared 6G systems?
How to utilize crowdsourcing and user owned data in remanufacturing?
How to enable and incentivize frugal engineering and innovation in
6G?

Example research questions
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of use. In 6G, end users’ needs will need to be in the focus of the development. Finally,
’remanufacture’ refers to the re-processing of used products, processes, and systems or
their restoration to the original state or possible new form. in 6G, it could lead to increased
use of "as a service (aaS)" business models where e.g., infrastructure is not purchased but
consumed as a service.

6 Conclusions
This paper has introduced sustainability discussions into the wireless and mobile communications research domain, covering societal, economic, and environmental aspects of sustainable development. The paper has specifically addressed the UN SDG framework for
developing mobile communication systems and highlighted the close connection between
these two. We have summarized the current sustainability discussions within mobile communications, which focus on environmental sustainability largely through resource efficiency considerations. We have then proceeded to the sustainable development of the
next-generation mobile communication systems (6G) to connect 6G and the UN SDGs,
both targeted for 2030. We have summarized 6G research visions and noted that sustainability is seen as a key driver for 6G research and development. However, the approaches
so far remain rather traditional, focusing on environmental sustainability. We have introduced new approaches to sustainability into 6G research and development through societal,
economic, and environmental sustainability perspectives. New research is needed to better
integrate the economic, societal, and environmental sustainability perspectives together at
the practical level for developing new technology. Researchers in the wireless and mobile
communications sector are highly encouraged to bring sustainability into their day-to-day
research to develop sustainable solutions for realizing a sustainable future.
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