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Executive Summary 
Deliverable D2.1 defines the conceptual, technological, and methodological foundation of sustainability 
within the SUSTAIN-6G project. Its objective is to structure the role of sustainability in future 
communication systems and guide the integration of sustainability concerns across the design, 
deployment, and operation of 6G networks.  

Sustainability must be prioritised from the earliest stages of 6G development, rather than treated as an 
afterthought. Every component and system must be shaped by values such as energy efficiency, trust in 
Artificial Intelligence (AI) -driven functions, climate resilience, and resource-conscious engineering. 
Life cycle assessment, modular design, and clean production methods are critical enablers, but they 
must be integrated into a broader, holistic strategy that balances environmental, economic, and societal 
objectives. 

To ensure that sustainability is meaningfully embedded, a multi-dimensional framework of Key 
Performance Indicators (KPIs) and Key Value Indicators (KVIs) must be established. This framework 
should capture and balance environmental, economic, and societal priorities alongside technical 
performance. By making trade-offs transparent and understandable, and by integrating participatory 
processes, stakeholders can make informed, value-driven decisions that reflect both shared objectives 
and competing constraints. 

While environmental considerations have traditionally been the focus, holistic sustainability 
encompasses environmental, societal, and economic pillars. Achieving sustainability in 6G requires 
global coordination and measurable accountability. Industry must proactively contribute to the 
development of international standards, ensuring that environmental and societal responsibility are built 
into the specifications of next-generation networks. These efforts should be closely aligned with broader 
policy frameworks, such as the UN Sustainable Development Goals, the EU Green Deal, and evolving 
climate regulations. Clear, robust sustainability KVIs and KPIs must be defined, tailored to the needs 
of society and the specific requirements of 6G infrastructure and services, to provide compelling 
incentives for vendors and operators. 

Mobile Network Operators (MNOs) face complex demands in balancing economic performance, 
environmental responsibility, and societal inclusion. Holistic decision-support frameworks are needed 
to assess outcomes across multiple KVIs, enabling smarter, more adaptive planning. Business models 
should evolve to reward efficient usage and embrace value-driven strategies, such as modular service 
plans and energy-aware service-level agreements. Collaboration on shared infrastructure can reduce 
both capital expenditure and environmental impact. Lifecycle-oriented network planning is essential, 
synchronising equipment lifecycles with decarbonisation targets and ensuring that densification brings 
societal value without unnecessary environmental impact. Circular economy principles must be 
embedded from the outset, moving from linear consumption to sustainable, lifecycle-wide network 
management. MNOs are committed to aligning with key values across the three sustainability pillars 
supporting UN’s Sustainable Development Goal (SDG) targets. 

From a technology perspective, 6G networks should leverage intelligent, energy-aware solutions such 
as AI-driven orchestration, digital twins, and real-time monitoring to optimise operations and resource 
use. Investments should target low-energy, spectrum-efficient technologies like advanced Wi-Fi, LiFi, 
Optical Camera Communication (OCC), and Free Space Optics (FSO), as well as energy-efficient 
Passive Optical Networks (PON) and intelligent Radio Access Networks (RAN). Cloud-native and edge 
architectures, powered by renewables and supported by advanced cooling, are critical for scalable, low-
impact infrastructure. Eco-design principles must be embedded throughout, from raw material sourcing 
to end-of-life. Systems should be resource-efficient, durable, modular, and easy to recycle, with clean 
production methods and minimalist, recyclable packaging. Devices must support low-power modes, 
and clear labelling should enable effective recycling, supporting a circular economy. 

The sustainable development of 6G networks is inseparable from their ability to deliver transformative 
impact in critical sectors such as telemedicine, agriculture, and smart grids: In telemedicine, 6G will 
enable ultra-reliable, low-latency connections necessary for remote diagnostics, real-time patient 
monitoring, and advanced medical imaging. By supporting high-quality video, haptic feedback, and AI-
driven analytics, 6G can expand access to healthcare in remote and underserved regions, reducing the 
need for travel and associated emissions. Secure, resilient, and energy-efficient networks are critical for 
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safeguarding sensitive health data and ensuring continuity of care. In agriculture, 6G will drive the 
digital transformation of agriculture through precision farming, autonomous machinery, and real-time 
environmental monitoring. Massive Internet of Things (IoT) connectivity and AI-driven analytics will 
optimise resource use (water, fertilisers, energy), minimise waste, and enhance crop yields. Through 
data-driven decision-making, 6G supports sustainable food production, reduces environmental impact, 
and empowers rural communities with new economic opportunities. 6G will underpin the next 
generation of smart grids, facilitating real-time monitoring, distributed energy management, and 
integration of renewable sources. Ultra-low latency and high reliability will enable dynamic balancing 
of supply and demand, predictive maintenance, and rapid fault detection. These capabilities are essential 
for decarbonising energy systems, improving grid resilience, and supporting the transition to a 
sustainable, low-carbon economy. 

By embedding sustainability-by-design, leveraging advanced enabling technologies, and aligning with 
global standards and societal needs, 6G can become a cornerstone of responsible digital transformation 
and inclusive growth. 
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1 Introduction 
The transition to 6G presents a critical opportunity to embed sustainability not as a peripheral goal, but 
as a foundational design axis. In an era marked by escalating climate challenges, increasing energy 
demand, digital inequality, and growing trust deficits in technology, future communication 
infrastructures must respond not only to performance expectations, but also to environmental, societal, 
and economic imperatives. The SUSTAIN-6G project places sustainability at the centre of this 
transformation, aiming to define how it can be systematically integrated into the design, development, 
and deployment of 6G systems. 

The challenge is not simply to improve efficiency or reduce emissions in isolated parts of the system, 
but to reimagine networks as sustainability-aware systems — capable of delivering performance and 
innovation while respecting planetary boundaries, fostering societal inclusion, and supporting long-
term economic viability. This requires a cross-cutting approach: one that links design assumptions to 
lifecycle impacts, system functions to real-world value, and performance trade-offs to stakeholder 
needs. At the same time, it also demands new frameworks for evaluating sustainability in a multi-
dimensional, measurable, and context-aware manner. 

This deliverable provides the conceptual and methodological foundation to pursue that objective. It 
does not treat sustainability as a fixed checklist or single KPI, but as a set of interconnected values and 
evaluation principles that will shape SUSTAIN-6G's technical development and demonstration work in 
later stages. 

The document is structured as follows: 

 Chapter 2 sets the context for sustainability in Information and Communication Technology 
(ICT) and 6G, framing the urgency of action, the challenges ahead, and the rationale for treating 
environmental, societal, and economic pillars as integrated, equally weighted priorities. 

 Chapter 3 defines how sustainability becomes a design driver within the 6G system itself, 
proposing foundational concepts such as sustainability-by-design, operational sustainability, 
and sustainability at end-of-life. It also elaborates on the role of 6G as a sustainability enabler 
and discusses trade-offs across pillars and with traditional performance objectives. 

 Chapter 4 presents a perspective from Mobile Network Operators (MNOs) on the deployment 
of public 6G networks in a sustainable consumer market. It identifies the operational 
challenges, stakeholder roles, and key considerations for aligning technical deployment with 
sustainability targets. 

 Chapter 5 provides a detailed technology-centric view of sustainable design, reviewing 5G and 
emerging 6G enablers, eco-design rules, and methodological elements for optimising 
technology selection and architectural choices. 

 Chapter 6 links these enablers and principles to concrete vertical needs, with a structured 
analysis of use cases in sectors such as agriculture, energy, and health. It includes baseline 
requirements, impact pathways, and early sustainability indicators, forming a use-case-driven 
bridge between high-level design values and deployment realities. 

 Chapters 7 and 8 provide strategic guidance for further development phases and outline future 
perspectives that will steer project evolution and standardisation engagement.  

In summary, this deliverable serves as the entry point for engineering sustainability into 6G: defining 
the pillars, values, trade-offs, and structures that will guide technical and operational decision-making 
across the project and beyond. 
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2 Sustainability definition and challenges  
This section establishes the foundational understanding of sustainability within the context of 6G. It 
defines key concepts, explains why sustainability is critical for future ICT systems, and outlines the 
main environmental, societal, and economic challenges that 6G must address by 2030 and beyond. 

2.1 Sustainability context 

2.1.1 What is sustainable development? 
“Sustainable development is development that meets the needs of the present without compromising 
the ability of future generations to meet their own needs” [Bru87]. In the SUSTAIN-6G project, 
sustainability encompasses three interconnected pillars – environmental, societal and economic 
sustainability. Furthermore, SUSTAIN-6G has identified two aspects of sustainability: “Sustainable 
6G” and “6G for sustainability”. The sustainability pillars and aspects result in six sustainability 
dimensions to be considered throughout the SUSTAIN-6G project. The three sustainability pillars, two 
sustainability aspects and resulting six sustainability dimensions will be explained in more detail in the 
following sections.   

2.1.2 Why is sustainability important? 
Sustainability is one of the global megatrends that will impact all aspects of life over the next decades.  

Sustainability means that we must commit to treat the world’s limited resources (natural and societal, 
tangible and intangible) with care, enabling future generations to have the same, if not better, conditions 
we enjoy nowadays. Currently, this is not the case, just because development has usually focused on 
addressing complex and challenging technical concerns, without considering also broader societal and 
environmental aspects. Therefore, linear consumption patterns are depleting natural resources; 
competition for these resources is causing economic and political volatility. This dynamic 
disproportionately harms vulnerable populations, deepening inequities, undermining human dignity, 
and hindering societal inclusion as the gap between affluent and poor communities grows both globally 
and within nations.  

Our climate is changing. Temperatures are rising and extreme weather – floods, droughts, storm force 
winds - is more prevalent. Higher temperatures are caused by higher levels of greenhouses gases (GHG) 
emissions in the atmosphere that result from burning carbon-based, fossil fuels, extracting raw materials 
and industrialised processes. To serve the mass markets, economies rely on industries where operational 
processes seek the highest return on their investment. Often this leads to the exploitation of their 
workforce and/or the environment, and sadly a high percentage of goods produced end up as waste in 
landfill sites. Moreover, after the COVID-19 pandemic, the world is grappling with a relentless cascade 
of societal, economic, and political threats. To ensure resilience in this volatile landscape, a fundamental 
mindset shift is needed in the development of products and services, requiring also a thorough 
assessment of their impact throughout their entire life cycle. 

Consequently, sustainability comprises three tightly coupled and interdependent pillars: 
environmental, societal, and economic sustainability. The resilience and adaptability in each of these 
pillars is required to protect and enhance natural, human, societal, financial and manufactured capitals 
that together support the modern digital world [Fft20]. Many target areas and actions within the three 
pillars are identified in the United Nations 17 Sustainable Development Goals (UN SDGs) [Uni15] and 
ICT is a pervasive enabler that underpins the success of many of the goals. 

 

Sustainability must be factored into the strategies for standards and deployment of new 
technologies. For 6G, it will ensure that it is sustainable by design and implemented in such a way 
that other industries can become more sustainable.  

2.1.3 Challenges for 2030  
Reduce the impact to the environment. The European Climate Law [R2021/1119] writes into law the 
goal set out in the European Green Deal [Eur19a] for Europe’s economy and society to become climate-
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neutral by 2050 [Eur19b]. The law also sets the intermediate target of reducing net GHG by at least 
55% by 2030, compared to 1990 levels3. This will be achieved by cutting emissions, investing in green 
technologies and protecting the natural environment. Specifically for ICT, this particularly affects the 
energy consumption during operation, and to a certain extent the use of (raw) materials. Therefore, a 
key objective must be to limit the demand by ICT to the worldwide production of energy.  

Corresponding statistics and forecasts as outlined, for example, in [WI24], [VKS24] or [Nic18], provide 
a broad range for the current and expected share of ICT in the worldwide energy consumption, ranging 
from roughly 2% in 2026 up to a worst case of 21% beyond 2030. This on the one hand reflects an 
uncertainty with respect to the dynamic development regarding, for example, the adoption of Artificial 
Intelligence (AI) and Machine Learning (ML) technologies, and on the other hand the variety of 
definitions which domains ICT actually includes – devices and terminals, network technology (fixed 
and wireless), service and application platforms, data centres, and (cloud) computing platforms.  

In that sense, while the objective (“reducing net GHG by at least 55% by 2030 …”) as such is simple, 
the strategy to achieve this target is challenged by how ICT defined and the stakeholders involved, as 
well as the large number of existing and researched ICT technology enablers, leading to the need for a 
pragmatic approach and strategy that enables a differentiation along the timeline: 

 The short-term strategy basically imposes no modification of the hardware already deployed, 
but the exploitation of easy-to-deploy technologies for reducing the electric energy demand 
such as micro-grids. Comparable strategies have already started to be implemented in the public 
domain, for example, by supporting or pushing residentials to deploy renewable energy sources 
such as solar panels.   

 The medium-term strategy is anticipating a longer-term strategy, by adopting new approaches 
or technologies that have reached a sufficient degree of maturity and can be implemented with 
light modifications of the deployed assets, with the objective to better control – and reduce – 
the electric energy demand. This could be the redesign of systems to support a sleeping mode, 
optimised operations software, or the adoption of auxiliary technologies such as liquid cooling. 
Further directions could include the re-optimisation of already installed solutions through 
technology complementarity.   

 The long-term strategy consists in identifying new methodologies towards a full eco-design 
of new products or solutions, reflecting also the responsible innovation paradigm. This long-
term strategy – in the context of ICT – therefore applies typically to the design and specification 
of new network generations, as this is currently the case for 6G mobile networks. However, 
such long-term strategy is prone to considerable uncertainty, for example in the context of the 
adoption and implementation of Artificial Intelligence technologies in ICT – here, the share of 
different ICT domains in the overall energy consumption will strongly depend on the final 
decisions on a centralised or distributed AI architecture. 

The societal challenges must be reflected. A technology is – or becomes – only attractive if the end-
users get the feeling that they are receiving the service they need for improving their life at reasonable 
“cost”. The term “cost “is thereby not to be understood as a purely economic price tag for obtaining the 
product or service, but includes societal cost for having this service, for example: 

 How many persons will lose their job with the scale of this service?  

 How many hours the persons will spend for their family after the introduction of this service?  

 How much will this service impact the privacy and any other fundamental rights of persons?  

In other words, cost includes the three intertwined pillars of sustainability. These are fundamental 
aspects to maintain a market growth and continue to be attractive. So, besides the Quality of Experience 
(QoE) of end-users, key values (i.e., principles or qualities that individuals or groups deem important, 

 
3 Note that rather often, Carbon Neutrality, Net Zero CO2 and Net Zero are used interchangeably, while there 
should clear differentiation be made: Carbon Neutrality includes Scope 1 and 2 emissions only (direct and 
indirect emissions), while Net Zero includes Scope 3 (supply-chain related) emissions as well. For further 
information see, for example, [Int18], [Den22] or https://netzeronow.org/post/net-zero-vs-carbon-neutral-
difference.  

https://netzeronow.org/post/net-zero-vs-carbon-neutral-difference
https://netzeronow.org/post/net-zero-vs-carbon-neutral-difference
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desirable, or intrinsically good) must be primarily taken into account in the design of a new solution 
impacting the end-users and any other stakeholders.    

For the telecom operators, these considerations raise a request for change of their business models, and 
these must consider the acceptance of the end-users and of any other stakeholders, at different levels 
(i.e., individual, community, societal/systemic). Therefore, societal challenges are to be considered as 
an opportunity and not a barrier for revisiting the traditional development process and integrating the 
different perspectives of the stakeholders, through engagement processes: as it is well known from 
project management theories, only through opportune engagement strategies it is feasible to achieve the 
maximum impact of a project. Acceptance cannot be achieved through mere communication and 
awareness campaigns with unaware or resistant groups of stakeholders. For these and other groups, it 
is important to explore the factors why existing development, technology acceptance and business 
models fail and understand how these may be improved. Addressing these aspects will be fundamental 
to mitigate – towards 6G –the concerns that impacted the introduction of 4G and 5G mobile wireless 
networks, with potential benefits for the whole society, also with respect to economic dimension.    

The economic challenges are fundamental and need to be considered in the early phase of the eco-
design of any new solutions. The objective is to grow the market by providing solutions adapted to 
new business models, which are also compatible with previous technologies. Such business models 
shall thereby reflect the expected ICT traffic growth (consumer and enterprise traffic), the expectations 
and needs of end-users and stakeholders as outlined above, as well as the energy cost – however, for 
the latter, country-specific conditions may apply (including market conditions or availability of 
renewable energy sources, cf. e.g. [RR24]), and the geopolitical situation plays an important role. The 
SUSTAIN-6G project will analyse in detail the different options to propose a sustainability by design 
approach that will be successful on the market.   

2.2 The sustainability pillars 

2.2.1 Environmental pillar 
The environmental sustainability pillar is foundational within the SUSTAIN-6G vision. This section 
defines how environmental sustainability becomes operationalised as a design principle in the 
development of 6G systems. The aim is to move from macro-level targets to a structured understanding 
of how environmental considerations may shape the system’s architecture, evaluation frameworks and 
system-level priorities. 

Environmental sustainability in 6G is considered around the following subdomains: 

 Reducing energy consumption and improving energy efficiency 

 Reducing GHG emissions and supporting the move to renewables 

 Resource circularity – greater resilience, adaptability and reuse to extend product lifecycles  

 Reducing pollution and protecting and nurturing biodiversity (land use) 

Energy consumption and energy efficiency  

Energy consumption is the absolute value that characterises any product. It directly impacts the emission 
of CO2, since there is a direct correlation between the required number of Watt hours consumed (Wh) 
and the amount of emitted CO2. It is therefore fundamental to target a reduction of energy consumption 
of any solution.  

Energy efficiency is a general target for product design towards the reduction of energy consumption. 
However, it is a relative value expressed in Joule per bit (J/bit), which means that even if a technology 
has a high energy efficiency, an increasing number of bits to be processed may lead to an overall increase 
in energy consumption. This explains why 5G technology overall consumes more than 4G technology 
despite being more efficient through using, for example, Multiple Input Multiple Output (MIMO) and 
beam steering technology.  

Reducing GHG emissions 

With many energy producers integrating renewables sources – solar, wind and hydro – into their energy 
supply, the ICT industry needs to decarbonise their Scope 1 and 2 emissions, i.e., the (1) direct emissions 
from owned or controlled sources and the (2) indirect emissions from the generation of purchased 
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energy consumed by the reporting company [BCB+11]. However, the environmental impact of 6G 
extends far beyond network use. The lifecycle comprises energy use and emissions across the supply 
chain, from extraction, manufacturing and transport/deployment and disposal. These are known as the 
Scope 3 emissions [BCB+11]. 

Resource circularity 

Moving away from a ‘Take, Make, Waste’ key to changing the status quo and ensuring responsible use 
of finite or non-renewable resources. This can be addressed in two ways: 

First, by designing products for resilience and adaptability, especially with regards to their response to 
environmental or economic shocks. For example: Can a 6G base station function if it is sitting in a 
meter of flood for one week or in the path of storm force winds that last more than 48 hours? How will 
it continue to operate if the power supply is cut, either due to lack of power from the grid or malicious 
intent? By designing to handles these extreme parameters, 6G could be environmentally sustainable.   

Second, by adopting a circular approach to production and consumption. The current linear models 
mean that products are discarded before they reach the end of their natural life because they have 
obsolescence built in – mobile phones are a prime example. However, if products are designed so they 
can be refurbished, and so extend their ‘first’ life, or disassembled and recycled to make into a different 
product, thus giving it a ‘second’ life, then this judicious reuse of energy and materials will also reduce 
energy demand and GHG emissions.   

Reducing pollution and protecting and nurturing biodiversity 

Resource depletion and e-waste present additional challenges. Many of the materials used in ICT 
systems are finite and non-renewable, and their increasing demand risks long-term scarcity. At the other 
end of the lifecycle, the disposal of digital devices contributes to the growing volume of hazardous 
electronic waste, which can pollute soil and water if not properly managed. 

Many of the raw materials needed to support the digital world are found in remote areas. Every care 
must be taken not to disrupt communities nor destroy nature when obtaining them Equally, once the 
minerals have been extracted, manufacturing and processing should not result in toxic waste destroying 
neighbouring land and bodies of water.  

To evaluate progress in environmental sustainability, 6G systems must be assessed using indicators that 
cover their full lifecycle. Key performance metrics may include energy consumption per unit of data, 
carbon emissions per user, the share of renewable energy in infrastructure operation, and the 
recyclability or reusability of deployed components. These indicators help quantify environmental 
trade-offs and support design decisions that align with broader sustainability goals. 

Crucially, environmental sustainability must become a value system embedded in network and service 
design. In this way, the environmental dimension of 6G is not merely a set of constraints, but a guiding 
framework for innovation. It informs the evaluation criteria, system architecture, and service logic that 
will underpin sustainable digital infrastructure. 

2.2.2 Societal pillar 
Throughout recent decades, each mobile network generation has achieved progressively wider societal 
adoption across regions and demographics. This trend has created significant expectations for 6G to 
address some of the United Nations (UN) Sustainable Development Goals (SDGs), either directly or 
indirectly, by providing ubiquitous and resilient technologies with broad societal benefit. 

The societal pillar of sustainability in 6G refers to the system’s capacity to embed and promote societal 
values such as inclusion, trust and positive impact across diverse populations. It is not an external 
benefit or post-design concern, but a core component of network and service sustainability. This 
dimension takes into account the societal relevance and acceptability of technologies, ensuring that the 
benefits of connectivity and digitalisation are accessible, fair, and aligned with public interest. Key 
subdomains identified here include:  

 Digital inclusion and accessibility 

 Trust, transparency, and resilience 

 Social alignment and demographic adaptation 
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Digital inclusion requires network coverage and service accessibility that spans geographic, economic, 
and demographic barriers. Nevertheless, increased coverage may impact, among many societal aspects, 
landscape and architectural constraints, and therefore the acceptance of antennas and other necessary 
equipment in proximity to buildings of individuals and groups of individuals. If not properly involved 
in decisions, these stakeholders can raise criticisms, minimising and obscuring the objective of digital 
inclusion. Therefore, it is essential that 6G systems account for varied user profiles — including the 
elderly, rural populations, and people with different levels of digital literacy — through accessible 
interfaces, adaptive services, and resilient infrastructure.  

Trust and resilience go hand in hand with system sustainability. As 6G incorporates AI, automation, and 
pervasive data flows, it must uphold user privacy, enable transparent decision-making, and provide 
secure channels of interaction. System resilience, especially in the face of failures or cyber threats, is a 
prerequisite for building long-term trust among users and institutions alike.  

Social alignment requires that networked systems be sensitive and responsive to cultural, ethical, and 
societal values. This includes designing services that are aligned with human expectations, do not 
impose harm or inequity, and support broader societal goals such as access to healthcare, education, or 
democratic participation. A structured evaluation of societal impact — through dimensions like user 
fairness, perceived agency, or societal disruptiveness — helps ensure that sustainability goals are 
human-centred.  

Research suggests a need to also consider how technology integration affects patterns of social 
interaction across diverse contexts. Prompted connectivity may deepen societal reliance on digital 
devices, potentially leading to increased screen time, Internet addiction, and related mental health 
issues, such as anxiety, depression, and attention disorders. Recent studies indicate evolving patterns of 
technology use; with populations in top mobile markets using smartphones approximately 5 hours per 
day [Sen24], [Dua25], [Arc25]. Some research suggests associations between certain patterns of 
technology use and changes in social interaction. For example, the convenience of eCommerce, video 
on-demand and home-sharing services coincides with changing patterns of people gathering in 
communities in some regions [DT225].  Other research has highlighted how the use of mobile phones 
has evolved in some age groups from a communication medium to a modality of reorganising social 
relationships and interactions. This, in specific socio-cultural contexts, increases the risk of problematic 
smartphone use and overdependence in fragile adolescents worsening the Fear of Missing Out (FOMO) 
[NS24]. Yet some studies have established a link between the excessive use of social media and 
declining fertility rates in both high- and low-income regions due to the lack of strong relationship 
building [SJR22] [WSS22]. 

Social connection has been identified as a global public health priority from the World Health 
Organisation (WHO), particularly in relation to population ageing challenges [CV+25] [Who25]. 
According to the WHO, social health refers to “the adequate quantity and quality of relationships in a 
particular context to meet an individual’s need for meaningful connection” – a dimension of health that 
is interdependent with physical and mental well-being. 

Research continues to examine the effectiveness of digital services in supporting meaningful social 
connections [Who21]. As we move towards the 6G era, with its anticipated integration of AI assistants 
and expanded services, these considerations take on increased importance.  

6G has now an opportunity to contribute constructively to this area through specifications and enablers 
that, by virtue of their wide interoperability and adoption, could significantly influence how technology 
integrates with social life. These technical standards would complement efforts by application 
developers, policymakers, and other stakeholders who also play important roles in this ecosystem.  

An objective is to create standards for 6G that can support balanced social connection across digital and 
physical contexts, by designing an appropriate set of functionalities to help e.g.: 

 enhance opportunities for in-person social interaction through technologies that aim to support 
face-to-face engagement and enrich common digital experiences in proximity in outdoor and 
indoor spaces,  

 support a greater variety of devices that promote “invisible technology”, in order to reduce 
screen dependency while maintaining connectivity benefits, and  
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 give users the right level of control, autonomy and governance on the usage of such 
technologies, applications and services in their daily life. 

Societal sustainability in 6G therefore demands not only inclusive access and secure operation, but also 
systems that resonate with the values of the communities they serve. This pillar supports the long-term 
legitimacy and adoption of 6G networks, reinforcing both public value and system robustness. 

2.2.3 Economic pillar 
The economic pillar of 6G sustainability addresses the financial viability, value distribution, and 
innovation capacity of future communication systems. It considers how 6G infrastructures and services 
can remain cost-effective, accessible, and economically beneficial to a broad set of stakeholders across 
their lifecycle. Key identified subdomains in this pillar include: 

 Investment and operational cost-efficiency 

 Enabling participation and innovation 

 Lifecycle value retention and affordability 

 Long-term return on sustainability investments 

Infrastructure deployment and network upgrades in 6G will require significant capital and operational 
investments. Sustainability in this context means ensuring that cost per user remains manageable while 
delivering enhanced performance. Virtualised, modular, and software-defined architectures are 
particularly valuable in lowering costs and supporting more agile deployment models. Equally 
important is the system’s capacity to support innovation — especially by small and medium-sized 
enterprises — and to stimulate economic activity across diverse sectors. 6G should offer interfaces and 
market models that enable third parties to develop applications, operate services, or integrate value-
added functions into the ecosystem. Sustainability also implies that 6G systems are designed for long-
term value retention. This includes strategies such as modular upgrades, infrastructure reuse, and 
collaborative service models that reduce waste and increase cost-efficiency. Affordability must not be 
limited to end-users; it must also apply to operators, developers, and public bodies deploying 6G for 
societal benefit. Finally, evaluating economic sustainability requires dedicated indicators. These may 
include total cost of ownership, infrastructure Return on Investment (ROI), innovation uptake rates, or 
economic value delivered through vertical applications. The goal is to ensure that investments in 6G 
deliver not only technical performance but also durable economic returns and inclusive growth. 

2.3 Objectives for Sustainable ICT and ICT for Sustainability 
Traditionally, innovations in mobile network technology have been driven by improving the on-air 
technical performance of mobile network equipment. This has resulted in focusing network design and 
innovations on maximising data rates and capacity achievable within a limited envelope of spectrum 
resources. This approach focuses on the commercial sustainability of mobile services by delivering 
better user experience to more users more efficiently from a limited set of existing network 
infrastructure and related upgrade investments.   

However, led by global initiatives like the UN SDGs, industries are increasingly being assessed in the 
context of their wider impact on the economy, society and environment. Specifically, industries are 
being asked to rethink their ways of working to make a net positive contribution to the future 
sustainability of each of these three areas. The ICT sector, and the communication industry within this, 
is one such sector looking to rethink the way it targets and assesses future innovations to be more aligned 
with this global vision. And within the communication industry, 6G networks as the emerging next 
generation of mobile communications plays a crucial role. 

SUSTAIN-6G is the European Lighthouse Project that has the primary goal to address and integrate 
sustainability as a central component in the research and development of 6G mobile technologies. In 
the spirit of the UN SDGs, it aims to consider sustainability across the three pillars of economic, societal 
and environmental. However, it also acknowledges that 6G can affect sustainability across these pillars 
in two distinct areas: sustainable 6G and 6G for sustainability. 

Firstly, there is a direct or first order effect of deploying the physical ICT equipment and infrastructure 
required to provide an end-to-end 6G service.  Within the technical innovations planned for 6G, there 
is scope for improving factors such as energy consumption in mobile networks. Within SUSTAIN-6G, 
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innovations like this related to improving the sustainability of 6G equipment or network deployment 
models are termed “Sustainable 6G”. 

The second area where 6G can affect sustainability is in how it is used. Connectivity underpins many 
of the devices and software applications which are increasingly being used in the digital transformation 
of businesses. This can include applications such as the usage of sensors in farming to gather real time 
data on soil and crop conditions to allow more targeted interventions and improve yields. Using 6G in 
such a way has the potential to make a positive contribution to environmental sustainability via reduced 
water usage on farms for example.  Innovations in 6G aiming to maximise improvements in economic, 
societal or environmental sustainability caused by the usage of 6G services are termed “6G for 
sustainability” in SUSTAIN-6G. 

 

Figure 2-1: Dimensions of sustainability considered in SUSTAIN-6G 

Finally, we acknowledge that there is an important interconnection and dynamic between the six 
dimensions of sustainability explored by SUSTAIN-6G, as shown in Figure 2-1. For example, using 6G 
infrastructure to provide the connectivity required to monitor and control Smart Grids in the energy 
sector is an example of 6G for sustainability. The expectation here is that this application would have a 
positive impact on environmental sustainability in the energy sector, by making the generation and 
supply of electricity more efficient and with less wastage and GHG emissions. However, this would 
require a highly reliable and secure, nationwide 6G network that is well beyond the design targets of 
today’s wide area mobile infrastructure which typically targets consumer-grade services. Supporting 
such an application of 6G, would require the deployment of additional cell sites and mobile network 
infrastructure with a negative impact on the environmental sustainability contribution. Additionally, 
there would be increased costs associated with the enhanced 6G network impacting the economic and 
specifically the commercial sustainability of the service.  Similarly, a wider application of telemedicine 
would improve and enlarge access to quality healthcare for people living far from large urban centres, 
but with the potential for negative environmental impact due to the increased deployment of network 
access equipment. 

SUSTAIN-6G aims to create a holistic framework, for defining and assessing sustainability, that takes 
into consideration these interdependencies. 

Sustainability and 6G are key for the evolution of ICT. 6G is required to address the performance needs 
in terms of Key Performance Indicators (KPIs) by the public as well as by vertical sectors. 6G 
technology will drive markets to provide concrete solutions for this demand. But 6G needs to be as well 
designed based on criteria considering environmental, societal and economic Key Values (KVs) from 
the very beginning (Sustainability by Design – SbD). This set of criteria will facilitate the identification 
of sustainability requirements for the specific solution design, for technology enablers across all 
network segments and Use Cases (UCs). A third step will be to determine dedicated quantitative and 
qualitative identifiers for the KVs, expressed by means of Key Value Indicators (KVIs), that allow for 
the evaluation and assessment of the developed technologies with respect to their sustainability effects.  
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This is a mandatory precondition to further exploit sustainability into public and vertical sectors, where 
6G will play a key technology enabler role. All these sectors have their dedicated KPIs, sustainability 
KVs – and KVIs – as well. With the integration of 6G technology enablers into the respective UCs and 
applications towards a 6G ecosystem, a key challenge will be to optimise the effects on sustainability 
from an end-to-end perspective (from the device via network and service infrastructure to the vertical 
application and infrastructure) and furthermore consider the different lifecycles of assets in the different 
domains. Only thereby it will be possible to enable a systemic view on sustainability, i.e., optimise the 
sustainability effects across the whole 6G ecosystem. In terms of finding an optimal solution it is 
obvious that multiple loops with integration, evaluation, and technology improvements will be required. 

 

In summary, we need a sustainable 6G technology that can play a key role in optimising 
processes towards the desired effects on environmental, societal, and economic sustainability 
across all sectors. 
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3 6G sustainability aspects  
The ITU-R has recognised the motivation for International Mobile Telecommunications in 2030 (IMT-
2030) development as continuing to build an inclusive information society while contributing to the UN 
SDGs. Sustainability is therefore a foundational aspiration for future IMT systems, helping address the 
need for increased environmental, societal, and economic responsibility. 6G technology is expected to 
meet IMT-2030 requirements and demonstrate how it addresses related sustainability challenges and 
expectations. This includes embracing the principles of “Sustainable ICT” and “ICT for sustainability” 
across the three sustainability pillars. 

3.1 Sustainable 6G 
Sustainability in 6G must begin at the system level — not only as a set of external constraints or 
evaluation metrics, but as a technical principle embedded in the network’s architecture, components, 
and operating logic. In [HEXII25-D14], sustainable 6G actually refers to the ambition to minimise the 
negative effects of the 6G system and its deployment in the three sustainability pillars. Besides 
minimising the negative effects of the 6G system and its deployment in the three sustainability pillars, 
also it is also possible to imply positive effects in the societal and economic domains, but in any case 
not in the environmental one, where the direct impact of the technology, also referred to precisely as 
first order effect, is considered always negative in [L.1480], which, by the way, indeed only addresses 
the GHG emissions. The reason behind this outcome stems from the fact that the production of any new 
technology always implies an increase of GHG emissions compared to the status quo, even though the 
GHG emissions due to the production of new technology are reduced when compared to the ones 
produced by the legacy ones. 

The above-mentioned KVs are assessed via KVIs which, in case of Sustainable 6G, are referred to as 
quantitative or qualitative indicators to assess the impact of the technical enablers, i.e., the technology 
applied to a UC. Moreover, any technical enabler is assigned not only one or more KVIs, but also one 
or more KPIs, i.e. quantitative indicators for measuring the technical key performance, namely the 
technical value / capability needed to deliver a UC. As highlighted in [HEXII25-D14], it is therefore 
straightforward that in turn the KVIs may be mapped to existing KPIs, or to new KPIs, or cannot be 
mapped to any KPI and therefore they are kept as KVIs. 

This section focuses on the internal dimension of sustainability: how 6G technologies, functions, and 
design processes can be shaped to reduce negative impacts across their lifecycle while actively 
supporting sustainability goals. The subsections that follow consider sustainability at three key levels: 
design time, runtime, and end-of-life — each representing a critical stage for embedding eco-efficiency, 
societal responsibility, and economic viability into the network itself. 

3.1.1 Sustainability by Design 
6G will need to be Sustainable by Design (SbD), i.e., it should be intentionally embedded into the design 
process - not added as an afterthought. This will ensure that 6G is a sustainable technology that enables 
other industries to become more sustainable. There are five SbD principles for consideration: 

 Energy efficiency and GHG reduction – design enablers net reductions across the lifecycle of 
networks and UE  

 AI sustainability – design enablers for trustworthiness and compliance readiness of AI 
processes, resources and datasets.  

 Hardware efficiency – materials resources should be designed to use as little hardware as 
possible, extend hardware lifetime and enable higher utilisation and sharing of resources.  

 Resilience and climate change adaptation – design allows adaption to more extreme climate 
conditions and variability in the energy supply, but equally it ensures that infrastructure can 
adapt in times of economic or social crisis and minimise market volatility and social exclusion.  

 Value-oriented design and operations – deliver technology enablers that support UCs that 
benefit industries, people and planet. Requirements from key industries, such as agriculture, 
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energy and healthcare should be considered to maximum the positive impacts that these 
industries can have on the economy, society and the environment. 

Each sustainable design principle should be considered at each stage of the product lifecycle. As per 
ITU-T Recommendation L.1410 [L.1410], there are four high-level lifecycle stages that apply to ICT 
goods, networks and services. The stages are (see Figure 3-1):  

 Raw materials 

 Production 

 Use 

 End of Life 

Note that production waste is allocated to the production stage and impacts from transport and energy 
supplies are included in all lifecycle stages.   

 

 

Figure 3-1: High-level lifecycle stages that apply to ICT goods (source: Recommendation ITU-T 
L.1410) 

3.1.1.1 Interactions and trade-offs across sustainability pillars 
Sustainability in 6G is a dynamic, multi-dimensional framework. While the environmental, societal, 
and economic pillars offer structure for identifying core sustainability objectives, these pillars are not 
always mutually reinforcing. Moreover, sustainability goals often intersect, and sometimes compete, 
with system performance objectives such as latency, coverage, reliability, throughput, and scalability. 
Designing sustainable 6G systems therefore requires navigating two types of trade-offs: 

 Among sustainability pillars (e.g., reducing emissions vs. maintaining affordability) 

 Between sustainability and performance goals (e.g., energy savings vs. latency) 

A typical example of the former is the potential conflict between reducing environmental impact and 
maintaining economic accessibility. Improving energy efficiency may reduce emissions and operating 
costs in the long term but require high initial capital investment or specialised hardware, which may 
increase financial barriers, especially for Small and Medium Enterprises (SMEs). Similarly, increasing 
service reliability for societal benefit — such as in health or safety applications — may raise energy 
demand and operational complexity. 

In terms of the latter category, core 6G performance targets such as ultra-low latency, high throughput, 
and dense connectivity often imply increased hardware density, frequent transmission, or intensive data 
processing — all of which carry environmental and energy costs. In short, meeting extreme performance 
KPIs may undermine sustainability goals unless energy-aware or circular approaches are tightly 
embedded from the start. 

To support structured decision-making in light of these trade-offs, SUSTAIN-6G introduces the concept 
of multi-dimensional KPI/KVI frameworks. These frameworks include: 

 Environmental metrics (e.g., energy-per-bit, CO₂ per user, renewable integration ratio) 
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 Societal indicators (e.g., access equity, user-perceived trust) 

 Economic parameters (e.g., infrastructure ROI, cost per beneficiary) 

 Performance anchors (e.g., latency, coverage, data rates) 

This evaluation logic enables transparent visualisation of tensions — for instance, plotting a UC’s 
improvement in inclusion versus its increase in energy cost — and allows stakeholders to weigh 
priorities based on deployment context. 

Another key consideration is the divergence in stakeholder perspectives. What constitutes an acceptable 
trade-off for a national operator (e.g., investing in modular infrastructure to reduce lifecycle cost) might 
be unsustainable for a local authority managing short-term budgets. Therefore, evaluating trade-offs 
must account for actor-specific constraints and priorities. 

Ultimately, the sustainability of 6G will depend not only on achieving high individual scores across 
metrics, but on the ability to navigate interdependencies across dimensions and layers. Design priorities 
must emerge from this understanding, supported by flexible system architectures and adaptive resource 
management. 

3.1.1.2 Eco-design challenges and rules for converging towards the optimal solution  
In this paragraph we will address a sustainability by design approach to go beyond the environmental 
criteria and include also the societal and the economic criteria.  

For the identification of an optimised solution, we need to adopt eco-design rules, and key technology 
enablers. The eco-design rules are quite well known and can summarised as follows: 

Eco-design rules 

 Life Cycle Thinking: This rule considers the entire life cycle of a product: Raw materials, 
Production, Distribution, Use, End of life (recycling, disposal). The goal is to reduce the total 
environmental footprint at every stage.  

 Minimise Resource Use: This rule indicates that we need to use fewer materials and less energy. 
One direction that can be adopted is the simplification of the system as much as we can while 
maintaining the performance expected. We need then to prioritise renewable, recycled, or 
recyclable materials. Design for material efficiency (lightweighting, reducing waste). We need 
to adopt also zero-energy materials, or components optimised in terms of energy consumption.  

 Design for Durability: This rule indicates that we need to adopt products that have a long 
lifetime. The promotion of modular design is key to be replaced or upgraded easily. Encourage 
repairability and serviceability. 

 Design for Disassembly: This rule ensures that the product can be easily taken apart for repair, 
reuse, or recycling. Avoid permanent bonding of dissimilar materials (like gluing plastic to 
metal). 

 Use Clean Production Techniques: This rule indicates that we need to choose low-impact 
manufacturing processes: Less energy, Fewer emissions, Less water or chemical use. Reduce 
toxicity in materials and processes. 

 Optimise Packaging: This rule indicates that we need to pay attention to the packaging. The 
packaging should be in line with a demand but not more. When there is no need for a smart 
packaging, the objective is then to minimise the packaging material. Use recyclable, 
biodegradable, or minimalist packaging. Design packaging to protect efficiently while reducing 
waste. 

 Design for Energy Efficiency: This rule is a central rule since it will identify the key technology 
enablers for an absolute energy efficient design. It includes also a minimisation of the energy 
used during the product operation (its energy consumption). It must support low-power modes 
or energy-saving features (like sleeping mode operations). For electronics: use energy-efficient 
components (e.g., low-power processors) and use massively optical technologies when possible 
as a complementarity technology to avoid physical limits of a specific technology.  

 Plan for End-of-Life: Ensure that the product or its parts can be: Reused. Recycled. Safely 
disposed. Clearly label materials to aid recycling. This rule is quite important since it will drive 
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a circular economy for the sovereignty of an industry. Comply with directives and standards 
like Waste Electrical and Electronic Equipment (WEEE) [D2012/19] or ISO 14006 [14006]. 

 Avoid Hazardous Substances: Reduce or eliminate use of toxic, rare, or hazardous materials 
(like lead, mercury, or per- and polyfluoroalkyl substances, PFAS). Comply with standards like 
RoHS (Restriction of Hazardous Substances) [D2002/95]. This rule is important to anticipate 
blocking situations due to the use of regulated materials. It can be extended also to the respect 
of regulation rules in term of EM emissions.  

 Comply with Environmental Standards: Follow eco-design regulations like: EU Eco-Design 
Directive (2009/125/EC). ISO 14006 (Environmental management systems – Guidelines for 
eco-design). Incorporate Environmental Product Declarations (EPDs) or Eco-Labels. This rule 
is fundamental and needs to be adopted at the beginning of the design process of any product 
to be in line with a certification imposed by governments or standards.  

Key enabling technologies: 

To achieve a greener ICT (Information and Communications Technology) sector, several key 
technology enablers are driving sustainability. These technologies are aimed at reducing energy 
consumption, improving efficiency, and minimising environmental impact.  

Table 1 gives an example of some key technologies that need to be envisaged for the future design of 
solutions. This is not an exhaustive list, but simply an extraction from a long list of key technology 
enablers.  

Table 3-1: List of key enabling technologies for a greener ICT 

Technology 
enabler 

Remarks UC targeted Environmental 
impact 

Societal 
impact 

Economic 
impact 

Microgrids for 
5G Cell sites 

Covers all local 
production of 
electricity 

Cell sites; Base 
stations 

Contribute to 
reduce the 
emissions of 
CO2 of a 
country through 
the use of 
renewable 
energies 

Not visible Reduction of 
the electricity 
bill of 
operators. 

Bit Interleaving 
for energy 
savings 

Technique used 
to reduce the 
frequency at 
the reception 
level 

Can be 
implemented in 
all synchronous 
transmission 
system 

Reduces the 
electricity 
consumption of 
electronic 
systems 

Can be visible 
when it impacts 
the boxes at 
home 

Gain in 
CAPEX and 
OPEX 

Integrated 
systems 

Develop more 
chipsets for low 
price devices. 

Can be efficient 
for in-door 
networks where 
the cost is an 
issue 

Reduction of 
the size of 
systems 

Technology 
less visible 

Can contribute 
to a massive 
market 

Quantum 
Signal 
Processing 
(QPS) 

Envisage new 
processing 
technologies 

Can be 
deployed 
everywhere 

Photonic 
interactions less 
energy 
consuming than 
electron 
interactions. 

Not visible Can offer new 
possibilities to 
the AI 
technology. 

Ultra-low 
Latency 
Networks for 
sustainability 

Looking for 
low latency 
networks 
pushes for new 
low power 
consuming 
techniques   

All UC 
requiring 
ultralow 
latency 

Can contribute 
to design 
simple systems 
less energy 
consuming 

Create 
opportunities 
for new critical 
services 

Can be 
mandatory for 
some UCs 
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In summary, we need to build a methodology for the sustainable design of new solutions, and 
in particular for the 6G. The objective of this method is to converge rapidly towards the 
absolute optimal solution. But to do this there is a need to list all the key technology enablers 
to be able to use some of them in the design process.   

3.1.2 Operational sustainability  
In the same manner as the design, 6G networks and infrastructures must be deployed and operated in a 
sustainable manner. In particular, those sustainable aspects of 6G by design need to be put in place (e.g. 
activated) in actual networks. This means that during deployment and operation of 6G networks and 
infrastructures, the following sustainability principles and practices should be adopted: 

Deployment Phase means installation and 
rollout of network infrastructure, including 
base stations, fiber optics, antennas, and 
supporting systems. 

Operational Phase means the ongoing 
management, monitoring, and optimisation of 
network infrastructure and services to ensure 
reliable, efficient, and secure connectivity. 

Environmental Sustainability: 
- Low-impact site selection 
- Sustainable construction practices 
- Energy-efficient equipment installation 
- Minimising transportation footprint 
- Environmental compliance and permitting 

Environmental Sustainability: 
- Energy efficiency in active equipment 
- Renewable energy integration 
- Cooling and climate control optimisation 
- Real-time environmental monitoring 
- Software-driven optimisation 

Economic Sustainability: 
- Cost-efficient rollout strategies 
- Infrastructure sharing 
- Future-proofing investments 
- Local sourcing and labor 
- Digital tools for planning 

Economic Sustainability: 
- Operational cost reduction 
- Resource optimisation 
- Energy cost management 
- Service reliability and uptime 
- Scalable operations 

Societal Sustainability: 
- Community engagement and transparency 
- Job creation and skills development 
- Equitable network expansion 
- Respect of health and safety standards 
- Respect to of cultural and social sensitivity 

Societal Sustainability: 
- Network availability and resilience 
- Digital inclusion through operational excellence 
- Data privacy and cybersecurity operations 
- Workforce wellbeing and skills development 
- Transparent reporting and accountability 

3.1.3 Sustainability at end of life  
End-of-life management is a critical component of the sustainable 6G lifecycle, requiring proactive 
planning from the earliest design stages to ensure minimal environmental impact and maximum 
resource recovery. Sustainable end-of-life strategies for 6G infrastructure and devices must prioritise 
the principles of circular economy: designing for disassembly, promoting modularity, and enabling the 
reuse, refurbishment, and recycling of components wherever possible. This approach reduces waste and 
resource depletion as well as supports compliance with international environmental directives and 
standards such as RoHS [D2002/95], WEEE [D2012/19] or ISO 14006 [14006], in addition to local 
regulations. Material labelling and traceability are essential to facilitate efficient sorting and recycling, 
while partnerships with certified recycling organisations help ensure responsible disposal of materials 
that cannot be recovered. Additionally, end-of-life considerations should be integrated with broader 
sustainability goals by assessing trade-offs between environmental, societal, and economic impacts—
such as balancing the costs of advanced recycling technologies against the benefits of reduced pollution 
and increased resource efficiency. Ultimately, a robust end-of-life framework for 6G will contribute to 
the overall sustainability of the ICT sector, aligning with the United Nations Sustainable Development 
Goals and reinforcing the role of 6G as a driver of positive change for industry, society, and the 
environment. 
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3.2 6G for Sustainability 

3.2.1 6G's Role in Sustainability and Emission Reduction 
It is well known from literature [MAA+20] [HEX21-D12] that 6G will be both an infrastructure that 
supports a multitude of services to help the achievement of the individual targets in the UN SDG 
framework, as well as a tool to help authorities and other stakeholders to collect various data, thus 
enabling the monitoring of relevant indicators. 

More generally, digital technologies create new opportunities to cut emissions and fight climate change 
across sectors [Wor23] as outlined in various studies on the so-called enablement effect [HEX22-D13]. 
In June 2022 the Body of European Regulators for Electronic Communications (BEREC) [Ber22] 
referring to a previous Global e-Sustainability Initiative Report [Ges15], reported that according to 
certain estimations from ICT industry players the digital solutions could allow reducing around 15–
20% of global GHG emissions from other sectors [Eri24]. Furthermore, based on a macro analysis of 
181 countries for the period 2002–2020, there is a correlation between connectivity and 
decarbonisation, with a 10% increase in mobile broadband penetration found to cause a 7% reduction 
in CO2 -emissions per capita [EB24]. 

While it is hard to predict what 6G will be, it is anticipated that enhanced communication capabilities 
in addition to other capabilities such as sensing or Artificial Intelligence and Machine Learning (AI/ML) 
could potentially be leveraged to enable sustainability in a variety of different sectors. 

However, as outlined in [HEXII23-D11] while ICT in general, and specifically 6G, can be an important 
enabler, literature highlights that technology itself is not sufficient to unleash the enablement effect: 
suitable strategies, policies and regulations have to be implemented in order to drive cultural change 
and new personal behaviours toward sustainability goals. 

In fact, as noted in [Wor23] “digitalisation does not by default shrink the carbon footprint of any sector. 
Some solutions may reduce unit-level emissions while boosting overall usage, producing a rebound 
effect. For example, although 5G technology—which can be used for Internet of Things solutions— is 
more energy efficient per unit of data, increases in data volume and in use of the underlying network 
infrastructure can result in higher total emissions. Because these effects are not always foreseeable at 
the outset, constant attention should be paid to measuring and balancing the climate-friendly effects of 
an innovation and its possible rebound effects”. 

Rebound effects are one of the aspects that make the assessment of the “6G for sustainability” quite 
complicated. As outlined in [HEXII23-D11], a common basis for research in this area is the definition 
of a baseline scenario, a definition of a scenario with a solution that reduces GHG emissions applied 
and a comparison between the two. This is by necessity a hypothetical setup since the two scenarios 
cannot exist at the same time. 

At the end of 2022, ITU-T proposed a well-grounded approach with Recommendation L.1480 [L.1480], 
which brings transparency, consistency, and comprehensiveness to enablement assessments of ICT 
solutions [HEX23-D14]. As acknowledged in [HEXII23-D11], this methodology could also be 
applicable to new technologies to some extent; however, it cannot be properly applied to 6G at the 
moment for two reasons: firstly, no data exists on 6G yet, and secondly, the definition of a baseline 
scenario would be difficult as well, since 5G is still under deployment. 

3.2.2 Economic Impact of ICT and Connectivity Technologies 
Beyond impacting environmental sustainability, ICT is seen as a key sector for powering economic 
growth with connectivity related technologies being amongst the World Economic Forum’s 2024 top 
ten list of technologies poised to significantly influence societies and economies in the next three to five 
years [Wor24]. This high importance attached to connectivity is largely related to its underpinning role 
in the digital transformation of organisations and businesses across the world. The World Economic 
Forum estimates that by 2025, digital transformation had already added $100 trillion to the world’s 
economy [Wor24]. More specifically, the McKinsey Global Institute [Mck20] has carried out analysis 
of the economic impact of UCs requiring advanced connectivity in the mobility, healthcare, 
manufacturing and retail sectors. They forecast that the identified UCs in these four sectors alone could 
increase global Gross Domestic Product (GDP) by $1.2 trillion to $2 trillion by 2030. This is an increase 
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of approximately 1.1% to 1.8% against global GDP for 2024. The same report estimates a further 
increase to global GDP by 2030 of $1.5 trillion to $2 trillion from uses of connectivity beyond industry 
and instead from its usage in wider society. 

It is forecasts like this that have raised the importance of connectivity amongst governments and policy 
makers. This is reflected in initiatives such as the European Commission’s Digital Decade policy 
program [EC21], which sets out targets and priorities for boosting Europe’s digital transformation by 
2030. Notably this policy includes targets for gigabit fixed and high-speed mobile networks, 
acknowledging the underpinning role of connectivity in the digitisation of Europe’s businesses and 
wider society. 

3.2.3 6G and Society 
The deployment of 6G networks in the coming decade will likely result in a further dramatic increase 
in network performance and availability, with AI being deeply embedded in network architecture and 
operation [Chi24] [Hnr24]. 

The improvement of connectivity speed, quality, network resilience, and security – combined with AI 
– will reshape infrastructure, services, and applications across sectors. Increased automation and smart 
control will drive higher production outputs while reducing costs and delivery times. This efficiency 
boost, however, will create significant workforce challenges, potentially reducing traditional 
employment unless widespread reskilling initiatives are implemented to develop emerging ICT 
competencies [Alp25]. At the same time, 6G capabilities will elevate service expectations across 
sectors, accelerate smart city technology adoption, and increase network reliance for personal and 
vehicle safety. People in remote or difficult-to-access areas will experience significantly improved 
access to essential services (e.g., banking, healthcare, goods delivery), provided that privacy and 
security concerns are adequately addressed. Despite these potential benefits, risks of widening existing 
inequalities persist due to infrastructure disparities, cost barriers, cultural factors, and varying levels of 
digital literacy. Addressing these challenges will be critical to ensuring equitable participation in the 
digital economy and promoting equality of rights and opportunities. 

The expansion of work-from-home practices will reduce the need for centralised office resources while 
creating new challenges for employee oversight and workplace relationship development. The 
boundaries between professional and private life will continue to blur, affecting both time and space 
management for individuals. Meanwhile, the network’s ultra-low latency and very high bandwidth will 
enable immersive Virtual Reality (VR) or Augmented Reality (AR) experience, transforming both 
entertainment and practical applications. Educational and healthcare applications will offer experiential 
learning environments and therapeutic interventions. When properly designed, applications in these 
domains have demonstrated benefits in terms of anxiety reduction, management of behavioural 
disorders, and cognitive skill development [Dav25]. However, potential negative impacts include 
harassment in virtual environments, addictive behaviours, and difficulty distinguishing between virtual 
and real-life experiences [MUA+23]. VR environments and their design will significantly influence 
self-identity formation and representation, raising important questions about diversity, inclusion, and 
stereotyping in virtual spaces.  

In an increasingly hyperconnected environment, individuals must navigate multiple communication 
streams simultaneously, leading to attention fragmentation and cognitive overload. This can diminish 
available cognitive resources, impede concentration, and potentially contribute to stress, decreased 
productivity, and learning difficulties. Digital interactions increasingly shape our communication 
patterns, sometimes with concerning implications. Constant connectivity can lead to decision fatigue 
from frequent micro-choices. Increased device dependence may contribute to excessive screen time and 
associated mental health challenges, including anxiety and attention disorders. The immediacy of 
information can intensify “fear of missing out” (FOMO), potentially weakening community bonds and 
increasing social isolation.  

The integration of AI in network structure and function, while necessary for successful 6G deployment, 
raises significant concerns regarding controllability and accountability [RSR24]. These technological 
shifts will also reshape power dynamics, as the data economy concentrates influence among dominant 
corporations that leverage vast data reserves to influence consumer choices and even public opinion. 
As social theorist Rogers Brubaker observes, hyperconnectivity has significantly empowered 
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organisations more than individuals, fostering recentralisation and reconcentration of power that 
reverses the decentralisation seen in the internet’s early years. His analysis highlights how 
hyperconnectivity has enhanced “technologies of control, technologies of distraction, and technologies 
of manipulation,” all built on data extraction and surveillance [Bru23]. The COVID-19 pandemic 
further accelerated digital mediation across all aspects of life in ways that appear permanent, 
demonstrating how rapidly technological adoption can transform when necessity demands.  

The deep embedding of AI in network structure and function is a necessary requirement for successful 
deployment of 6G networks, but comes with its own set of concerns, such as controllability and 
accountability of the AI agents in the network. 

All of the above developments are expected to increase both acceptance and resistance/scepticism for 
ICT. While faster, easier, more affordable and more widespread services are universally perceived as a 
beneficial outcome of ICT evolution, mistrust towards technology due to the perceived increased scope 
for abuse, either at the individual level or at the corporate level, will also be present unless it is 
effectively addressed. This will require cooperation of technology/service providers with national and 
international regulatory and legislative bodies. Research on the long-term societal trends fostered by 
ICT evolution will also be required as a guide to regulation and as a means of conceptualising and 
expressing what is found on societal trends. It is imperative that self-regulation in the form of 
technological support and regulatory/legislative pressure keeps up with any negative impact of the ever-
accelerating pace of technological progress in order to avoid degeneration of the open society into 
techno-feudalism and a widespread sense of alienation or dispossession [Kar25]. Eventually, people 
and businesses will have to feel that they can trust and relate positively to ICT, by being supplied with 
technology-based assurances on data provenance and privacy/security, in addition to well-proportioned 
public control and oversight [SS23]. 
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4 MNO Perspective on Sustainable 6G Public 
Networks  

4.1 Description 

4.1.1 Context 
MNOs as one of the main ICT stakeholders, are faced with several conflicting sustainability objectives 
concerning the networks and infrastructures in all lifecycle phases (design, deploy, run and end-of-life). 
A typical example is the objective to reduce the network GHG emissions and the objective to have a 
sustainable business. These objectives are not easily reconciled with each other using the solutions that 
exist separately for each one of them: solutions like network performance optimisation can target both 
objectives since they reduce resource usage as well as costs, but other  solutions for reducing network 
GHG emissions such as extension of equipment lifetime, or less ambitious deployment plans may not 
fit the current MNO business viability relying also on technical performance excellence and 
differentiation that depends on equipment renewal and aggressive deployment strategies in a 
competitive market.  

This situation is the simplest example case where we can have conflicting sustainability objectives for 
a single stakeholder and yet the solution is not easy to identify. Extension to the other sustainability 
pillars and KVs renders the problem even more difficult to solve. For example, let’s consider the KV 
on digital inclusion within the societal sustainability pillar which encompasses different factors such as 
network coverage, affordability, digital literacy etc. From the coverage perspective, a possible existing 
solution is Non-Terrestrial Networks (NTN) that however imply high negative environmental impacts 
(GHG emissions, space waste, among others). This adds another dimension of conflict to the problem 
and renders it extremely challenging to solve. Furthermore, adding the perspective of another 
stakeholder, in this example the NTN operator, will render the problem even more complex. 

Therefore, we propose to dive into this problem by introducing it in detail and paving the way to have 
insights on a possible methodology to solve it. 

4.1.2 Overview 
As discussed above, each sustainability pillar, i.e., environmental, societal, and economic, encompasses 
a number of different subdomains and associated goals that sometimes compete among themselves as 
well as with performance objectives. GHG emissions are certainly an important subdomain of the 
environmental sustainability pillar: currently, the ICT sector accounts for almost 4% of the global CO2 
emissions, with an extremely rapid annual increase of 6% per year [The24]. Most of the major industry 
players have set themselves CO2 emission reduction targets through the Science Based Target initiative 
(SBTi) [Sci25], typically Net Zero4 CO2 commitments for the 2040-time horizon where 6G will have 
been deployed. Networks and infrastructures account for 25% of the total ICT sector emissions. 
Therefore, 6G has a considerable impact on the CO2 emissions and need to support the industry players 
in meeting their CO2 reduction commitments across the network infrastructures. 

In addition to this CO2 reduction, also the other subdomains of the environmental sustainability pillars 
should be addressed, and at the same time the economic viability of the ICT sector should also be kept, 
bringing sustainable economic and societal value to the society through employment and investment 
while accommodating the traffic growth at acceptable financial costs and favourable economic 
conditions for all the stakeholders. 

 
4 Note that rather often, Carbon Neutrality, Net Zero CO2 and Net Zero are used interchangeably, while there 
should clear differentiation be made: Carbon Neutrality includes Scope 1 and 2 emissions only (direct and 
indirect emissions), while Net Zero includes Scope 3 (supply-chain related) emissions as well. For further 
reference see, for example, [Int18], [Den22] or https://netzeronow.org/post/net-zero-vs-carbon-neutral-
difference.  

https://netzeronow.org/post/net-zero-vs-carbon-neutral-difference
https://netzeronow.org/post/net-zero-vs-carbon-neutral-difference
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4.1.3 Motivation, objective and drivers 
With specific reference to the GHG emissions, the objective is to reach the Net Zero Carbon neutrality 
by 2040, through a healthy ICT business (revenues, investments, employment, etc.) for all the 
stakeholders, providing welfare to society and thus creating economic sustainable value for society 
through employment and investment. 

This objective is valid and important both for the consumer market and for the vertical market. Although 
the market share of the vertical sector has increased thanks to 5G private networks, the consumer market 
is still the prevalent market in 5G [Gsm25]. It is plausible to assume that 6G will have the same trend, 
with an impact on the consumer market at least as important as the vertical market. Furthermore, in 6G, 
as in 5G, some (if not most) of the vertical UCs will rely on the nation-wide operator networks and 
infrastructures. Therefore, it is important to consider the consumer market (Business-to-Customer, B2C) 
6G together with the vertical market (Business-to-Business, B2B) 6G. 

4.1.4 Challenges 
The two endeavours, i.e., achieving (1) the environmental targets of the MNOs and (2) sustainable 
economic growth for the stakeholders should be achieved simultaneously. Thus, the particular challenge 
for the MNO is to keep the business healthy (sustainable economic growth) while reducing the CO2 

emissions of its nation-wide networks and infrastructures. This challenge incurs environmental, societal 
and economic values in a sustainable manner. The 6G technology design, deployment and operation 
should be driven by these values. However, according to the current business models that rely on volume 
growth, these objectives are often conflicting. 

Apart from the conflicting objectives, there is another very important challenge on traceability and 
access to reliable and sufficient sustainability data throughout the whole value chain. In order to 
evaluate/assess the sustainability metrics and take actions, there is a need to have reliable and sufficient 
data from all the stakeholders down the supply chain. This is related to a structured and reliable reporting 
of the stakeholders. This challenge is also acknowledged by the European Commission, through their 
attempts towards a standardised sustainability reporting of the European industry such as the Corporate 
Sustainability Reporting5 and the EU Code of Conduct (CoC) for the sustainability of 
telecommunication networks6. 

4.1.5 Values, principles and driving criteria 
The future solution/scenario we aim at which is described above is desirable for society, since the 
sustainable growth of the ICT sector (Sustainable 6G) will bring welfare and healthy economic 
conditions for the needs and well-being of its members, for example through job offers, investment on 
sustainable innovation, provision of decent work conditions for the ICT workers etc. 

In addition, in the envisaged scenario the use of ICT, and 6G in particular, has the potential to positively 
contribute to the achievement of the sustainability goals of other industry sectors (6G for Sustainability) 
through emerging or upgraded services that would help other sectors in getting more environmentally, 
societally and economically sustainable [HEXII25-D14]. 

4.1.6 Key Values (environmental, economic and societal) 
MNOs have the ambition to align their businesses with values for the planet and the humans/society. 
To this end, they have a comprehensive list of Key Values to address. 

 

Environmentally sustainable 6G 
networks & infrastructures 

6G for economical sustainability 6G for societal sustainability 

Typical Key Values: Typical Key Values: Typical Key Values: 

 
5 Corporate Sustainability Reporting, https://finance.ec.europa.eu/capital-markets-union-and-financial-
markets/company-reporting-and-auditing/company-reporting/corporate-sustainability-reporting_en  
6 EU Code of Conduct (CoC) for the sustainability of telecommunication networks, https://joint-research-
centre.ec.europa.eu/projects-and-activities/green-and-sustainable-telecom-networks_en  

https://finance.ec.europa.eu/capital-markets-union-and-financial-markets/company-reporting-and-auditing/company-reporting/corporate-sustainability-reporting_en
https://finance.ec.europa.eu/capital-markets-union-and-financial-markets/company-reporting-and-auditing/company-reporting/corporate-sustainability-reporting_en
https://joint-research-centre.ec.europa.eu/projects-and-activities/green-and-sustainable-telecom-networks_en
https://joint-research-centre.ec.europa.eu/projects-and-activities/green-and-sustainable-telecom-networks_en
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 Reduction of GHG 
emissions of the MNO 
networks & 
infrastructures (scopes 
1,2 & 3). 

 Limiting energy 
consumption. 

 Preservation of 
biodiversity (protection 
of species, land use, …). 

 Preservation of natural 
resources (i.e. limiting 
the use of mines/metals, 
water, land, …). 

 Minimising e-waste. 

 Respecting landscape and 
architectural constraints 
(e.g., deployment of 
antennas and other 
necessary equipment in 
proximity to protected 
areas)  

 Reduction of pollution 
(water, land, air, space, 
…). 

 Sustainable economic 
viability of the 
telecommunications 
sector, including all the 
stakeholders (i.e. 
creating sustainable 
economic value for all 
the stakeholders) 

 Affordability of the ICT 
solutions. 

 Reducing 
OPEX/CAPEX. 

 Protecting economic 
value of properties based 
on deployment of 
equipment (e.g., 
NIMBYism - Not In My 
Backyard – is a societal 
phenomenon where 
residents support the idea 
of necessary 
infrastructure, such as 
antennas, but oppose its 
placement near their 
homes due to concerns 
about property values, 
aesthetics, health, or 
quality of life). 

 The capacity of 
technology to respect 
fundamental rights such 
as privacy, transparency, 
dignity (UN SDG #16). 

 Digital inclusion 

 Meaningful social 
interaction and quality of 
relationships 

 Trust 

 Confidentiality 

 Resilience 

 Sustainable employment 
capacity of the ICT 
sector 

 Dignity and respect of 
any other human rights 
across the entire value 
chain (e.g. child labour, 
working 
ethics/conditions during 
extraction/mining) 

 Protecting vulnerable 
groups 

 Ensuring the public 
concerns on 
Electromagnetic Field 
(EMF) exposure 

It is noted that the key values listed in the table above, while therein referring to Sustainable 6G, can 
also be applicable to 6G for Sustainability. As far as Sustainable 6G is concerned, it is referred to as a 
selection of technical enablers needed to produce 6G technology that can address the 3 sustainability 
pillars, namely the environmental, societal and economic ones. 

As a matter of fact, sustainability in 6G is a complex framework with multi-dimensional intertwined 
aspects that can hardly be addressed separately. However, as a pragmatic way forward, a step-by-step 
approach can be proposed, focusing at a first instance to a single key value per each sustainability pillar, 
as per the example in the following table: 

 

Environmentally sustainable 6G 
networks & infrastructures 

6G for economical sustainability 6G for societal sustainability 

Reduction of the GHG emissions 
of the MNO networks & 
infrastructures (scopes 1,2 & 3), 
with identified target values for 
different milestones.  

 The environmental Key 
Value (KV) is reduction 
of GHG emissions which 
is associated with the UN 
SDG #13 Climate Action. 

 Possible levers/solutions 
are circular economy 
principles, infrastructure 
mutualisation, reduction 
of energy consumption, 
lifetime extension of 
equipment, decoupling of 

Sustainable economic viability of 
the telecommunications sector, 
including all the stakeholders.  

 The economical KV is 
the economical/business 
viability of the 
telecommunications 
sector which is 
associated with the UN 
SDG #8 Decent Work 
and Economic Growth & 
UN SDG #9 Industry, 
Innovation and 
Infrastructure. 

 Possible levers/solutions 
are innovative business 
models, marketing 

Sustainable employment for the 
society. 

 The societal KV is the 
sustainable employment 
capacity of the 
telecommunications 
sector which is 
associated with the UN 
SDG #8 Decent Work 
and Economic Growth & 
UN SDG #9 Industry, 
Innovation and 
Infrastructure. 

 Possible levers are 
similar to those of the 
economical sustainability 
pillar. 
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hardware-software, 
energy efficiency etc. 

strategies, affordability, 
cost reduction, new 
revenue sources etc. 

 

 

4.2 Impact and Sustainability Analysis Framework 
The following table depicts the 1st and 2nd order effects on the 3 sustainability pillars, that are linked to 
the Key Values indicated in previous tables, where the black items reflect the comprehensive/holistic 
perspective (first table above) and the red items reflect the limited/pragmatic approach (the second table 
above). 

Table 4-1: First and second order effects on the 3 sustainability pillars 

 Environmental Economic Societal 

1st order 
effects 

Climate change through 
GHG emissions. 

Energy consumption. 

Contribution to non-
renewable natural resource 
depletion through 
consumption (rare metals, 
materials, water, land...). 

Contribution to pollution 
(water, land, air, space…). 

Preservation on biodiversity 
and species (land use…). 

ICT solution CAPEX, 
OPEX, Total Cost of 
Ownership (TCO). 

Job opportunities throughout 
the whole value chain of the 
ICT solution. 

Work ethics throughout the 
whole value chain of the ICT 
solution (e.g. ethical sourcing 
of materials). 

Job opportunities throughout 
the whole value chain of the 
ICT solution. 

Value-based design to embed 
societal values into 
technology 

2nd order 
effects 

Reduction of GHG emissions 
thanks to the use of the ICT 
solution (e.g. increase in 
home office work and 
decrease in home-work 
commute) 

Mobile subscription charges. 

Job opportunities due to the 
use of the ICT solution (e.g.  

Feeling of security thanks to 
the trusted and resilient ICT 
solution (driven by values-
based design). 

Automation and the related 
gains in terms of process 
efficiency may enable in 
theory a more efficient way 
of doing daily tasks with a 
possible increase of free-
time; however, if not 
properly managed within 
management processes. in 
line with human rights, this 
capability will translate in an 
acceleration of the “tempo” 
of life and in a "rebound 
effect" related to cognitive 
resources and time pressure, 
with an exponential growing 
number of activities 
supposed to be attended. 
Changes in the nature of 
social interaction and human 
relationships, and related 
risks (e.g. screen addiction; 
social isolation)  

4.3 Ecosystem and technical aspects 
The ecosystem surrounding the development and deployment of public 6G networks and infrastructures 
is multifaceted, involving a diverse array of stakeholders, each playing a crucial role in shaping the 
future of connectivity. At the core are the provisioning actors, who are responsible for building and 
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maintaining the infrastructure. This group includes MNOs, equipment suppliers, integrators, industry 
associations, and research centres. Within this category, we find several specialised sub-groups: 
manufacturers of hardware and components, software and IT platform providers, network management 
service providers, technical consulting companies and advanced telecom service developers. 
Additionally, cloud and digital infrastructure services, as well as providers of testing and measurement 
facilities, contribute significantly to the ecosystem. 

Complementing these are European and international associations that guide industry alignment, 
alongside corporate and academic research institutions that drive innovation. The telecom industry 
itself—comprising communication service providers, network operators, and solution vendors—forms 
the backbone of 6G provisioning in terms of networks and infrastructures. 

On the user side, the landscape is equally varied. It includes not only individual customers but also 
sectors within the public domain such as cybersecurity, Internet of Things (IoT), robotics, and cloud 
services. These users leverage 6G capabilities to enhance their own services and applications, creating 
a dynamic interplay between technology and societal needs. 

Supporting both the providers and users is a third layer of stakeholders: the facilitators and enablers. 
These include political entities, standardisation bodies, funding agencies, and innovation platforms. 
Their contributions span from organising conferences and fairs to shaping policy and regulation at 
national and international levels. Consultants, marketplaces, and enabling platforms also play a role, as 
do standardisation and open-source organisations. Intellectual property offices and digitalisation 
facilitators ensure that innovation is protected and disseminated effectively. 

From a technical standpoint, the deployment of 6G networks is guided by the ITU-R IMT-2030 
framework, which outlines performance capabilities, requirements, and spectrum considerations. While 
the primary deployment setting is nationwide mobile networks, evaluations may focus on sub-regions 
to better understand localised impacts. The expected user volume aligns with typical MNO subscription 
levels, and deployment environments range from dense urban areas to rural regions. 

For our evaluation purposes, the MNO 6G public mobile network will be considered to consist primarily 
of macro base stations with varying antenna configurations, tailored to different geographic and 
demographic needs. Beyond the physical and technical aspects, a critical requirement is the traceability 
and accessibility of sustainability data across the entire value chain. This data is essential for assessing 
the broader impacts of 6G technologies, particularly in relation to key societal and environmental 
values. 
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5 Overview of 5G technology, state-of-the-art and 
sustainable 6G enablers  

5.1 Scope of this chapter  
This chapter gives an overview of available 5G technology and on 6G technology enablers currently 
researched. The SotA thereby focuses on public mobile as well as on fixed networks and data centres. 
Furthermore, a baseline set of eco-design rules for 6G implementation is provided. The identified 
technology enablers are assessed at a high level with respect to their expected effect on environmental, 
societal and economic sustainability. The SotA together with the design rules and the initial assessment 
are fundamental towards creating reference scenarios for evaluating the technology enablers when 
applied to the UCs outlined in Chapter 6, in terms of being able to quantify the sustainability gain and 
benefits in an E2E manner.  

5.2 5G technology and 6G requirements  

5.2.1 5G technology fundamentals 
The wireless technology had to cross several generations before reaching the 5G technology. Figure 5-1 
shows the wireless technology evolution and Figure 5-2 shows the user equipment evolution.  

 

Figure 5-1: Evolution of the wireless technology  

  

 

Figure 5-2: Evolution of phones though the different generations  

 

But the specificity of each wireless technology is a progressive transformation of the technology from 
analogue to digital, from a circuit to a packet transfer mode, and from a phone service to a wide range 
of services offered today by the 5G technology. Figure 5-3 shows this evolution to offer a Quality of 
Experience in line with the expectations of the end-users.   
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Figure 5-3: Evolution of the wireless technology from 1G to 5G  

Concerning the spectrum exploited, we have the RF spectrum and in some advanced technologies, the 
optical spectrum from the close infra-red to the visible light. Figure 5-4 shows the band of frequencies 
used by the 5G technology.   

  

 

Figure 5-4: Bands of frequencies of the 5G technology  

One specificity of the 5G technology is the cloud infrastructure to deliver high performance. The 
objective is to provide efficient, real-time, low latency, centralised and distributed services. Figure 5-5 
shows how the capacity and the latency reduction are managed.   

 

Figure 5-5: Towards a cloud infrastructure for capacity and low latency  

Another key differentiator of the 5G with respect to the 4G technology is the network slicing, a 
foundation for a value creation. Figure 5-6 shows the implication of the service request, on the resource 
allocation, the orchestration of the network and of the cloud, for a service delivery.  
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Figure 5-6: Network slicing for a high-performance localised service delivery  

If we compare the 4G to the 5G, we can list the following key performance evolutions:  

 Data volume 1000x: from 10Gbit/s/km² to 10Tbit/s/km²  

 Peak rates 100x: from 100 Mbit/s to 10 Gbit/s  

 IoT density 1000x: from 1k/km² to 1 M/km²  

 Energy efficiency -90%  

 Service intro -93%: from 90 days to 90 minutes  

 Latency -80%: from 25 to 5ms and in some cases to 1ms.  

 Reliability +90%  

 Mobility supported up to 500km/h  

 

5G can be described around 5 key pillars: 

1. New spectrum options to offer massive capacity and throughput  

2. Flexible radio design, dynamic optimisation for all UCs -also mission critical, high capacity, 
flexibility, new revenue streams  

3. Massive MIMO and beam forming for massive connectivity, improved end-user experience, 
cell edge throughput.  

4. Multi-connectivity and aggregation for end-user experience, extreme mobility, robustness and 
ultra reliability.  

5. Cloud native for a flexible architecture.   

5.2.2 6G technology fundamentals 
If the 5G technology was proposing a technology able to provide a concrete solution to new UCs the 
6G technology can be considered as an incremental evolution of the 5G technology to provide higher 
performance. The 6G technology is targeting a “super IoT” to connect anything and data for Artificial 
intelligence. Without claiming completeness, a list of application scenarios can include, for example:  

 Personalised human services  

 Data Artificial Intelligence – Machine Learning  

 Projection interface – holograms – gamification interface  

 Sensor fusion – scanning health  

 Smart clothing and environment  

 Cyber security – Block chain  

 Terabit range throughputs 

 Huge memory capacity  

 Stream fast analytical decision Input Output Operations per Second  
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 Ultra-Low latency and real time  

 Ultra-fast edge  

 Printed electronics products  

 Bio cybernetic identification  

 Autonomous robots 

The communications in the 6G era could be focused on [Vis20]:  

 Augmenting our intelligence through learning from/with machines, automatic security and in-
body monitoring  

 Creating new digital worlds through mixed reality & telepresence, high resolution mapping and 
mixed reality co-design.  

 Controlling the automations through domestic robots, remote & self-driving, drone/robot 
swarms. 

The enabling foundations of the 6G for that future is built around three pillars in real time:  

 Physical world  

 Digital World  

 Biological World  

The 6G technology aims to unify the experience across physical, digital and biological worlds. The new 
requirements for this 6G technology are illustrated in Figure 5-7.  

 

Figure 5-7: New requirements of the 6G technology  

As outlined in Figure 5-7, 6 key requirements can be listed:  

 Throughput & capacity: > 100 Gbit/s  

 Latency and Reliability: 0.1 ms  

 Scale & Flexibility: Global coverage, 10 million devices/Sq km, Platform & services approach  

 Precision & Accuracy: cm, <1% missed detection/False alarms  

 Adaptability Response time: 1 sec; Zero touch  

 Device: Towards “Zero energy”, subnetwork and intuitive interfaces.  

6G technology proposes therefore three critical dimensions for wireless networks:  

 For capacity: more spectrum, spatial reuse and a more spectral efficiency  

 For reliability: channel redundancy, multipath adoption and robust modulation/coding  

 For latency: faster channel access, shorter paths and shorter symbols and frames.   

The 6G era is likely to add three additional dimensions on the top of these three initial dimensions 
(spectrum, space and efficiency):  

 On data: network and sensor data will become fundamental resources to be exploited to improve 
the performance of the 6G systems  
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 On compute: Leveraging computing that is available in the local area but separate from the 
devices could be a new theme.  

 On energy: Energy consumption of both networks and devices will be highly scrutinised.    

In summary the 6G will require 6 key sustainable technologies: AI/ML-based air interface, new 
spectrum technologies, network as a sensor, radio access and core network convergence & 
specialisation, extreme connectivity and security & trust.   

5.2.3 IMT- 2030 work in ITU-R 
Capabilities of 6G as defined in the global framework for IMT-2030 at the ITU-R include the following 
targets for research [M.2160]: 

 Peak data rate: Maximum achievable data rate under ideal conditions per device. Example 
research target values include 50, 100 and 200 Gbit/s.  

 User experienced data rate: Achievable data rate that is available ubiquitously across the 
coverage area to a mobile device. Example research target values include 300 and 500 Mbit/s.  

 Spectrum efficiency: Spectrum efficiency refers to average data throughput per unit of spectrum 
resource and per cell.   

 Area traffic capacity: Total traffic throughput served per geographic area. Example research 
target values include 30 and 50 Mbit/s/m2.  

 Connection density: Total number of connected and/or accessible devices per unit area. 
Example research target values include 106 - 108 devices/km2.  

 Mobility: Maximum speed, at which a defined Quality of Service (QoS) and seamless transfer 
between radio nodes which may belong to different layers and/or radio access technologies 
(multi-layer/multi-RAT) can be achieved. Example research target values include 500-1000 
km/h.  

 Latency: Latency over the air interface refers to the contribution by the radio network to the 
time from when the source sends a packet of a certain size to when the destination receives it. 
Example research target values include 0.1 – 1 ms.  

 Reliability: Reliability over the air interface relates to the capability of transmitting successfully 
a predefined amount of data within a predetermined time duration with a given probability. 
Example research target values include 1-10−5 to 1-10−7.  

 Coverage: Coverage refers to the ability to provide access to communication services for users 
in a desired service area.  

 Positioning: Positioning is the ability to calculate the approximate position of connected 
devices. Positioning accuracy is defined as the difference between the calculated 
horizontal/vertical position and the actual horizontal/vertical position of a device. Example 
research target values include 1-10 cm.  

 Sensing related capabilities: Sensing-related capabilities refer to the ability to provide 
functionalities in the radio interface including range/velocity/angle estimation, object detection, 
localisation, imaging, mapping, etc. These capabilities could be measured in terms of accuracy, 
resolution, detection rate, false alarm rate, etc.  

 Applicable AI-related capabilities: Applicable AI-related capabilities refer to the ability to 
provide certain functionalities throughout IMT-2030 to support AI enabled applications.  

 Security and resilience: Security refers to preservation of confidentiality, integrity, and 
availability of information, such as user data and signalling, and protection of networks, devices 
and systems against cyberattacks such as hacking, distributed denial of service, man in the 
middle attacks, etc. Resilience refers to capabilities of the networks and systems to continue 
operating correctly during and after a natural or man-made disturbance, such as the loss of 
primary source of power, etc.  

 Sustainability: Sustainability, or more specifically environmental sustainability, refers to ability 
of both the network and devices to minimise greenhouse gas emissions and other environmental 
impacts throughout their life cycle. Important factors include improving energy efficiency, 
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minimising energy consumption and the use of resources, for example by optimising for 
equipment longevity, repair, reuse and recycling.  

 Interoperability: Interoperability refers to the radio interface being based on member-inclusivity 
and transparency, so as to enable functionality(ies) between different entities of the system.  

Table of comparison 5G – 6G 

Table 5-1 gives the main capabilities of both, 5G technology and 6G technology. It exhibits the main 
differences, and the added values proposed by the 6G technology. We notice that one of the key 
requirements of the 6G technology is a sustainable technology offering a massive connectivity, more 
reliable and offering ultrahigh bit rate and ultra-low latencies.  

Table 5-1: Comparison 5G and 6G technology features 

Category 5G 6G 

Peak data rate Up to 20 Gbit/s Up to 1 Tbit/s (50x faster) 

User Data Rate ~ 100 Mbit/s – 1 Gbit/s 1-10 Gbit/s average per user 

Latency ~1 ms ~0.1 ms (ultra-low latency) 

Frequency bands Sub-6GHz, mmWave (24 – 150 
GHz) 

Sub-THz to THz (100 GHz – 1 THz+) 

Coverage Urban, rural, partial global 3D global: land, air, sea space 

Device Density Up to 1 million/km² 10+ million/km² 

Energy 
Efficiency 

Improved comparing to 4G Sustainable technology 

Mobility 
Support 

Up to 500 km/h 1,000 km/h (e.g., hypersonic) 

Reliability 99.999% (URLLC) Near 100%, even in extrem conditions 

AI integration Limited  Native and pervasive (self-learning) 

Security Enhanced encryption & slicing Quantum-safe, AI-driven trust 

Use Cases IoT, Smart Cities, AR/VR, 
Autonomous Vehicles 

Hologram, Extended Reality, Digital 
Twins, Quantic-Computer interface 

Network Slicing Yes (multi-slice support) Hyper-personalised, context-aware 

Commercial 
Launch 

2019- 2023 (ongoing rollout) Expected around 2030 

5.2.4 3GPP context 
The 3rd Generation Partnership Prjoject (3GPP) is currently working on 6G design to meet IMT-2030 
requirements. As part of this work, 3GPP working group System Architecture 1 (SA1) is defining UCs 
and requirements in the following areas of interest, documented in TR 22.870 [22.870]: 

 System and operations 

 AI 

 Integrated sensing and communication 

 Ubiquitous connectivity 

 Immersive communication 

 Massive communication 

 Industry & Verticals 

Furthermore, in June 2025, the 3GPP Radio Access Network (RAN) plenary has issued a liaison 
statement to ITU-R (RP-251825), in particular about the proposed TPRs from IMT-2030 proposal 
(Table 5-1). For example, the proposal for latency bound is not below 1ms, connection density not more 
than 1M devices/km2 and reliability up to 5 “9”s, thus in line with 5G requirements but not 10x better. 
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5.3 State-of-the-art per network segment  
As 5G networks evolve, energy-aware network architecture design is becoming increasingly important. 
Studies [Ber17] highlight the necessity of balancing high data rates, low latency, and massive 
connectivity with sustainable energy consumption. Advanced network planning methodologies 
consider factors such as network densification, dynamic time-division duplexing, and intelligent traffic 
steering to optimise power efficiency while meeting growing service demands.   

The major part of the current work on network sustainability focuses on energy efficiency and energy 
consumption. The Radio Access Network (RAN) is the largest energy consumer in a mobile network, 
consuming about 73% of the total energy of a typical operator network. Separating the power 
consumption among the different elements that make up the mobile communication network, the Radio 
Unit including Radio-Frequency Power Amplifier, Digital Front End, analogue-to-digital converters 
and power supply accounts for about 29%, while the power amplifier alone weighs for about 17% of 
the total mobile network consumption, according to the breakdown worked out in [VWD+23]. 

Waveform is a key design element of wireless communication systems, directly influencing the 
performance, energy efficiency, and resilience of networks. 3GPP conducted a detailed study on 
suitable waveforms during the standardisation of the first Release of 5G New Radio (NR) (i.e., the 
Release 15) and selected the Cyclic Prefix Orthogonal Frequency Division Multiplexing (CP-OFDM) 
with a scalable numerology for downlink and uplink transmissions, while specifying also as optional 
waveform only for the uplink the Discrete Fourier Transform-spread-OFDM.   

CP-OFDM was selected for NR due to an efficient implementation using the discrete Fast Fourier 
Transformation, robustness to time dispersion that causes frequency selectivity in the radio channel and 
ease of exploiting both the time and frequency domains when defining the structure for different 
channels and signals. Besides the integration of multi-antenna processing (i.e., MIMO) is rather easy 
with CP-OFDM because the channel equalisation and multi-antenna processing operations can be 
executed separately and in sequence (i.e., not jointly), thus significantly reducing the processing 
complexity at the receiver 

The main drawback of CP-OFDM, however, is its high Peak-to-Average Power Ratio (PAPR) resulting 
from the multi-carrier modulation. A high PAPR necessitates significant power amplifier backoff to 
reduce nonlinear distortions, as to meet the out-of-band emission and the modulation quality 
requirements. 

The power backoff becomes a disadvantage because it reduces the energy efficiency of the transmitter 
and limits the transmit power, affecting throughput and coverage. The PAPR disadvantage of CP-
OFDM has been considered acceptable for NR operating at frequencies below 52.6 GHz and traded-off 
with the advantages of CP-OFDM previously discussed.  However new UCs with power-limited links 
such as Non-Terrestrial Networks (NTN) and for higher frequency operations this trade-off could not 
even represent the optimal solution. 

The foreseen usage of the upper millimetre waves range (100 – 300 GHz) by the upcoming 6G standard 
will require a careful design of the waveform and choice of slot structure. Power amplifier limitations 
may lead to a choice of waveform with small envelope variation, while phase noise requires receiver 
compensation algorithms and a waveform intrinsically resilient to such impairment. Besides, operation 
at extreme channel bandwidths requires waveforms that enable the use of analogue-digital-converters 
with smaller sampling rate or smaller resolution [STP+23].  

One of the primary challenges in achieving energy-aware network planning lies in its multi-layered 
architecture, spanning access points, RAN, metro/core networks, backhaul, and data centres. Each layer 
contributes differently to the total energy consumption of the network. Access points are highly dynamic 
and require real-time adaptation to fluctuating traffic, while data centres and core networks demand 
more stable yet scalable solutions that incorporate intelligent resource allocation and virtualisation 
strategies.  

Towards sustainable network management strategies, promising approaches involve federated learning 
and reinforcement learning frameworks [AMO+25] that dynamically optimise base station operation 
based on traffic patterns, leading to substantial energy savings while maintaining service quality. These 
AI-driven solutions can reduce energy consumption by up to 77% compared to conventional methods. 
Another key area of research focuses on leveraging traffic-aware base station sleep control mechanisms 
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to align network energy consumption with real-time traffic variations [WCZ+21]. Advanced predictive 
models utilising spatial-temporal traffic forecasting have demonstrated effectiveness in determining 
optimal base station activation states, significantly reducing unnecessary power consumption during 
off-peak hours. Reinforcement learning methods further enhance these strategies by improving 
decision-making in dynamic network conditions.  
Smart grids can provide real-time insights into energy generation, consumption, and storage, allowing 
telecom operators to dynamically adjust 5G network power allocation based on energy supply 
conditions [SDK23]. For instance, machine learning (ML)-based forecasting models can predict periods 
of high renewable energy availability, enabling networks to shift workloads to base stations powered 
by solar or wind energy, thereby reducing dependence on fossil fuels. In the same direction, energy 
harvesting techniques are being explored to supplement traditional power sources, particularly in 
heterogeneous cellular networks (HetNets) [ZZG+15]. By dynamically shaping traffic distribution in 
response to renewable energy availability, these techniques can balance energy supply and demand at 
the cell level. This results in more efficient utilisation of harvested energy while minimising reliance on 
the electrical grid, demonstrating an effective way to integrate sustainable energy sources into 5G 
network infrastructure. Especially in the Ultra-Dense Heterogeneous Networks case [AYY+17] which 
poses further challenges, various approaches have been applied to cope with rising traffic demand while 
ensuring energy efficiency. The deployment of small cells closer to users increases spectral efficiency 
but also introduces new challenges in power consumption. Research suggests that optimising resource 
allocation and developing hybrid random access schemes can significantly improve both spectral and 
energy efficiency, ensuring sustainable network operation. Moreover, grid-aware energy management 
mechanisms can align network activity with the grid’s energy status. During times of surplus renewable 
energy production, 5G infrastructure can operate at higher capacity, ensuring optimal network 
performance while minimising emissions. Conversely, when renewable energy generation is low, 
network components can enter low-power states, implementing advanced sleep modes or dynamic cell 
on/off strategies to conserve energy.   
Data-driven optimisation is another line of research, particularly leveraging AI and deep learning to 
enhance energy efficiency while maintaining QoS. AI-based approaches have revolutionised network 
management by introducing real-time adaptability in response to fluctuating traffic conditions. The 
integration of Deep Reinforcement Learning (DRL) and supervised learning models enables mobile 
networks to predict traffic loads and adjust network configurations dynamically. This method contrasts 
with conventional approaches that rely on static power-saving techniques, which often result in either 
excessive energy consumption or dropped connections due to over-aggressive power reduction 
[MLZ+24]. 

In the evolving landscape of 5G and beyond, energy-aware network planning must be approached 
holistically, encompassing all layers of infrastructure—from access points to data centres. The adoption 
of AI-based predictive models, traffic-aware base station control, renewable energy integration, and 
energy-efficient network slicing has shown significant potential in minimising energy consumption 
without sacrificing network performance. Future research will focus on multi-layer AI coordination, 
ensuring that energy-aware decisions are made collectively across RAN, core, and cloud environments. 
Additionally, the rise of 6G will further emphasise sustainable, intelligent networks, where quantum 
computing, green AI models, and ultra-low-power hardware will define the next-generation 
communication paradigm. 

5.3.1 Access points State-of-the-Art  

5.3.1.1 Product status 

Wi-Fi technology   

Definition: The Wi-Fi technology connects wireless computer networking devices to communicate with 
each other and connects them to Internet. Wi-Fi uses therefore radio signals sent from a wireless router 
to nearby devices, to be translated into data.   

Current version:  Wi-Fi technology is a computing solution that includes a set of standards for wireless 
networks based on IEEE 802.11 specifications, which ensures compatibility and interoperability in 
equipment certified under this name. The latest version commonly used is Wi-Fi 6.  



SUSTAIN-6G (101191936)  Deliverable D2.1 

Version 1.0  Page 38 of 139 

Next versions: Wi-Fi 7 takes over from Wi-Fi 6 [Wat25] (Figure 5-11) and Wi-Fi 6E protocols. This 
evolution promises an explosion of speeds, lower latency, as well as better network management in case 
where several devices are connected to it. Channel size, next-generation OFDMA, 4096-QAM 
modulation, 16-stream MU-MIMO, and a never-before-seen Multi-Link Operations feature are the 
main changes with Wi-Fi 7. Wi-Fi 7 is designed with tri-band operation and 6 GHz in mind at outdoor 
operation with Automated Frequency Coordination.  

Remarks and comments: Wi-Fi 7 is IEEE 802.11be in the old naming convention, where Wi-Fi 6 was 
IEEE 802.11ax. The energy consumption issue of Wi-Fi 7 is a central topic. For instance, applying the 
IEEE 802.3az, Energy Efficient Ethernet standard, in essence allows an access point to reduce its power 
when traffic is low. 

 

Figure 5-8: Key performance indicators of the wi-Fi technology according to [Wat25]  

Light Fidelity (LiFi) technology   

Definition: LiFi is a high-speed, bidirectional and networked wireless communication technology using 
light, offering a substantially similar user experiences as Wi-Fi except using light instead of RF.  

Directions adopted: Beyond the strong potential of the technology, the LiFi technology had to face 
several challenges that has created paths that need to be analysed. The two major challenges were the 
bit rate offered and the surface of connectivity (to share a maximum of subscribers). Recent studies 
show that the Multiple Input Multiple Output concept has been adopted by the optical community to 
offer a large bit rate with a reasonable surface of connectivity.   

The bitrate race has also created a modification of the type of source. If initially the source was 
envisaged with Light Emitting Diodes (LEDs) emitting in the visible domain, recently a dynamic has 
been created to adopt infrared (IR) laser diodes instead of LEDs, in particular, Vertical-Cavity Surface-
Emitting Laser (VCSEL) operating in the IR bands. This technology direction is justified when a high 
bit rate connection is required, but it creates trouble in the motivations for a massive deployment. For 
Visible Light (VL) LEDs the main argument was to exploit an existing lighting for more than a simple 
illumination of a space. The objective was then to modulate directly the LEDs to offer in a simple and 
sustainable way a data communication for free (since the added energy consumption to modulate a LED 
is negligible in front of the energy consumption of a LED). If higher bit rates are required, then there is 
a need to jump from VL LEDs to IR lasers. The question for which UCs and applications this technology 
shift is advantageous – also with respect to sustainability values – is a topic for further studies. 

For the surface of connectivity, it is also important to identify the different needs: full mobility versus 
Fixed Wireless Access (FWA). Once again for some UCs, the FWA could be preferred with an optical 
technology that will then justify a need for a technology complementarity (Wi-Fi for a mobility at a 
reasonable bit rate, and LiFi for FWA with high KPIs).   
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Remarks and comments: There is then a need to analyse the comparison: VL LED versus IR lasers and 
full coverage (for LiFi mobility) vs FWA.   

Optical Camera Communication (OCC) technology   

Definition of the OCC technology: The OCC technology is a broadcast technology that uses a modified 
LED lighting driver to modulate the light emitted from the luminaire to transmit data that can be 
demodulated through the use of a smartphone camera.  

Directions adopted: This technology exploits the capabilities of the optical cameras of our smart phones. 
And smart phones are today, in their majority, compatible with OCC. So, the question was: what service 
can be offered to subscribers, exploiting only this low bit rate, unidirectional data communication 
system?  

Products of today are offering in-door positioning with a good accuracy (in the cm range) and a 
reception of broadcasted contents for advertising or information [You22]. 

Perspectives: The perspective of this system is quite large since this service could be deployed 
massively in complementarity, for example with a LiFi technology for FWA and a Wi-fi technology for 
mobility for in-building UCs.   

Remarks and comments: OCC brings all the elements needed to demonstrate the positive impact in 
terms of Energy Savings and Energy Efficiency  

Adoption of LED light: 

 Ecological: no mercury or polluting gases. No battery since the OCC modem is powered by the 
lamp Consumption: 8 to 10 times lower than a conventional bulb  

 Very long service life: From 25,000 to 50,000 hours, or 25 to 50 times more than a conventional 
incandescent bulb,   

 Reduction of maintenance operations and their costs.   

 No heat felt: The outside temperature of an LED bulb (or LED spotlight) is about 35°C.  There 
is therefore no risk of burns, especially during installation  

Promote an electromagnetic signature close to zero without interference  

 The Light visible doesn’t produce radio frequencies   

 Interference free 1,000x data density and physically contained and immune to interference.   

Favour an Unlicensed spectrum  

OCC operates in spectrums which are not subject to licensing in any country. 

Depending on the UC, substantial savings can also be noted since the map and information are now 
pushed and available on smartphone  

Free Space Optics (FSO) technology   

Definition: The FSO technology is a point-to-point communication system that is typically deployed in 
outdoor environments as a replacement for cables. Used for the backhauling, in outdoor or indoor 
applications, to reduce the cost of installation and increase security (the beams are pointing a direction 
and are enough small to minimise the risk of any interception). It can further be used also for submarine 
communication systems.   

Directions adopted: For FSO generally IR lasers are used to reach distances in the air, close to 1km, and 
underwater close to few 10’s of meters. Since this system is generally used in outdoor, some other 
systems are required to guarantee the stability of the sources.   

Perspectives: The perspectives are large also for in-door application to realise for example a backbone 
of interconnection for access points.   

Remarks and comments: This technology will not be analysed in this project, but a dedicated study is 
required.  

5.3.1.2 Research status 

Wi-Fi technology  

Wi-Fi 8 is the next generation to follow Wi-Fi 7, with the expected features: 

 Multi Access Point coordination (moved from IEEE 802.11be)  
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 Distributed Multi-link Operations  

 Physical and Medium Access Control layer enhancements  

 AP power savings  

Complementary functionalities beyond Wi-Fi 8:  

 Combine < 7GHz and mm Wave  

 AI/ML functionalities  

 Multi AP coordination: Discussed for 802.11be   

 Multiple nearby APs coordinate their TX over the air: avoid channel contention and improve 
resource sharing.  

Pros: Higher throughput & improved worst-case latency  

Cons: Extra overheads / complexity  

LiFi technology  

Nowadays, more than 20 providers [Lif25] are proposing Li-Fi solutions, following proprietary or IEEE 
802.11.bb standardised in 2023. Solutions go from 54 to 220 Mbit/s in cells, with IR technologies. 
Currently, the Access Point is a LED transmitting in IR spectrum, usually powered by Power over 
Ethernet standard IEEE 802.3at. Access Point are requiring from 8 to 10 W. Dongles are linked with 
Laptop thanks to USB connectors and demand around 3 W. 

The research on the LiFi technology is still going on. Many challenges are tackled. Beyond the IEEE 
802.11b standard, research activities are targeting high bit rates to anticipate the needs of the 6G. If 
today the LiFI technology can find a market for Fixed Wireless Access applications, it is envisaged to 
offer a mobility and high bit rates.   

FiWi technology 

Fiber Wireless (FiWi) is a technology replacing fibre or radio technologies on short distances. The ONT 

is an API (from HW to SW). Some LiFi providers propose proprietary solutions, like OLEDCOMM with 
a 5 meters communication with 5Gbit/s throughput. A FSO solution is reaching 50 Gbit/s at 3 m with a 
beam powered at 10 dBm [GSQ+16].  

OCC technology 

Nowadays, literature offers several experimental applications of OCC technology. The technology is 
relatively recent, and few products are available, although the usage in hospital or public domain are 
more and more obvious [MHC+19]. 

5.3.2 Fixed access network  

5.3.2.1 Product status 

Passive Optical Networks 

The Passive Optical Networks (PON) are today widely deployed mainly in the fixed access network 
segment but have found also some new application cases in enterprise through the Passive Optical LAN, 
and for the fronthauling at the RAN level. It is today a widely deployed technology with perspectives 
at 100 Gbit/s and beyond. Based on a tree topology this technology is purely passive, with the active 
elements are only located at the periphery of the network. It is an eco-designed technology since the 
optical fibre and the optical coupler have long lifecycles. ITU-T G.984 defines the Gigabit Passive 
Optical Network (G-PON). Its main characteristics are:  

 A 2.488 Gbit/s downstream at 1490 nm / 1.244 Gbit/s upstream at 1310 nm  

 Up to 1:64 split  

 20 km reach  

 28 dB link loss budget.  

The main elements of a G-PON are:  

 Optical Line Termination (OLT) located in the central office  

o P-OLT: Packet (=data) OLT  
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o V-OLT: Video OLT  

 Optical Network Termination (ONT) at the use side.  

The specificity of this network is the adoption of a burst mode operation for the upstream data traffic. 
The burst mode receiver challenges at the OLT side are the followings:  

 High dynamic range: DP = 21 dB  

 Short recovery tie between bursts: 32 bits = 26 ns  

 Long sequences are based on P-Frame interval of 125 µs identical bits: CID >= 72 bits.  

The downstream adopts P-Frame Intervals of 125 µs including a Physical Control Bloc downstream 
associated to a payload. Each payload can accept “Pure” Asynchronous Transfer Mode cells, or Time 
Division Multiplex & Ethernet over a G-PON Encapsulation Method section. The upstream is based on 
bursts emitted by each end user, separated by a guard band. The transmission of burst requires a burst 
mode received to be able to extract the frequency per bust in a very short time.   

The XGS-PON is a 10x Gigabit and Symmetrical PON. We need to note that the different versions of 
PONs (G-PON, XGPON1, NGPON2, etc.) are sharing the large optical bandwidth offered by the optical 
fibre, to offer on the top of the same fibre infrastructure different versions of PONs. Figure 5-8 shows 
a multiplexed PON integrating different versions of PONs. 

 

Figure 5-8: Multiple PONs multiplexed on the top of a physical tree topology 

The Passive Optical LAN is an approach for Local Area Networks (LANs) based on the PON 
technology. The UC is the enterprise. Inside buildings the optical technology brings new advantages 
with respect to a pure Ethernet LAN. A possibility to reduce by 50% the CAPEX and a possibility to 
reduce by up to 82% the energy consumption. The Passive Optical LAN satisfies the following 
requirements:  

Security  

 Intrinsic built-in security features   

 Military-grade security with AES-128 data encryption  

 Fine grain management control with role & resource-based access control  

 Fiber optic is inherently a more secure medium & difficult to tap-in, not subject to EMI nor 
does it introduce EMI  

 ONTs are thin-client devices: can´t be managed and accessed locally (unlike switches)  

Specific Compliance  

 US Government Security standard: FIPS PUB 140-2  

 US Department of Defense Joint Interoperability Test Command 
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5.3.2.2 Research activity 

 From a hierarchical to a horizontal topology: for in-building applications, a hierarchical 
topology is generally adopted to offer massive connectivity. But a hierarchical topology 
introduces also intermediate processing that impacts the end-to-end latency and increase the 
Total Cost of Ownership (TCO) of the global solution. One potential direction to explore is the 
adoption of a horizontal topology offering massive connectivity. This horizontality raises the 
problem of the cascade of nodes that requires then innovative solutions. The horizontality of 
the network minimises the number of opto-electronic interfaces.   

 Shared versus dedicated resources: this research activity includes technologies such as 
Wavelength Division Multiplexing (WDM), Frequency Division Multiplexing, or Optical-
Electronic-Optical (OEO) conversion, and is mainly motivated by a “pay as you need” 
approach. The increase of the bit rate up to 100Gbit/s opens then new directions of optimisation 
at the end user side to reallocate a physical bit rate as close as possible to the guaranteed bit 
rate.   

 Fiber-to-the-Curb (FTTC) opens new optimisation schemes to reduce the energy consumption 
through a better sharing of the electronic processing.   

 Fiber-to-the-Room (FTTR) is the technology that opens new optimisations and has the potential 
to reduce energy consumption. A research activity is still going on.  

 Bit interleaving: This technique studied in early 2010 was abandoned since it can work only on 
synchronous links. But if a disaggregated bit rate if offered to the end-users, symmetrical 
synchronous data transmission can be applied, repositioning this technology as a performant 
approach to reduce energy consumption.   

 ONT API: Envisaging an Application Programming Interface (API) for the ONT suppresses the 
need for physical implementation of an ONT. This approach has to be considered as a highly 
potential direction to reduce the TCO.   

 Microgrids at OLT: Microgrids must be considered at each network element level. A micro grid 
designed for the central office can contribute to reduce energy demand.  

5.3.3 Radio access network  

5.3.3.1 Product status 

Provide State-of-the-Art of 5G technology and Requirements for 6G including RAN, core and 
cloud  

State-of-the-Art (SotA) for virtualised RAN paradigm used in the industry nowadays, based on an 
unsustainable overprovisioned approach with many high-consuming and expensive computing 
processors to process virtual network functions: The current SotA approach in the industry to support 
virtual RANs while guaranteeing stringent latency constraints to process wireless signals in general-
purpose platforms at high reliability (99.999% probability) is based on unsustainable overprovisioning. 
Indeed, individual virtual Base Stations (and the related virtual functions) are assigned with dedicated 
general-purpose platforms equipped with dedicated Hardware Accelerators (HAs), which are powerful 
yet expensive and energy-hungry computing resources, especially in compute-intensive network 
functions like Forward Error Correction decoding. These HAs can serve at the desired reliability the 
processing of virtual functions of the Base Station by providing latency gains at the cost of high energy 
and economic expenditure with respect to general-purpose computing processors like standard CPUs. 
For example, typical HAs like Intel ACC100 ASIC and NVIDIA V100 GPU may consume up to 52W 
and 250W respectively [Sil22] [Nvi17] which is around 20-82% of the overall consumption of a 
commodity server [JBY+20]. This approach casts doubts about its applicability in industry-grade 
virtualised RAN deployments due to the economic and energy costs.  

RAN Energy-saving Enablers from Standardisation Perspective   

Energy consumption is a crucial factor in the operational costs of communication service providers. 
Base stations account for more than 73% of the energy consumption of service providers. Previously, 
there was a lack of accurate power consumption models for different components and radio resource 
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procedures within base stations. Therefore, in Release 18 of 3GPP, a decision was made to study power 
consumption models for various hardware configurations and develop accurate models that could 
estimate power consumption for different deployments and configurations. Additionally, radio resource 
management was examined, identifying key players and proposing viable solutions aimed at reducing 
power consumption in the RAN. Network energy-saving techniques were categorised based on resource 
allocation across time, frequency, spatial, and power domains as follows: 

Power saving techniques in time domain 

The lean approach for common signals and channels appears to be power-intensive at the base station, 
preventing it from switching to sleep mode to conserve energy. To address this, one solution is to 
increase the periodicity of Synchronisation Signal Block (SSB) and System Information (SI) or other 
common signals like paging or random access channel. However, altering the periodicity of common 
cell signals may impact user equipment (UE) in terms of SI acquisition, measurement reporting, or 
initial access delay, potentially causing service performance degradation.    

Similar to the user equipment (UE) wake-up signal, the base station can shift from active to inactive 
status using a wake-up signal transmitted by the UE. This method requires the base station to detect the 
wake-up signal even when it is in deep sleep mode. Additionally, the base station must be capable of 
quickly transitioning from deep sleep mode back to active mode.  

Another option is discontinuous transmission and reception at cell through which the base station can 
reduce its activity time by informing UE about activity time and enhancing current discontinuous 
reception at UE side.   

As previously mentioned, common signals like SSB and System Information Block 1 (SIB1) can affect 
the power consumption of the base station. Activating these signals on demand, for example, by the 
User Equipment (UE), may help reduce the base station's power usage. This suggestion is based on the 
assumption that the UE can access SSB or SIB1 information from other associated carriers or cells.   

Power saving techniques in frequency domain  

The power consumption of the base station varies with bandwidth size. Enhancing current signalling to 
support group-common signalling, to adapt the bandwidth part and mute some resources within the 
active bandwidth part, can help reduce the base station's power consumption. Another technique is to 
support inter-band carrier aggregation in the cell without SSB signal. As explained, the SSB signal can 
be retrieved from another cell with SSB support. However, this mechanism requires the base station to 
support on-demand triggering signals received at the base station across inter-band SSB-less or from 
another cell or carrier. 

Power saving techniques in spatial domain  

Spatial element adaptation can assist user equipment (UE) in adjusting the already configured Channel 
State Information Reference Signal (CSI-RS) settings. This adaptation may involve dynamically or 
semi-persistently switching the CSI-RS ON and OFF or reconfiguring the CSI-RS settings based on the 
changed number of spatial elements or ports. By doing so, the base station can enable dynamic 
adaptation of spatial elements, such as the number of active transceiver chains or the number of active 
antenna panels at the next-generation Node B (gNB), for transmitting and/or receiving channels and 
signals.  

Power saving techniques in power domain  

One effective way to conserve energy on the network side is by adjusting the transmission power or 
Power Spectral Density of downlink signals. For instance, this adjustment can be made for the power 
allocated to the Physical Downlink Shared Channel, the SSB, or the CSI-RS, as well as for other 
broadcast signals such as SIB1 or paging. By doing so, we can reduce energy consumption at the base 
station. To implement this successfully, the User Equipment (UE) feedback procedures and user 
behaviour will need to be enhanced.   

Pre-distortion is a technique employed at the base station to tackle the non-linearity issues of radio 
transmitter amplifiers. In this process, the base station applies "inverse distortion" to the input signal of 
the amplifier, which helps to reduce any non-linearities. Additionally, the performance can be further 
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enhanced by utilising UE assistance information. This information allows the base station to effectively 
manage and improve the linearity of the power amplifier.  

Reducing the PAPR can help decrease power consumption at the base station. One effective method for 
achieving this is tone reservation, where specific Orthogonal Frequency Division Multiplexing (OFDM) 
subcarriers are set aside and do not transmit any data. Instead, these reserved subcarriers are utilised to 
alleviate the high peaks in the transmitted signal, thereby reducing PAPR.   

Other solutions, such as controlled cell selection, can be implemented for UE in idle mode. This allows 
a UE to select a non-network energy-saving cell, which helps ensure that a base station can enter energy-
saving mode without being obstructed. In contrast, mechanisms like Channel Condition Handover are 
designed to manage UEs that are actively engaged in a conversation. These mechanisms prevent UEs 
from being handed over to cells that are in energy-saving mode.  

RAN deployment of Energy Saving solutions applying AI as enabler 

The study of 3GPP in TR37.817 aimed to establish an AIML framework for assessing the applicability 
of artificial intelligence in Radio Access Networks (RAN). The findings resulted in the proposal of a 
framework consisting of four key components: data collection, model inference, model training, and an 
actor. This framework is illustrated in Figure 5-9.  

 

Figure 5-9: AIML model Framework in RAN (3GPP TR 37.817) 

Data collection involves gathering data from the Radio Access Network (RAN) to support the training 
module, which is designed for a specific UC. The collected training data is then processed and validated 
to ensure its quality. Once validated, it is delivered to the inference module. The inference module 
functions to make predictions based on radio parameters or network traffic. The output from this module 
is then applied to the environment, which could be a cell site, radio parameter, or a specific procedure. 
Lastly, the impact of these predictions is observed within the affected environment. This information is 
collected by the data collection process to facilitate further fine-tuning of the training module.  

It is worth mentioning that the location of different components of AIML frameworks can be in RAN 
itself or a different part of RAN in the case of split RAN architecture, i.e., Data Unit (DU), Central Unit 
(CU) setup. This arrangement depends on the UC and the signalling and measurement burden due to 
data collection and training data in the RAN element.  

Finally, the potential for energy savings using AIML in RAN was examined. The adoption of cell 
activation and deactivation based on traffic load offers a viable solution for optimising energy savings 
in RAN networks through various AIML algorithms.   

AI/ML-based Energy Saving solutions in 5G RAN – academy/research view  

AI/ML Energy Saving solutions in 5G RAN networks have garnered significant attention from academy 
in recent years. Those solutions could be systematically categorised into the following groups based on 
energy saving actions they execute [ZWX+22], [RTY+21]. 

 Cell Switch Off (CSO) – selectively tuning off certain cells during low traffic demand periods. 

 Channel shutdown – Massive MIMO is one of the main concepts introduced in 5G for 
boosting capacity. Similarly to CSO, when specific low traffic conditions are met, selected 
transmit RF channels could be shut down. 
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 Symbol shutdown - selectively turning off certain symbols within a transmission frame when 
they are not needed for data transmission. 

 Base Station Sleep Mode (SM) strategy – it encapsulates deactivation and activation of 
different base station hardware modules. Different Sleep Modes are defined based on the set of 
modules that should be shut down (e.g., power amplifier, digital baseband etc.) [MPFV23]  

AI/ML-based CSO / Channel shutdown / Symbol shutdown solutions have the focus on energy saving 
windows optimisation. That could be achieved using load prediction and energy saving thresholds 
tuning. 

Load prediction can be addressed using either classical statistical methods or AI/ML-based approaches. 
Classical statistical methods e.g., ARIMA [TSF+22], [GCLZK20] second-order exponential smoothing 
[TSF+22], Holt Winters Additive Method [PDL+21], [PDB+21] and similar could have challenges to 
deal with complex data patterns and long-term forecasting. Conversely, AI/ML methods may exhibit 
better performance in those scenarios. An overview of commonly utilised AI/ML methods in the context 
of load prediction is provided below:   

 Multi-Layer Perceptron Neural Networks [SGM22] 

 LSTM [TSF+22], [GCL+20], [DS22], [LSZ+24] 

 FB Prophet [GCL+20] 

 Random Forest [GCL+20] 

 Ensemble Learning – combination of multiple learning algorithms [GCL+20] 

 Graph Convolutional Networks [PDL+21], [PDB+21] 

The predicted load values, along with the intended goals and constraints, can be utilised to optimise 
energy-saving load thresholds, for instance, by employing classical optimisation algorithms. In 
addition, there are even more advanced concepts specifically accustomed for energy saving load 
thresholds optimisation e.g., Bayesian learning approach [MMC+23]. The primary criteria for selecting 
appropriate AI/ML methods could be listed as follows:  

 expected prediction horizon (short term or long term)  

 required accuracy metrics’ levels  

 input data granularity and input data distributions  

 computational complexity, available computational resources and similar  

 training/test/inference time  

In addition, it is important to mention that in realistic scenarios certain levels of QoS should be 
preserved.   

Another significant class of AI/ML-based Energy Saving solutions would include algorithms that are 
oriented towards Base Station Sleep Mode strategy. The primary objective is to orchestrate multiple 
Sleeping Modes. In the simplest case, Base Station has 1 Sleep Mode with only two states: ON and 
OFF. This scenario could be handled using various heuristic algorithms like Genetic Algorithm (GA) 
[GB23], [FMF+23], Particle Swarm Optimisation (PSO) [GB23]. Since those heuristic algorithms 
require wider network overview, they could be suitable for some form of SON (Self Organising 
Network) solution. 

In general, it is better to have more granular energy saving actions as they can lead to higher energy 
savings considering QoS constraints. As a result, realistic scenarios involve multiple Sleep Modes 
where each of them could be in ON or OFF state. For example, B. Debaillie et all propose four different 
Base Station Sleep Modes [DDL15] that are later used by F. Salem et all in the context of Energy 
Consumption and Reinforcement Learning [SGA+17], [SAG+18]:  

 SM1 – the time unit is the OFDM symbol where Power Amplifier and some processing modules 
affected.   

 SM2 – the time unit is TTI with more modules being affected;  

 SM3 – the time unit is a radio frame, majority of hardware modules affected;   

 SM4 – 1s time unit where Base Station is in stand-by regime.  
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Reinforcement Learning (RL) is appropriate AI/ML paradigm for problems which include control / 
decision-making. RL can adapt to environment changes, and it can choose optimal Sleep Mode 
considering the current state and maximisation of cumulative reward. The reward definition should 
include potential energy savings and QoS metric degradation penalties (if there are QoS constraints). 
To deal with complex environments where state and action spaces is huge, Deep Reinforcement 
Learning (DRL) could be used instead of conventional RL. An overview of used RL/DRL methods used 
for Base Station Sleep Mode strategy is presented below:  

 Q-learning / Distributed Q-learning [SAG+18], [EIH+19a], [EIH+19b], [ADN20], [ACH+22]  

 SARSA [MPF23] 

 Deep Q-Network (DQN) [JKK+20] 

 Double DQN [MS24] 

A comprehensive survey of DRL and Sleep Control in 5G and Beyond Networks could be found in the 
paper written by N. Trabelsi et all [TMF+24]. 

In addition, there are attempts to use other non-conventional RL/DRL methods in similar context, but 
it is important to note that the combination of two different models may make training, testing, and 
troubleshooting this type of solution more challenging: Gradient Boosting Decision Tree + Factor 
Decomposer [LSZ+24]. 

5.3.3.2 Research activity 

Towards zero-watt at zero load target: RAN energy consumption models  

Power Consumption modelling is the first step towards developing energy efficient Radio Access 
Network infrastructure. Consumption modelling has been first used to assess different 4G/5G Base 
Station (BS) configurations (Rx/Tx chains, number of frequency bands, ...) regarding KPI (throughput, 
coverage…) and instantaneous cell load. Moreover, consumption modelling can also be used to 
anticipate deployment of new technologies by mixing existing data and considering some hypothesis of 
future implementations.   

Literature on this subject started in the early 2010s and have been enriched since. In 2012, mathematic 
models of power consumption of Long-Term Evolution (LTE) BS are established in [Des12] separating 
uplink and downlink transmission and quantifying the most impacting components (Power Amplifier, 
Base Band Unit…) regarding the size of the cell (macro or small cells). In 2014, [DDL14] establishes 
a power consumption model for Large-Scale Antenna System BS considering Time Division Duplexing 
with four main parameters: bandwidth, spectral efficiency, number of antennas and system load.  In 
2019, [SCA+19] gives complementary information on the BS power consumption according to different 
sleep modes strategies in 5G. Recently, [GAR+24] presents a parametric power model partially based 
on on-site consumption measurements. Twelve equations are presented to calculate the total BS 
consumption along with the power consumption of each component – i.e. power amplifier, analogue 
front-end, digital base band and power supply and cooling system. The models consider transmission 
(TX) and reception (RX) of the signal as well as idle and sleep modes.   

As 6G envisages the FR3 frequency band (from 7 to 12 GHz), it is relevant to update and complete such 
models. For example, compared to sub-6GHz architecture, the Active Antenna Unit architecture may 
be revisited to contain the impact of larger number of TX/RX chains but also the low load behaviour of 
PA consumption. The challenge with RAN power consumption modelling is to balance its using 
complexity and its robustness to support large diversity of energy saving solutions for the different 
Network loads conditions.   

Radio Frequency Technology for a sustainable massive connectivity   

The radio frequency technology provides a shared resource in a n efficient way to offer a massive 
connectivity. It is then a required technology for a massive deployment of antennas in the public domain 
and offer a full coverture to be connected anywhere and at any time.  But when increasing the physical 
bit rate, the key question must be: how can we continue to provide a massive connectivity at a minimum 
energy consumption? And this question is fundamental to design the 6G. another approach is to limit 
the physical bit rate, and to massively use a fixed wireless access technology at deterministic points to 
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offer a high-capacity channel. So, in the optimisation it is important to find a trade-off between a 
massive connectivity and high bit rate connections through an heterogenous approach.  

Eco-management of BS  

The eco-management of BS can be efficient outside the peak hours, and in the rural area. So the 
objective here is to quantify the benefits that this technique will provide in terms of percentage of gain 
at the energy consumption level per antenna, but also at the level of a mobile network to have an average 
value. Eco-management must be provided without impacting the MTBF. So, the sleeping mode must 
be accurately studied to quantify the possible impact on the reliability of the global system with putting 
in sleeping mode or several boards of a system.  

Micro-grids 

Micro-Grids for reducing the energy demand and to build an efficient energy management system 

Micro-grids for reducing the electricity demand to the national production of electricity are mandatory. 
These micro-grids can be deployed in the short term for already deployed network elements. The 
distributed approach for the electricity production is not only a proposal for telecom network elements 
but it is today envisaged everywhere when it is possible to deploy solar panels or eoliennes. Knowing 
that the base stations represent 72-73 % of the electricity bill of an operator, it becomes, this technology 
can reduce efficiently the electricity demand while reducing the electricity bill of operators. This topic 
represents on pillar of the strategy when addressing a reduction of the electricity demand to the world-
wide production of electricity.    

5.3.4 Metro & core networks 

5.3.4.1 Product status 

Multi-Protocol Label Switching (MPLS) segment routing, Optical Add-Drop Multiplexers 
(OADM)  

For the metro/core network, Reconfigurable OADMs (R-OADMs) are massively used to reduce the 
switching size of the IP/MPLS switches/routers and to minimise the end-to-end latency. A network 
based on R-OADM offers point to point connections crossing OADM, for an ultimate 
performance.  This technology is fundamental in particular with the introduction of AI.   

For the backhauling: FSO, mmWave RF  

For the backhauling, different technologies are deployed from point-to-point connections using optical 
wireless technologies (FSO) or using pure RF technologies. But the backhauling can offer also different 
topologies to provide a concrete solution to the interconnection of base stations. For the interconnection 
of base stations, optical networks based on R-OADMs are today deployed for a high-capacity network 
exploiting efficiently the optical transparency to minimise the end-to-end latency.   

5.3.4.2 Research activity 

Metro and backhaul  

For the metro and for the backhaul, a research activity is still required to integrate efficiently the needs 
of the Artificial Intelligence. In particular optical technologies can provide advantages, and open 
opportunities for a low power consuming network.  

Core networks  

For the core networks, the perspectives of capacity increase pushing for multicore fibres needs to 
rethink the structure of the R-OADMs to support a new generation of fibres. 

5.3.5 Data Centres and service core  

5.3.5.1 Product status 

Data servers 

The data servers have a large impact on the energy consumption of a data centres. Different types of 
servers of data are deployed but optimisations are required in a sustainable approach.   
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Cooling systems  

The cooling is generally based on air flows. The liquid cooling is today seriously considered and 
deployed to increase the energy density of racks or to reduce the energy consumption of the cooling 
system.  

Communication systems  

The communication system has to be analysed for offering flexible functions to manage efficiently the 
data. One example in the adoption of optical cross-connects to provide a reconfigurable physical 
connection of data servers and have the possibility to better manage the data location. Even if the data 
communication system impacts in a minor part the energy consumption of a data centre, it can contribute 
to active sleeping modes to have an indirect impact on the energy consumption of data centres but at 
the servers of data level.   

Edge routers and load balancers  

Edge routers can be optimised using integrated optical functions. The load balancers are deployed to 
optimise the load of the line cards of the switch/router. 

5.3.5.2 Research activity 

Liquid Cooling  

The liquid cooling is a key research topic. Single phase liquid cooling or dual phase liquid cooling are 
currently investigated to provide an efficient solution facilitating also the sleeping mode. 

Sleeping modes in servers of data  

The sleeping mode in the servers of data is fundamental to put a part of the servers in a sleeping mode. 
There is a need for ML, to collect the characteristics of data (some of them are sleeping data), and to 
exploit them to relocate sleeping data in some servers themselves put in sleeping mode. This topic is 
still relevant for a sustainable approach.   

New communication networks  

Research is still ongoing in new communication networks. In particular native-Ethernet could be 
adapted to data centres through the exploitation of the Time Division Multiple Access protocol that 
opens solutions for deterministic services.   

Energy Harvesting   

In the data centres we have a lot of wasted energies. Some of them are currently exploited but some of 
them are not at all exploited. Research activities are going on through different energy harvesting 
techniques. One energy that is not currently exploited is the light used for illumination of spaces. It 
could be efficient to re-exploit this light system for the transmission of data, or through a conversion in 
electricity by adopting advanced solar panels. 

5.4 State-of-the art per technology  

5.4.1 Artificial Intelligence  

5.4.1.1 Overview of AI/ML used in 6G SNS projects  
The Smart Networks and Services (SNS) Joint Undertaking (JU) aims at developing 5G and 6G 
technologies within Europe. Within the context of Horizon Europe, it has funded numerous projects in 
order to drive the development of 6G technologies. Within these projects AI/ML has become a key 
technology in advancing 6G objectives, including enhanced network performance, energy efficiency, 
and security [6gs25]. 

A survey across 33 projects within SNS JU [6gs25] reveals that 199 AI/ML-based methods are being 
developed. These AI/ML methods focus on Radio Access Networks (RAN), resource management, 
energy efficiency and others. More specifically, the use of AI/ML can be divided into eight high-level 
categories as can be seen in Figure 5-10. From this it is clear that AI/ML is being developed for a wide 
variety of applications. When looking at the usage of AI/ML for different network segments it can be 
noted that the majority of the work done in SNS projects targets the RAN (43%). However, other 
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network segments are also targeted such as the fronthaul, backhaul, transport, edge, core and far edge. 
Across these applications and network segments, the goal of using AI/ML varies widely depending of 
the focus of the project at hand. However, the four major trends can be identified as optimisation of 
resource allocation/QoS (31%), security/privacy/trust (19%), improving energy efficiency (17%) and 
improving throughput (12%). 

 

 

Figure 5-10: Number of Projects using AI/ML in Each Category [6gs25] 

AI/ML covers a broad range of methods. In order to gain insight into which techniques are frequently 
used in SNS projects we focus on the breakdown of the AI/ML methodology used in SNS projects. 
From a high-level perspective AI/ML methods can be divided into three major categories: supervised 
learning, unsupervised learning and reinforcement learning. Supervised learning requires a labelled 
dataset to train the model, while unsupervised learning does not require labels. Next to this 
reinforcement learning aims at training an agent that maximises future reward by taking the correct 
action given the current state. Note that reinforcement learning also does not require a (labelled or 
unlabelled) dataset, as its reward signal is generated from the environment based on the action it takes. 
Within SNS projects supervised learning is most prominent with 48% of AI/ML UCs, followed by 
reinforcement learning (24%) and unsupervised learning (12%) (Note that the remaining 16% of 
methods was not specified) [6gs25]. A more detailed analysis reveals that 51% of AI/ML methods utilise 
neural networks/deep learning. Next to this, it is worth noting that most methods focus on low(er) 
complexity models in order to provide (near) real-time inference speeds.   

Finally, [6gs25] reports that the majority (83%) of the AI/ML methods investigated in SNS projects are 
still conceptual designs/preliminary results. Consequently, for a widespread adoption of AI/ML within 
6G networks further consolidation is required. This necessitates the development of standardisation 
concerning data collection for model training and the adoption of AI/ML within 6G networks in order 
to provide reliable and performant AI/ML solutions [3gp25]. 

5.4.1.2 Research activity 
Current trends related to in-network edge artificial intelligence, solutions to balance energy 
consumption, performance and value of edge intelligence tasks. 

Wireless communication networks are evolving towards giving access to more and more services and 
application that require computing resources to be reached within low latency and usually kept locally 
for privacy and security reasons [LSL+22]. These resources are needed to process the myriads of data 
that are generated by heterogeneous entities such as sensors, users and machines. Among others, the 
processing related to Artificial Intelligence, both as enabler and enabled technology is becoming more 
and more prominent and requires special attention from an environmental, economic and societal 
perspective. Environmental and economic aspects are mainly driven by the energy consumption and its 
associated cost, as well as the deployed hardware resources (CPUs, GPUs, etc.). The societal 
perspective mainly pertains to data exposure and management (i.e., privacy, etc.), but also safety in 
industrial environments among others. The power and potential (and already demonstrated) values of 
AI cannot be ignored, but their sustainable life cycle must be at the centre of their development. The 
entire lifecycle of AI goes from raw material acquisition to production, use, and end of life. The 
production and use include training, while inference is only related to the usage phase [Kal24], which 
can take constantly depending on the application, thus potentially representing the biggest impacting 
phase in the lifecycle, from the perspective of energy consumption [NGA25]. 



SUSTAIN-6G (101191936)  Deliverable D2.1 

Version 1.0  Page 50 of 139 

This becomes even more challenging with the current advancements, deployment and daily use of 
generative AI as an extremely powerful tool to optimise processes in almost all domains, including that 
of telecommunication networks [ZZT+24]. As a reference figure, [NGA25] reports that the 
computational power needed to keep up with AI processing is doubling every 100 days. As already 
mentioned, this not only concerns training, but also to the inference phase in the cases it is deployed as 
a continuous service. Even without considering training (which can consume energy but only once or, 
at least, not frequently), inference is also estimated to consume a considerable amount of resources (e.g., 
energy and water). According to [NGA25], the inference phase accounts for 80% of the total AI 
footprint overall. According to other sources, it was estimated that 60% of Google Machine learning 
energy use in 2022 went to inference, while single query on ChatGPT requires 2.9 Wh of electricity, 
i.e., 10 times a Google search [Cap25]. Considering other resources, it is estimated that running 20-50 
queries on a Large Language Model (LLM) uses about 500 ml of water for cooling [Cap25]. With the 
increasing use of LLM for several purposes, these figures evolve constantly at short time scale.  

Thus, also AI, as 6G, comes with the double facet of “AI for sustainability” and “sustainability for AI” 
[Nex25]. When introducing AI in communication networks in all segments (both as enabler and 
enabling technology) we must evaluate its positive impacts and values against its negative impacts (e.g., 
footprint) across the whole life cycle. The latter includes hardware resources (e.g., GPUs etc.), training 
and inference phases (with the latter running constantly), and end of life. One of the key enabling 
technologies to embed in-network AI is Edge Artificial Intelligence (edge AI), which has extensively 
been proposed as an enabler of 6G [LSL+22], and aims at running AI-related workloads at the edge of 
communication networks, close to the source of the data and the end service consumers. The challenge 
is to embark AI in resource poor or edge nodes, rather than in central clouds. This comes with benefits 
in terms of latency (including communication and computing), privacy and secrecy, and energy 
consumption [Edg24]. On the other hand, several challenges arise, from the deployment (to minimise 
hardware resource waste while guaranteeing effectiveness) to resource management (to accommodate 
the different requests on limited resource and distributed infrastructure), also including energy and 
carbon-aware scheduling techniques.   

Starting from the deployment problem, too complex (though highly performing) models cannot run at 
the edge (especially in case of strict latency constraints – the same for which they cannot run in central 
clouds), due to the limited computing resources and energy availability/awareness. This highly depends 
on UC specific requirements. In this direction, from an energy consumption perspective, there exist 
several methods to reduce AI inference footprint during the inference phase. Among others, model 
compression techniques help reducing possibly redundant information, thus reducing the number of 
FLOPs or memory footprint. This is obviously to be traded off with performance, e.g., in terms of 
accuracy, with potential losses that could degrade system level performance as a consequence. Model 
compression techniques include model quantisation, pruning, and sparse representation [MYH+24]. 

Going beyond model optimisation techniques, which are usually static, adaptive computation can also 
help in several directions, including early exiting techniques [MLR22], to balance “patience” and 
performance [PMD+24], DNN splitting [ZAD+24], [BMB+24], adaptive model selection, and energy-
aware scheduling (e.g., to schedule costly operations during off-peak hours or when renewable energy 
availability is maximised) [PBE+22], [MZZ+23], [KPR23], [KPR24]. All the previous techniques are 
fundamental to embed AI in resource poor devices i.e., in a frugal way) and in small computing nodes 
with respect to central clouds, with the goal of reducing workload as much as possible to deploy the 
just enough hardware that best balances resource consumption and values.  

Embedding edge devices (including end devices and edge servers) with AI capabilities potentially 
enables networks to share only relevant information (or, semantic communication) for a specific 
objective (or, goal/task-oriented communication) [CDS+24], [ZAD+24]. As an example, DNN splitting 
is a way of extracting and transmitting only the semantics or the information needed to achieve a goal, 
rather than sharing raw data. This has been shown in different works to reduce the size of the transmitted 
information but also increase the robustness to channel errors. Therefore, the vision of edge AI cannot 
be separated from the conception, design and optimisation of communication networks (e.g., 6G). The 
whole system, including communication, computing and learning must be considered as a single 
system, and consequently optimised in a holistic fashion, in which the trade-off between computation 
and communication costs is constantly monitored and improved, along with the values they create.  
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To summarise, a joint perspective of communication (i.e., the way information is transmitted) and 
computing (i.e., the way information is processed by the different network nodes) is a promising to 
strike the best balance between costs in the holistic fashion SUSTAIN-6G promotes. The reported 
techniques can in part be exploited to design algorithms for resource allocation and scheduling to 
improve the trade-off between energy and performance, with the latter including different aspects 
related to AI inference.  

5.4.1.3 Sustainable Pillars of AI  
Sustainable AI and AI for Sustainability represent two interrelated approaches. While AI for 
sustainability focuses on deploying AI to improve sustainability, Sustainable AI, or the sustainability of 
AI, focuses on enhancing the sustainability of AI itself. 

According to [Wyn21], ‘Sustainable AI’ is a field of research that applies to the technology of AI (the 
hardware powering AI, the methods to train AI, and the actual processing of data by AI) and the 
application of AI while addressing issues of AI sustainability and/or sustainable development. 
Sustainable AI deals not exclusively with the implementation or use of AI but ought to address the entire 
life cycle of AI, the sustainability of the: design, training, development, validation, re-tuning, 
implementation, and use of AI.  

It was defined as a movement to foster change in the entire lifecycle of AI products (i.e. idea generation, 
training, re-tuning, implementation, governance) towards greater ecological integrity and social justice. 
As such, Sustainable AI is focused on more than AI applications; rather, it addresses the whole 
sociotechnical system of AI.  

In [RWM+24] Sustainable AI refers to the development and deployment of AI systems while balancing 
technological advancement with ethical considerations, societal impact, and environmental 
responsibility.   
Initial research activities on sustainable AI have focused on singular dimensions of sustainability, with 
rare exceptions considering two dimensions. Authors in [RWM+24] has proposed a more 
comprehensive perspective by covering multiple dimensions: ecological, societal, and economic. This 
study introduced the SCAIS Framework (Sustainability Criteria and Indicators for Artificial Intelligence 
Systems), an assessment framework that includes a set of sustainability criteria and indicators based on 
the results of the literature review, providing a more complete picture of sustainable AI.   

 However, sustainable AI still lacks maturity in terms of regulation and standardisation, and the 
interdependencies between sustainability-related impacts still need to be investigated.  
 The following section focuses on AI’s sustainability Pillars, environmental, societal and economic 
sustainability. 

AI’s environmental Sustainability 

Environmentally sustainable AI refers to the consideration of the environmental impacts of AI 
systems when designing and using AI with sustainability in mind. 

Several Standards Development Organisations (SDOs) are actively addressing the environmental 
sustainability of AI and ML technologies, reflecting a growing commitment to minimising the 
ecological impact of these transformative technologies. 

The ISO/IEC JTC 1/SC international standards committee, is at the forefront of AI standardisation, 
including its environmental sustainability aspects. This group is developing frameworks such as 
ISO/IEC TR 20226, which focus on measuring and improving energy use, water consumption, and the 
carbon footprint of AI systems. The goal is to ensure that AI technologies are not only innovative but 
also environmentally responsible in their design and implementation.  

The International Telecommunication Union - Telecommunication Standardisation Sector (ITU-T) has 
also prioritised the creation of standards for "green AI" to minimise its environmental impact. ITU-T’s 
work includes methodologies for assessing and improving energy efficiency and greenhouse gas 
emissions of AI systems.  

Standardised environmental KPIs for AI are still developing within ISO and ITU-T. While efforts are 
underway, universally adopted KPIs for AI's environmental impact, like energy use per task or carbon 
emissions per AI model, are not yet fully mature. Recent initiatives have introduced Key KPIs to assess 
the environmental impact of AI models. Hugging Face's AI Energy Score [Hug25] rates AI models on 
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their energy efficiency, with a 1 to 5-star scale, enabling developers choose more sustainable options. 
Meanwhile, Google's Carbon Indicator [PR25] tracks the carbon emissions of AI workloads on its 
infrastructure, offering transparency and promoting eco-friendly decisions. 

3GPP has several working groups addressing the use of AI and ML within the context of 5G and beyond. 
R20 is advancing AI-native architectures and sustainable communication as a part early 6G 
preparations. SA1 will finalise study item descriptions for AI-driven and sustainability-focused services 
by mid-2025. Meanwhile, SA2 is advancing AI-native 6G architecture, ensuring sustainability is 
embedded as a core design principle. 

Nokia has published a White paper titled “A transparent and standards-based way to assess the 
environmental impact of AI systems” [Kal24]. It proposes an ENVironmental Impact Assessment of AI 
systems framework that provides a comprehensive approach to evaluating the environmental impact of 
AI systems by integrating the AI system life cycle with the environmental Life Cycle Assessment (LCA) 
methodology. The framework separates the environmental impacts of AI system development and initial 
training from those of hardware manufacturing, categorising the latter as embodied emissions.  

The Next G Alliance published a report on sustainable AI in the telecommunications sector [Nex25]. It 
emphasises the importance of evaluating the entire lifecycle of AI systems to mitigate environmental 
impacts, focusing on reducing embodied emissions, transitioning to renewable energy, and minimising 
energy consumption during ML processes.  

The document also addresses challenges such as emissions, water usage, and waste management, and 
highlights the importance of Key Performance Indicators (KPIs) and Key Value Indicators (KVIs) in 
assessing the sustainability impact of AI technologies in telecommunications. Examples of KPIs include 
energy consumption efficiency and carbon footprint, which are quantifiable measures used to evaluate 
the efficiency and performance of specific activities. KVIs, on the other hand, focus on broader, 
qualitative outcomes such as the reduction in resource depletion and improvements in biodiversity 
conservation.  Another important aspect that has been also addressed in [Nex25] is the trade-off 
between energy consumed and energy saved in AI for the network.  

Samsung has published a 6G white paper titled “AI-Native & Sustainable Communication” that 
discusses trends in AI-native and sustainable communication technologies [Sam25]. It highlights the 
importance of energy-efficient AI in the context of 6G networks and discusses the development of 
lightweight AI models and optimised AI algorithms that minimise energy consumption for nonlinearity 
compensation and modulation constellation optimisation.  Authors in [Das25] have proposed a 
framework employing multi-objective optimisation techniques to minimise energy usage during AI 
model training and inference while maintaining high performance. This framework achieves a 30.6% 
reduction in energy consumption with only a 0.7% decrease in model accuracy.   

AI has demonstrated significant potential in enhancing energy efficiency mainly within RAN. For 
instance, KDDI operator, implemented Nokia's AVA for Energy Efficiency, an AI-based solution that 
analyses and predicts traffic patterns. This deployment led to a reduction in power consumption by up 
to 50% during low-traffic periods and up to 20% per cell on average [Nok25]. Similarly, Ericsson's AI-
powered RAN energy-saving solutions have achieved energy reductions for certain operators.   

However, while these examples highlight the energy-saving benefits of AI, there is a notable lack of 
precise data regarding the environmental impact of AI itself within the telecom sector, particularly 
concerning energy consumption and CO₂ emissions. This gap in data is partly because AI/ML models 
currently employed in 5G and earlier generations are not as computationally intensive as the latest 
LLMs. As the industry progresses towards 6G, integrating more advanced AI models will likely 
introduce new challenges related to energy consumption and environmental sustainability. To address 
these challenges, comprehensive strategies are needed to balance the benefits of AI with its 
environmental costs, particularly those associated with deploying more complex models.  

AI’s societal Sustainability 

Societal sustainability of AI refers to the development and deployment of artificial intelligence 
technologies in ways that promote fairness, inclusivity, human rights, and positive societal impacts 
[Mal24]. 

Standard bodies such as ISO/IEC 42001 and UNESCO's Recommendation on the Ethics of AI [Une21] 
provide frameworks to guide the development and deployment of AI systems, emphasising societal 
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sustainability. Quantitative/key indicators or metrics were not defined but key principles that should be 
considered where outlined. 

ISO/IEC 42001 defines the following societal sustainability principles:   

 Security: Safeguarding AI systems against unauthorised access and potential threats.  

 Safety: Ensuring AI functions without endangering humans or property.  

 Fairness: Encouraging impartial decision-making and mitigating discrimination.  

 Transparency: Offering clear visibility into AI operations and decision-making processes.  

 Data Quality: Preserving the accuracy and reliability of data utilised by AI systems.  

UNESCO's AI Ethics Recommendation takes a broad approach, focusing on ethical AI development 
and use. It stresses the need for AI to support human rights, sustainability, fairness, inclusion, and gender 
equality. 

SDOs play a crucial role in shaping ethical AI, but when it comes to societal sustainability, there are 
still significant gaps. One major issue is the lack of clear, measurable indicators and mature regulations. 
While these organisations promote fairness, transparency, and human rights, they don’t always provide 
concrete ways to assess AI’s real-world societal impact. Another challenge is that these frameworks 
often take a one-size-fits-all approach, overlooking the unique ways AI affects different industries and 
regions.  Also, a major gap in AI’s societal sustainability is the lack of focus on long-term impacts and 
future networks. While current guidelines address issues like bias and privacy, they often overlook how 
AI might affect power dynamics, inequalities, and human connections. As AI becomes more embedded 
in society, we need a deeper approach that considers these broader concerns and ensures technology 
benefits all.  

On top of that, societal and environmental concerns are often treated separately, even though they are 
deeply connected.   

The societal sustainability of AI is still in its early stages in research, though it is gaining significant 
attention.  

Authors in [PSA23] present a systematic literature review analysing the societal impacts of AI. This 
study aimed to systematically review the main societal impacts of AI, as well as the most common 
strategies to mitigate impacts.  Nine societal impacts and twelve mitigation actions were mapped. 
Among the impacts, bias and discrimination growth due to the use of AI (26%) stand out, followed by 
the possibility of autonomous systems hurting humans (16%), and then the impact related to the 
violation of data, privacy, and freedom (15%).  

Authors in [CJL+24] addressed the negative societal impacts of AI including job displacement, bias, 
privacy violations, lack of accountability, and social isolation. It also discusses key mitigation strategies, 
such as ethical AI design, reskilling workers, implementing regulations, and fostering public awareness 
to reduce harm and ensure responsible AI use. Metrics to assess the societal impacts of AI include 
tracking job displacement rates and changes in workforce composition, measuring bias and 
discrimination in AI decisions across demographic groups, monitoring privacy violations through data 
breaches and unauthorised use, evaluating transparency and accountability in AI decision-making, and 
surveying social well-being related to AI’s effects on isolation and mental health. To assess mitigation, 
indicators include the success of reskilling programs, the adoption of ethical AI standards, and the 
effectiveness of regulations addressing AI risks.   

Authors in [EHA24] investigate the impact of generative AI on societal sustainability by integrating AI 
attributes, the Theory of Planned Behaviour (TPB), and the Technology-Environment-Economy-
Society-Sustainability Theory (T-EESST). Using a hybrid approach that combines Structural Equation 
Modeling (SEM) with Artificial Neural Networks (ANN), the paper explores how AI adoption 
influences societal outcomes, considering factors like ethics, societal impact, and sustainability. The 
findings offer a comprehensive framework for understanding the role of AI in fostering or hindering 
societal sustainability.   

Trustworthy AI plays a crucial role in advancing the societal sustainability of AI. While societal 
sustainability is broader and considers the long-term societal impact including equity, inclusion, and 
human well-being, trustworthy AI provides the technical enablers to achieve these goals by reducing 
bias, enhancing transparency, and ensuring AI aligns with human values.  
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The research community, standardisation and regulatory bodies have identified seven key requirements 
for trustworthy ML which depends on the risk-level of an ML UC, i.e., unacceptable, high, limited, or 
minimal (with [R2024/1689] being the prominent one) and can be summarised as follows:   

 REQ1: Human agency & oversight achieved via human-in-the-loop, human-on-the-loop, and 
human-in-command approaches.  

 REQ2: Transparency achieved through traceability mechanisms with ML systems and decisions 
being explainable in a way adapted to the concerned stakeholder.   

 REQ3: Technical robustness & safety to minimise both unintentional and intentional harm that 
can be achieved through fallback plans in case of undesired events and via defence mechanisms 
against ML pipeline poisoning, but also providing accurate, reliable, and reproducible 
outcomes.   

 REQ4: Diversity, non-discrimination & fairness should enforce unfair bias to limit its 
impacts, from marginalisation of vulnerable groups to prejudice and discrimination.   

 REQ5: Accountability should be put in place to ensure responsibility and accountability for ML 
systems and their outcomes, e.g., through auditability of design processes.   

 REQ6: Privacy & data governance to ensure data protection, with adequate governance 
mechanisms to ensure quality and integrity of the data and legitimised access to data.   

 REQ7: Societal & environmental well-being to ensure ML systems are sustainable and 
environmentally friendly, with their social and societal impact also being carefully considered.  

The ETSI Conference "How Standardisation is Shaping the Future of AI” [Ets25], in February 2025, 
focused on how standards can ensure trustworthy AI, highlighting the importance of making AI reliable, 
secure, and ethical. It emphasised collaboration across industries to promote accountability and privacy, 
while also pushing for fast innovation without compromising trust. 

In the telecommunication domain or industry, there is the typical constellation with three parties where 
a telecommunication service provider provides services to end users (subscribers) using or deploying 
equipment, implementations and services provided by a telecommunication vendor. In this 
constellation, AI technology is used at the network side for increasing number of functions and entities 
designed and provided by the vendor but deployed by the service provider for their services brought to 
the subscribers. The Human agency and oversight, transparency and accountability requirements are 
more important and applicable for the service provider and vendor relation, while non-discrimination 
and fairness are more important for the service provision from the service provider to the subscriber. 
Robustness & safety depend strongly on the harm potential of the service, this potential is clearly visible 
for emergency call services and related services (like positioning), but for the higher number of AI 
deployments driving service optimisations a harm potential cannot be identified.      

Trustworthy AI aspects for 5G-advanced were studied by 3GPP SA5 in Release 18 document [28.908], 
and requirements for related indicators and reporting capabilities were proposed, but so far, no 
Trustworthy AI related feature is part of a Release 19 normative standard. They are still candidates for 
coming release 20 and further versions of Release 19. 

AI’s economic Sustainability 

AI will significantly enhance productivity, accelerate innovation and drive sustainability by optimising 
resource use and reducing environmental impact. However, challenges such as job displacement, 
widening economic inequality and the high infrastructure costs pose critical challenges. 

While there isn't a standardised definition of AI's economic sustainability, various global frameworks 
and standards emphasise the importance of AI contributing positively to both economic growth and 
societal well-being. The IEEE’s ethical guidelines and the OECD’s principles highlight AI’s role in 
fostering inclusive growth, creating new job opportunities, and ensuring that the benefits of AI are 
widely distributed. While the exact term "economic sustainability" isn't defined, these frameworks 
stress the need for AI to be developed in a way that maximises long-term economic benefits, supports 
job creation, and contributes to equitable and sustainable economies. 

Reports from organisations like the Organisation for Economic Co-operation and Development (OECD) 
[Org23] and the European Commission [Eur23] emphasise the need for policies that maximise AI's 
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positive economic impact while mitigating risks. Research from McKinsey [Mck25] and the World 
Economic Forum [Wor25] further explores AI's role in reshaping global economies and labour markets.  

The report "Gen-AI: Artificial Intelligence and the Future of Work" [Imf24] by the International 
Monetary Fund explores the impact of AI on the global economy, particularly focusing on labour 
markets. It highlights that about 40% of global jobs are exposed to AI, with advanced economies more 
at risk but also better positioned to benefit. AI could increase labour income inequality, especially if it 
complements high-income workers more, and exacerbate wealth inequality through capital income 
gains. College-educated and younger workers are more adaptable to AI changes, while older workers 
may struggle more. Advanced and some emerging market economies are better prepared for AI adoption 
due to strong digital infrastructure and skilled labour forces, whereas low-income countries need to 
focus on building foundational infrastructure and digital skills. 

Some metrics assessing the economic sustainability of AI have been proposed:  

 AI profitability and ROI, essential for evaluating financial viability, are referenced in OECD 
AI Policy Observatory and McKinsey AI Economic Models.   

 Adoption rates across industries are tracked by the WEF AI Readiness Index and OECD AI 
Policy Observatory.   

 The cost-to-revenue ratio is used in McKinsey AI Reports and aligns with ISO/IEC 42001 on 
AI management. 

 Job market impact, measured by net employment change, is examined in OECD AI 
Employment Studies and IEEE P7010 (well-being metrics).   

 Energy efficiency and carbon footprint are critical for sustainability, with ISO 14067 
providing carbon impact guidelines. 

 Investment growth in AI, monitored by OECD and WEF AI Investment Reports, helps assess 
AI’s economic trajectory.   

 Job displacement due to AI automation is analysed by the OECD AI Employment Impact 
Studies and IEEE P7010, which tracks AI's effects on workforce well-being.   

 Net job impact metric, calculated as the difference between AI-driven job creation and 
displacement. 

While these indicators have been defined, their standardisation across industries remains a work in 
progress. 

When evaluating the sustainability of AI, it is essential to integrate economic, environmental, and 
societal dimensions, recognising their interconnectedness. The economic potential of AI must be 
considered alongside its broader impact on society and the environment.   

By integrating AI into 6G with a focus on these interconnected goals, we can create an intelligent 
ecosystem that enhances human well-being, reduces environmental impact and promotes global equity. 

5.4.2 Cloud native technologies, cloud/edge continuum, SBA  

5.4.2.1 Cloud Native technologies  
Cloud computing has significantly contributed to the transformation of information processing services, 
and the mobile communication technologies from 5G and then. Sustainability aspects have taken 
attention mainly due to the carbon footprint and the energy consumption needs of cloud computing. The 
sustainable cloud computing landscape is evolving to several dimensions, including measurement, 
observability, intelligent scheduling at a cluster level, cooling, scaling and on-node power tuning 
[CNCF24]. 

Furthermore, the cloud native architecture is the approach for developing and operating applications 
that fully leverage the advantages of cloud computing, involving the following core technologies:  

 Microservices, which are small, independent software components that facilitate modular 
development, application update and scaling  

 Containers that package microservices with all their dependencies, enabling their consistent 
operation across different environments, while supporting the efficient resource utilisation  
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 Continuous Integration and Continuous Delivery (CI/CD) practices that automate the integration 
and deployment of code changes, enabling faster and more reliable application deployment  

 DevOps practices that enhance collaboration between development and operations teams, by 
promoting a culture of continuous improvement and automation, aligned to the speed and reliability 
objectives of the cloud native model  

While cloud native applications are bringing important benefits, power management capabilities are 
missing due to the lack of knowledge about the execution characteristics and the requirements of 
individual applications deployed in a cloud-native environment [JHS24]. For an improvement in this 
direction, the energy-saving mechanisms in the infrastructure (from the host operating system, the CPU 
cores and fabric) must be utilised. To save energy without compromising application KPIs, any available 
energy-saving mechanism must be applied differently depending on the needs of each application. 

The method assumed in the representative proof-of-concept by Ericsson [JHS24], is based on the 
Kubernetes QoS classes, being used to manage and prioritise resources within a cluster. More precisely:  

 Guaranteed QoS class is used for services in traffic execution that need deterministic performance 
to fulfil application KPIs. This is ideal for critical applications that require consistent performance 
and cannot tolerate resource contention   

 Burstable/BestEffort QoS is used when the performance requirements and fast response times are 
more relaxed. This is appropriate for non-critical applications or batch jobs that can tolerate 
resource variability and do not require guaranteed performance  

An interception mechanism is introduced and activated upon Kubernetes starting a new container. For 
a guaranteed container, the infrastructure is being configured to set the CPUs and fabric frequency as 
high as possible. On the other hand, the CPUs to be used burstable services are configured to be 
managed by the host OS, to execute at the lowest possible core frequency, to enter the lowest possible 
CPU halt state when the cores are idle and prohibited from entering opportunistic states (frequencies). 
This enables the system to save energy for services that are not guaranteed and avoid unnecessary scale-
up of the frequency for non-critical services. 

The subject approach indicated that it is possible to achieve energy consumption reduction and improve 
performance for the applications with increased requirements, by making available application 
knowledge, taking advantage of the energy savings mechanisms in the cloud environment, and the 
introduction of energy saving functions that do not put the application KPIs at risk [JHS24]. 

On another approach, Kepler (Kubernetes-based Efficient Power Level Exporter) is utilising eBPF 
(extended Berkeley Packet Filter) to probe per-container energy consumption related to system counters 
and other system statistics and exports them as Prometheus metrics. These metrics help end users to 
monitor their containers’ energy consumption and cluster administrators to make intelligent decisions 
towards achieving their energy conservation goals.  

An internal model server is providing Kepler with ML (Machine Learning) models for estimating power 
consumption on Kubernetes workloads. The models are pre-trained with node energy statistics (labels) 
and node performance counters (features), from Prometheus metrics, on a variety of Kubernetes clusters 
and workloads. Once the models achieve an acceptable performance level, they are exported and being 
utilised by Kepler to calculate energy consumption metrics given performance counters. Model training 
and tuning is ongoing, by continuously using node data from the cloud clusters [CNCF24] and available 
at [SIX+24]. 

Another approach is based on Kubernetes Vertical Pod Autoscalers (VPA), which allow for automatic 
CPU and memory request and limit adjustment based on historical resource usage measurements. A 
VPA deployment involves a Recommender, an Updater, and an Admission Controller. In that respect, 
CLEVER (Container Level Energy-efficient VPA Recommender for Kubernetes), is an intelligent 
recommender that ensures the workloads performance are not compromised when adjusting the cluster 
CPU frequencies. 

Given a CPU frequency tuner deployed in the cluster. When lowering down the frequencies, energy 
saving is achieved but the workloads performance is also decreasing. By taking cluster state 
information, CLEVER is computing a new recommendation for increasing CPU allocation, and this is 
the measure to guarantee the QoS [CNC24] and available at [Git25].  
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k8s cloud-native sustainable mechanisms 

As cloud computing continues to evolve, sustainability has become a critical consideration in modern 
infrastructure design. Kubernetes [Kub24], the de facto orchestration platform for cloud-native 
applications, plays a crucial role in enabling energy efficiency and carbon footprint reduction through 
intelligent resource management. With the increasing adoption of cloud and edge computing, the 
challenge is not only to ensure high performance and scalability but also to optimise power 
consumption, reduce waste, and enable eco-friendly computing environments.  

Several sustainability mechanisms have emerged within the Kubernetes ecosystem, providing advanced 
capabilities for energy-aware orchestration, intelligent scaling, and workload optimisation.  

Kubernetes' Horizontal Pod Autoscaler (HPA) [Kub24] is a pivotal feature that enhances both the 
performance and sustainability of cloud-native applications. By automatically adjusting the number of 
pod replicas in response to real-time metrics like CPU or memory usage, HPA ensures that applications 
scale dynamically to meet demand without over-provisioning resources. This elasticity not only 
maintains optimal performance during varying workloads but also contributes to energy efficiency by 
reducing unnecessary resource consumption.  

Besides, The Kubernetes Power Manager [Int22] is an operator developed to bridge the gap between 
Kubernetes' container orchestration and hardware-level power management features, specifically Intel's 
Speed Select Technology (SST). It provides fine-grained control over CPU performance states on a per-
core basis, allowing for dynamic adjustments that balance performance requirements with energy 
efficiency. By exposing power management capabilities within Kubernetes, it enables intelligent 
scheduling decisions that consider both workload demands and sustainability goals. And, finally, the 
Cluster Autoscaler [Kub25] is a Kubernetes component that dynamically adjusts the number of nodes 
in a cluster based on the resource requirements of running workloads. It adds nodes when there are 
pending pods that cannot be scheduled due to insufficient resources and removes nodes when they are 
underutilised, thereby optimising resource utilisation and energy consumption. This elasticity ensures 
that the infrastructure scales in response to workload demands, promoting both performance efficiency 
and sustainability. 

Serverless computing 

Serverless computing [LLW+23] allows developers to deploy code without managing the underlying 
infrastructure, with resources being allocated only when specific functions are executed. This on-
demand resource provisioning minimises idle capacity, leading to potential energy savings. Platforms 
like AWS Lambda, Google Cloud Functions, and Azure Functions exemplify this approach, handling 
provisioning, scaling, and resource management, thereby enabling developers to focus on core 
application logic. However, while serverless architectures aim to enhance resource utilisation, their 
impact on overall energy consumption depends on various factors, including workload characteristics 
and system design. Research indicates that optimising serverless environments for energy efficiency 
can lead to substantial reductions in energy usage. For instance, the EcoFaaS [SIX+24] framework has 
demonstrated a 42% decrease in total energy consumption within serverless clusters by implementing 
energy-aware scheduling and resource management strategies.   

Embracing cloud-native architectures contributes to sustainability by optimising resource utilisation 
and reducing carbon footprints. Key strategies include:  

 Resource Efficiency: Designing applications to scale dynamically ensures that resources are 
allocated based on demand, minimising waste. This approach not only enhances performance 
but also reduces energy consumption.   

 Energy-Aware Scheduling: Implementing intelligent schedulers that orchestrate the execution 
of serverless functions can minimise energy consumption. By aligning function execution with 
periods of lower energy costs or higher renewable energy availability, overall sustainability is 
improved [TPK23].  

 Observability and Monitoring: Utilising tools like Kepler (Kubernetes-based Efficient Power 
Level Exporter) enables real-time monitoring of per-container energy consumption. This data 
empowers administrators (e.g. operators) to make informed decisions to achieve energy 
conservation goals.  
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Green Data centres 

Green Data Centres [Car09] are facilities designed with a strong emphasis on minimising environmental 
impact through energy-efficient technologies and sustainable practices. These data centres implement 
various strategies to reduce energy consumption and carbon emissions, including:  

 Energy-Efficient Infrastructure: Utilising energy-efficient hardware and optimising cooling 
systems to reduce power usage.  

 Renewable Energy Integration: Powering operations with renewable energy sources such as 
solar or wind to minimise carbon footprint.  

 Waste Heat Reuse: Capturing and repurposing waste heat generated by servers for heating 
buildings or other facilities [WPR+18]  

 Sustainable Building Practices: Constructing facilities with eco-friendly materials and 
designs that enhance natural cooling and reduce energy needs.  

By adopting these measures, Green Data Centres aim to support the growing demand for digital services 
while promoting environmental sustainability. 

Green Mobile networks 

In mobile networks, there is an accelerating trend to transition network functions, including parts of 
RAN and Core, to a cloud-native architecture in the current generation and the future 6G network as 
well. Since the introduction of the Service Based Architecture in 5G core network, all core network 
functions are migrating to cloud-native based and deployed into the virtualisation technology-based 
cloud infrastructure. In addition, with the more disaggregated and split architecture introduced into the 
radio access network (e.g., O-RAN), it’s also expected that more and more centralised computation 
components in the radio access network will be deployed into the cloud infrastructure as cloud-native 
network functions. Cloud native network functions usually adopt a microservice based modular and 
elastic architecture which can adapt quickly to the running environment.   

Microservice-based architecture provides opportunities to optimise resource usage which can lead to 
energy savings. This is achieved, for example, by allowing more fine-grained control over resource 
usage and scaling of individual services based on demand.  Cloud platforms, such as Kubernetes, offer 
services to upper-layer applications like micro-service-based application through virtualisation 
technologies, such as containers. They create an abstraction layer that allows applications to access 
underlying hardware resources, such as CPU and memory, enabling resource pooling, elasticity, and 
other features.  

Realising energy savings requires careful design, monitoring, and management of both the application 
architecture and the underlying infrastructure. In this context, research and development are ongoing to 
make cloud platforms more energy aware. Specifically with Kubernetes, a de-facto cloud-native 
orchestration platform, efforts are underway to incorporate energy-awareness into its operations 
throughout the entire lifecycle management of services, including deployment, execution, and scaling.  

Energy-aware Kubernetes operations  

Regarding energy-aware scheduling, efforts involve incorporating resource or energy metrics into 
scheduling decisions to reduce the energy consumption of the cluster. For instances, Trimaran is a multi-
dimensional resource-aware scheduling framework for Kubernetes designed to enhance the default 
Kubernetes scheduler by considering additional resource metrics. It achieves this through a set of 
plugins that modify the scheduling process. One of these plugins is focused on load packing, which is 
a technique used to consolidate workloads onto a subset of nodes to optimise resource usage and 
potentially improve energy efficiency. PEAKS (Power Efficient and Adaptive Kubernetes Scheduler is 
another scheduler designed to optimise aggregate power consumption of the entire cluster at the 
scheduling time.   

PEAKS uses pre-trained Node Utilisation vs Power Consumption ML models to predict the energy 
consumption of workloads and schedules them on nodes that can handle the tasks most efficiently.  It 
relies on Kepler (Kubernetes-based Efficient Power Level Exporter) to gather detailed power 
consumption data from nodes, providing insights into how much energy each node and workload 
consumes.   
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Apple's power-aware scheduling focuses on optimising energy efficiency by implementing power 
capping and load balancing. The scheduler uses power capping to limit the energy consumption of nodes 
or workloads, ensuring that they do not exceed predefined power limits. Load balancing is used to 
distribute workloads evenly across nodes, reducing the likelihood of overloading any single node and 
thus improving overall energy efficiency.   

A Low Carbon Kubernetes Scheduler aims to reduce the carbon footprint of Kubernetes clusters by 
scheduling workloads in regions and data centres that use renewable energy sources or have lower 
carbon emissions. It may also consider energy prices and carbon intensity signals to make scheduling 
decisions that align with sustainability goals. 

Regarding scaling, by design, cloud platforms often support auto-scaling, which can contribute to 
energy efficiency by automatically scaling in and out the number of active resources (such as 
containers/pods) based on current demand. During periods of low demand, resources can be scaled 
down, reducing energy consumption. Conversely, resources can be scaled up during peak demand to 
ensure performance, but without permanent over-provisioning. Vertical Pod Autoscalers in Kubernetes 
allow for automatic CPU and memory request and limit adjustment based on historical resource usage 
measurements. VPA Recommender, one of the main components of the VPA, can be replaced with a 
custom Recommender. CLEVER, a container-level energy-efficient VPA recommender for Kubernetes, 
utilises a custom Recommender to maintain the QoS and performance of workloads while adjusting 
cluster CPU frequencies. It dynamically recalculates CPU request recommendations for pods managed 
by the VPA based on the latest CPU frequency data. This approach ensures that workloads can achieve 
similar QoS by, for example, reducing frequencies to save energy while simultaneously increasing CPU 
allocations.  

Another useful mechanism is to utilise the power capping/management together with performance 
consideration. For example, PRESTO [BS20] defines an Observe Decide Act (ODA) loop to manage 
power consumption and average latency of microservice-based workloads by considering all the 
network interactions between microservices in the cluster. Similarly, PEGASUS [LCG+14] uses request 
latency statistics to dynamically adjust server power management limits in a fine-grain manner, running 
each server just fast enough to meet global service-level latency objectives.   

Power management in Kubernetes   

In cloud infrastructure, the low-level hardware vendors like Intel and AMD have provided many power 
saving mechanisms such as frequency scaling, different P-state and C-state of CPU core, power capping, 
and some more advanced like Intel Speed Selection Technology. However, these mechanisms are 
controlled either at the hardware level or operating system level.  The extra layer introduced by cloud 
platforms prevents applications from directly interacting with lower layers, which limits their ability to 
fully leverage power-saving mechanisms like deep-sleep and dynamic voltage and frequency scaling. 
To address these challenges, some techniques have been proposed to bridge this gap. Examples include 
the Intel Kubernetes manager and OpenShift pod-level power management. Kubernetes Power Manager 
is a Kubernetes Operator designed to expose and utilise Intel-specific power management technologies 
in a Kubernetes environment. It provides cluster users with a mechanism to request adjustment of 
worker node power management settings applied to cores allocated to pods. By doing so, the Kubernetes 
Power Manager bridges the gap between the container orchestration layer and hardware feature 
enablement, such as Intel Speed Selection Technology. This allows users to fine-tune core frequencies 
and set priority levels for individual cores or groups of cores.  

There are also some previous works which utilise the microservice level fine-granular and dynamic 
power management to achieve optimised performance and power consumption balance. ANT-Man 
[HLL+20] proposes an auto power budgeting scheme for reducing the power coordination latency at 
the datacentre level. It can proactively determine the power budget tailored to each individual 
microservice. In addition, ANT-Man proposes a native and transparent power control scheme to 
overcome the power configuration latency for each microservice. It enables super-fast power budget 
enforcement with nanosecond-scale performance scaling [XHY+22]. 

5.4.2.2 Cloud/Edge continuum   
The evolution of 6G networks introduces the need for a more dynamic and integrated approach to 
managing resources across the Cloud/Edge continuum. The Operator Platform serves as the foundation 
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for enabling this distributed computing paradigm by leveraging cloud-native principles, AI-driven 
orchestration, and sustainability-focused infrastructure management. The introduction of the far-edge 
domain—comprising end-user devices such as IoT gateways, eXtended Reality (XR) systems, and 
industrial sensors—adds new challenges and opportunities for efficient resource utilisation and network 
service continuity.   

Edge computing brings computation, storage and networking capabilities, at the edge of the network, 
and in proximity to the data sources, thus contributing to lower latency experienced by the applications 
users. Furthermore, the cloud-edge continuum refers to the seamless interconnection and abstraction 
of computing power and storage capacity between the cloud and edge environments, aiming to an 
efficient operation of the deployed applications and the coordinated resource management, including 
energy consumption.  

Preliminary studies on federated cloud–edge systems exist, and their evolution provides research 
opportunities for energy-aware cloud-edge computing continuum models. A comprehensive model is 
presented in [PTS+24], involving an application manager, the computing infrastructure, a network 
offloading manager, the energy provider policies & metrics, controller components, and the 
interconnection between them.   

In particular, the application manager is processing different types of incoming workloads, based on 
their resource consumption, duration, network and energy characteristics, while utilising various 
hosting engines for the workload execution (such as containerisation platforms). Future work in this 
area involves the model development and formal reasoning over energy-aware continuum systems, 
followed by simulations that could enable the testing of autonomous management approaches. 

The above model can be combined with other techniques, such as cloud bursting and edge caching. 
Cloud bursting is utilised when local resources are exhausted, and computation can be scheduled to 
other (more sustainable) locations, while edge caching is storing data in nearby edge resources (caches) 
to improve latency and speed-up execution. Intelligent placement decisions within the cloud–edge 
continuum can be made, balancing latency and task execution gains with overall energy efficiency and 
sustainability. 

Cloud-Native Sustainability in the Operator Platform 

A key driver for sustainability in 6G is the adoption of cloud-native environments, where lightweight 
microservices and Function-as-a-Service paradigms optimise resource usage. The NextG Alliance 
emphasises that 6G systems will feature cloud-native capabilities relying on cloud technologies, 
enabling seamless integration of compute and data resources across devices, edge, and cloud. This 
integration optimises performance and energy efficiency across 6G applications [6gw24].  

Furthermore, the Hexa-X project [HEXAX21] jointly with [SGH+25] highlight the importance of 
designing 6G with sustainability at its core. It aims to reduce direct negative life cycle impacts of 6G 
systems and maximise positive environmental, societal, and economic effects in other sectors. This 
includes enabling emission reductions in 6G-powered sectors and improving energy efficiency.   

The Operator Platform serves as a unified framework that manages resources spanning from centralised 
cloud infrastructures to edge and far-edge devices. This continuum enables seamless deployment and 
management of network functions and services across diverse environments. The 6G-Cloud project 
[6GCLOUD25] exemplifies this by investigating and testing key technologies to achieve an AI-native 
and cloud-friendly system architecture atop the cloud continuum. This initiative focuses on integrating 
cloud resources from multiple stakeholders, allowing flexible and dynamic composition of network 
functions across various 6G segments in hybrid cloud settings.   

The Operator Platform plays a crucial role in sustainability by:  

 Energy-efficient orchestration: AI-driven automation predicts resource demands, enabling 
intelligent scaling of network functions across edge and cloud environments.  

 Carbon footprint reduction: Optimised workload distribution minimises energy consumption 
by dynamically placing workloads in the most efficient locations.  

 Circular economy integration: The reuse of underutilised computing resources in far-edge 
devices ensures longevity and reduces e-waste.  
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 Scale-in and scale-out of the cloud application: Optimising the number of cloud application 
instances in time of high load and in times of lower load contributes to the energy efficiency of 
the cloud-native system.  

 Renewable and clean energy integration: Operators can further leverage renewable and clean 
energy sources ( e.g solar, wind, hydrogen) to power the cloud, edge and far edge platforms.   

 Energy efficient hardware and computing [EF23]  

Challenges and Solutions at the Far Edge  

The far-edge domain, encompassing end-user devices like IoT sensors and XR systems, presents unique 
challenges due to its heterogeneity and dynamic nature. Devices in this domain often have limited 
computational resources, intermittent connectivity, and varied security postures. Efficient orchestration 
of these resource-constrained devices can synthesise a "meta edge server," providing services at the 
very edge of the network. However, this requires addressing the inherent heterogeneity and uncertainty 
of far-edge computing [ASB24]. To manage these challenges, the Hexa-X project [HEXAX21] 
proposed extending End-to-End (E2E) orchestration functionalities to end devices at the far edge. This 
involves developing infrastructure management capable of handling the high volatility and random 
behaviour of these devices. The project also highlights the necessity of AI/ML methods to facilitate 
predictive orchestration, enabling the network to anticipate and adapt to changing conditions 
dynamically.   

In summary, the Operator Platform in 6G networks aims to create a cohesive and sustainable ecosystem 
by integrating cloud-native architectures, addressing far-edge challenges, and implementing AI-driven 
orchestration across the Cloud/Edge continuum. 

Service-based Architecture  

With 5G some network functions became a cloud application in a cloud-native infrastructure following 
the Service-based Architecture (SBA) principles. This will continue in 6G.  

Cloud native applications act in a client-server way. The service is onboarded but inactive. It consumes 
memory of the cloud resources. The service becomes active through a request via the Service-based 
Interface. Through this request certain parameter are given to the service process. The service will 
request the rest of the parameters and state information for the execution from a database (NDL 
reference). After execution the request, the service returns the results, and the changes of parameters or 
state information are written back to the database. The service becomes inactive. And once again, it 
consumes only memory of the cloud resources.   

Services are represented via several service instances through scale-out and scale-in according to the 
load of requests. SBA and cloud-nativeness means the service and interface are stateless and not sticky 
this means – as described – parameters and state information are externalised in a database and the 
service is only active and consumes energy during execution. SBA offers also the possibility to move 
temporarily the services and service instances to more energy efficient cloud locations or to location 
with a lower carbon foodprint, depending on the UCs. For example, the network services and their 
service instances can be moved to the edge in times of overload and can be concentrated with a reduced 
number of service instances in a central cloud in the rest of the time. 

5.4.3 Security and Privacy in the Network  
Modern digital security hinges on two critical functions: authentication (verifying identity and trust) 
and data protection (ensuring confidentiality and integrity). Symmetric cryptographic algorithms like 
Advanced Encryption Standard (AES) [DR02] are widely used for data encryption due to their low 
latency and computational efficiency, making them suitable for resource-constrained devices such as 
IoT sensors or embedded medical implants. While symmetric cryptography is generally favourable from 
a sustainability viewpoint, key management complexity, frequent session key generation, and scaling 
overheads in secure communication-intensive applications can challenge its sustainability. For 
establishing trust over untrusted networks, asymmetric cryptography (e.g., Rivest–Shamir–Adleman 
(RSA) [RSA78], Elliptic Curve Cryptography (ECC)) enables secure key exchanges and digital 
signatures, foundational to protocols such as Transport Layer Security (TLS) 1.3, Internet Protocol 
Security (IPsec), and 5G Authentication and Key Agreement (5G-AKA) [33.501]. Algorithms like RSA 
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(2048–4096-bit) and even ECC (256–521-bit) are computationally intensive. They require modular 
exponentiations or elliptic curve point multiplications, which consume significantly more energy than 
symmetric counterparts.  In healthcare, for instance, secure transmission of real-time telemetry from 
wearable devices to hospital servers relies on robust asymmetric key infrastructures and mutual 
authentication. Similarly, in 5G networks, the 5G-AKA protocol integrates asymmetric cryptographic 
primitives to securely bind subscriber identities and derive session keys across diverse access 
technologies.  

However, quantum computing poses a fundamental threat to asymmetric cryptographic schemes, 
particularly those based on number-theoretic assumptions like RSA and ECC. This has prompted the 
integration of Post-Quantum Cryptography (PQC) [Nat25], with lattice-based schemes (e.g., 
CRYSTALS-Kyber for key exchange and CRYSTALS-Dilithium for signatures emerging as National 
Institute of Standards and Technology (NIST)-recommended standards. While PQC ensures long-term 
cryptographic resilience, many proposed algorithms exhibit higher computational complexity, larger 
key sizes, and increased memory and bandwidth requirements. This leads to elevated energy 
consumption, a critical concern for sustainability in edge environments such as battery-operated 
medical devices, smart meters, or satellite-based systems with limited power budgets. Hence, 
sustainability-aware security mandates energy-efficient cryptographic design, context-aware protocol 
selection, and minimal re-authentication overhead. In mission-critical UCs like remote surgery or 
autonomous drone coordination, where secure, continuous, and low-latency communication is vital, 
balancing cryptographic strength with computational and environmental efficiency becomes 
imperative.  

To distinguish between different concepts in the security realm, privacy problem is defined as in the 
followings: leakage of individual identifiable information by certain information exposure functions. 
This includes training an AI model on private data, and sharing the inference results to the public, e.g., 
an AI model in e-health applications trained on patients’ information or training location-based services 
on real world traces of individuals. A few Privacy Enhancing Technologies (PET) have been developed 
to provide information-theoretic post-quantum proof against private data leakage. Among them, 
Differential Privacy (DP) [Dwo08] has been adopted widely due to its low computation cost and 
versatility. DP limits the disclosure of membership information about individuals in statistical data 
analyses. The societal impact of PETs could be further enhanced by introducing mechanisms that allows 
auditing its functionality. While applying PETs is essential in ensuring societal sustainability and 
complying to the regulations, in many cases it can increase the total energy consumption of the network 
and the particular service that requires private data. Considering energy consumption as a design 
criterion for developing a PET is a crucial step towards its energy sustainability.   

5.5 Eco-design rules and key technology enablers  

5.5.1 Eco-design rules for a sustainable 6G  
The eco-design rules have been comprehensively listed in Section 3.1.1.2. However, it is important to 
note that societal and economic values must be considered alongside environmental values to ensure 
sustainable 6G design. 

To deliver societal value, wide ranging user requirements must be central to development. This will 
ensure judicious use of energy and resources in design and development as well as higher user 
acceptance levels. Examples for such user requirements are, for example, cost reduction, technology 
acceptance through less impact (EMF, disruption through installation), quality improvements, and 
improvements to resilience and reliability. 

To deliver economic value, we must be cognisant of the cost of introducing new technology. We must 
build on existing technology and standards to leverage investments. New design must intentionally 
minimise the need for new (i.e., virgin) materials and resources and enable a smooth transition to low 
carbon, high performing 6G systems that support new UCs. Furthermore, resilience and reliability can 
play an important role for certain businesses. Finally, the opportunity for new businesses, or even new 
business models plays a role in the context of economic values. 
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5.5.2 Key technology enablers for 6G  
The identification of key technology enablers is required for the sustain design of any 6G solution. We 
define a key technology enabler as a technology able to contribute to the cost and energy consumption 
reduction of a solution.  

In this paragraph we are listing a preliminary list of key technology enablers, from the state of the art. 

Table 5-2: Key enabling technologies for access points 

Key technology 
enabler or/and Key 
eco-design Rule 

Environmental impact Societal impact Economic impact 

LiFi Reuse of the visible light of 
LEDs for a minimum energy 
consumption. Use of high 
energy efficient VCSELs in 
IR. 

No EMF emission  Can be low cost with a 
massive deployment. 
Compatible with a FTTR 
technology.  

OCC Quasi zero energy system. 
Reuse of existing LEDs to 
minimise the carbon 
footprint. 

New service offered 
to end-users: GPS 
for in-buildings. 

New added value service 
offered at quasi zero 
energy. 

FiWi Extension of a fixed line. 
Energy savings through 
replacement of radio link. 

No EMF emission  Compatible with a FTTR 
technology. Lower cost 
compared to fixed line / 
fibre. 

FSO Higher energy efficiency 
than radio-based 
backhauling solutions.  

No EMF emission. 
Can be better 
secured than radio 
link. 

Can be a solution for the 
defence or for rapid 
deployment at low cost (no 
civil works). 

 

Table 5-3: Key enabling technologies for fixed access 

Key technology 
enabler or/and Key 
eco-design Rule 

Environmental impact Societal impact Economic impact 

Bit interleaving. Effective energy 
consumption reduction at the 
receiver side. 

Lower equipment cost 
for end users 

Can boost the market. 
Lower CAPEX and 
OPEX. 

Towards dedicated 
resources (by 
adopting OE 
interfaces or all 
optical conversions). 

Effective energy 
consumption reduction. 

Lower equipment cost 
for end users 

Can boost the market. 
Lower CAPEX and 
OPEX. 

Relocate the ONT in 
the building to share 
the processing. 

Effective reduction of the 
energy consumption per 
user. Reduced new material 
needs due to upgrade 
possibilities. 

Lower equipment cost 
for end users 

Accelerate the 
adhesion of new 
system versions, 
upgrade facilitation 

Sleep mode on ONTs. Effective energy 
consumption reduction. 

Risk for acceptability if 
the “on” state takes too 
much time. Can be 
attractive in case of 
high energy cost. 

Opportunity for new 
products. 

Active power supply. Can reduce the energy 
consumption when the ONT 
is off. 

Transparent to the end 
user. 

Opportunity for new 
products. 



SUSTAIN-6G (101191936)  Deliverable D2.1 

Version 1.0  Page 64 of 139 

Optical cross-connect 
at the OLT rack level. 

Can reduce the energy 
consumption when there is a 
low traffic.  

Transparent to the end 
user. 

Can be of interest for 
the operators. 

 

 

Table 5-4: Key enabling technologies for Radio Access Network 

Key technology 
enabler or/and Key 
eco-design Rule 

Environmental impact Societal impact Economic impact 

Cell sites 

Sleeping mode Reduction of the energy 
consumption. Efficient in the 
rural part.  

Risk for acceptability if 
the “on” state takes too 
much time. Can be 
attractive in case of 
high energy cost. 

Energy cost reductions 

Power schedding  
(dynamic adaption to 
the power of the 
antenna) 

Reduce the energy 
consumption of the 
antennas. Efficient for fixed 
objects. 

Risk for acceptability if 
the “on” state takes too 
much time. Can be 
attractive in case of 
high energy cost. 

Energy cost reductions 

Tracking optimised Contribute to reduce the 
energy consumption. 
Tracking sopped for fixed 
IoT.  

Not visible. Contribute 
to the CO2 emission 
reduction. 

Energy cost reductions 

Option optimisation 
(6, 7&, 7b, 7c) 

Trade-off between the 
physical bit rate and the 
energy spent for a pre-
processing. It can contribute 
to have a very low power 
consumption cross-haul. 

Not visible. Contribute 
to the CO2 emission 
reduction. 

Energy cost reductions 

Micro Grid Contributes to reduce 
significantly the electricity 
demand to the grid. Reduce 
the global national figure (x 
CO2/kWh). 

Potential energy cost 
reduction leading to 
lower connectivity 
prices. Improvements 
in resilience / 
reliability. 

Energy cost reductions. 

Relax constraints in 
other sectors (transport, 
industry, …) 

Improvements in 
resilience / reliability 

Boost the renewable 
energy market. 

Liquid cooling Reduces dramatically the 
energy consumption of the 
cooling.  

Potential energy cost 
reduction leading to 
lower connectivity 
prices. 

Potential improvements 
in resilience / 
reliability. 

Mandatory technology 
for e.g. sleeping 
regimes without 
impacting the 
reliability.  

Reduction of outages, 
improvements in 
resilience / reliability 

AI for the EMS Contributes to optimise the 
energy delivery and reduces 
the energy demand.  

Potential energy cost 
reduction leading to 
lower connectivity 
prices. Improvements 
in resilience / 
reliability. 

Booster for the market. 

Improvements in 
resilience / reliability 

Storage Provides a stabilisation of 
the electricity delivery and 
contributes to better exploit 
the local production.  

Potential energy cost 
reduction leading to 
lower connectivity 
prices. Improvements 

Improvements in 
resilience / reliability. 

Cost trade-offs to be 
investigated. 



SUSTAIN-6G (101191936)  Deliverable D2.1 

Version 1.0  Page 65 of 139 

in resilience / 
reliability. 

Front-haul / Cross-haul / Mid-haul 

Point to point Point to point 
communication between the 
cell site and the vDU.  

Not visible. Exploitation of existing 
fibres.  

WDM Reduced use of material due 
to less fibre installations. 

Reduced impact by 
construction / 
installation. 

Less expensive solution 
with respect to the 
point-to-point solution. 
Protection can be 
proposed.   

PON  Reduced use of material due 
to less fibre installations. 

Reduced impact by 
construction / 
installation. 

Extend the market of 
PONs. 

Optical Ring Low power consumption 
solution offering new 
functionalities with respect 
to PONs like a self-
protection in bi-directional 
rings. 

Reduced impact by 
construction / 
installation. 

Potential energy cost 
reduction leading to 
lower connectivity 
prices. 

Provides new features 
like direct connections 
between antennas. Can 
contribute to minimise 
the traffic in central. 

WDM TRX Exploitation of the optical 
parallelism to reduce the 
energy consumption of 
TRX. 

Can contribute to have 
a latency independent 
to the traffic load.  

Can open new market 
perspectives. 

Bit interleaving Reduced processing needs 
towards reducing the energy 
consumption. 

Potential energy cost 
reduction leading to 
lower connectivity 
prices. 

Can be efficient in 
PON for the DS. 

Towards dedicated 
resources 

Can contribute to adopt the 
physical bit to the exact 
demand at the antenna side. 

Not visible Can reinforce the 
market. 

vDU & vCU 

Sleeping mode Effective reduction of the 
energy consumption. 
Efficient for sleeping data.  

Potential energy cost 
reduction leading to 
lower connectivity 
prices. 

Can be important for 
increasing the market. 

Liquid cooling See above See above See above 

Data management 
helped by AI 

Reduction of energy 
consumption for 
(operational) data transfer.  

Potential energy cost 
reduction leading to 
lower connectivity 
prices. Improvements 
in resilience / 
reliability. 

New features / business 
opportunities, booster 
for the market.  

AI for Energy 
Management System 
(EMS) 

Contributes to optimise the 
electricity delivery and 
reduces then the electricity 
demand to the grid.  

Potential energy cost 
reduction leading to 
lower connectivity 
prices. Improvements 
in resilience / 
reliability. 

Booster for the market. 

Improvements in 
resilience / reliability 

 

Table 5-5: Key enabling technologies for converged fixed-mobile networks 

Key technology 
enabler or/and Key 
eco-design Rule 

Environmental impact Societal impact Economic impact 
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Horizontal network Leads to a minimum energy 
consumption through a 
massive suppression of all 
not required OEO 
conversions.  

Ultra-low latency 
offered for real time 
services.  

Opens new markets for 
in-building UCs.  

OADM Reduces the energy 
consumption of the node. 
Offers a transparent bypass. 
10x more efficient compared 
to Ethernet switches. Long 
lifetime for the bypass part.   

Contributes to offer 
ultra-low latencies.  

Can open new features 
for end-users.  

PON compliant Propose a modular access 
node to pay as you need and 
at a minimum energy 
consumption.  

Potential to contribute 
to end-user cost 
reductions through 
pay-as-you-need. 

Can open new market 
opportunities.  

Retro-compatibility 
with Passive Optical 
LAN. 

Optical regeneration Can be more energy efficient 
than OEO regenerators and 
can support different bit 
rates.  

Potential energy cost 
reduction leading to 
lower connectivity 
prices. 

Can be used in 
different applications 
cases, offering new 
business opportunities. 

Optical switches Can reduce the energy 
consumption of the 
aggregation node. 

Potential energy cost 
reduction leading to 
lower connectivity 
prices. 

Can open the path to 
hybrid switches, 
offering new business 
opportunities or e.g. 
deterministic 
applications.  

 

Table 5-6: Key enabling technologies for Metro & Core networks 

Key technology 
enabler or/and Key 
eco-design Rule 

Environmental impact Societal impact Economic impact 

R-OADM Contributes to reduce the 
size of the IP/MPLS segment 
routing and therefore the 
energy consumption of the 
node.  

Contributes to reduce the 
end-to-end latency. 

Potential energy cost 
reduction leading to lower 
connectivity prices. 

Widely deployed.  

Optical exchange Contributes to switch fibres 
at a high granularity. It 
contributes to reduce the 
energy consumption of the 
global node. 

Contributes to reduce the 
end-to-end latency. 

Potential energy cost 
reduction leading to lower 
connectivity prices. 

New potential 
markets with the 
adoption of multicore 
fibres.  

Coherent technology Enabler for a sensing 
technology that can 
contribute to reduce the 
energy consumption of the 
system by extending the 
lifetime.  

Potential energy cost 
reduction leading to lower 
connectivity prices. 

Potential to reduce impact 
by extended lifetime 

High potential 
market. 

Network resources 
for AI 

Required to optimise the 
resource allocation for the 
AI. By facilitating the 
exchanges in the backbone, 
we reduce its energy 
consumption impact on the 
ICT.  

Contributes to reduce cost 
of the AI. 

High potential 
market.  
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Table 5-7: Key enabling technologies for data centres 

Key technology 
enabler or/and Key 
eco-design Rule 

Environmental impact Societal impact Economic impact 

Liquid cooling See above See above See above 

Management of Data Contributes significantly to 
the energy consumption 
reduction of a data centre. 

Important Facilitated with a 
liquid cooling of the 
racks. 

Optical switch for 
disaggregated servers 

Can contribute to reduce the 
energy consumption for 
simple functions.  

Not visible To be defined. 

OXC for easy data 
management 

Contributes to a long-life 
cycle solution offering an 
energy consumption 
reduction.  

Not visible Existing market that 
can be reinforced. 

Optical ring with 
native-Ethernet for 
ultra-low latency 

Has the potential to reduce 
the energy consumption 
compared to an Ethernet 
based network.  

Not visible Potential new market.  

Fast switch for load-
balancing 

Can contribute to reduce the 
energy consumption of 
electronic load balancers.  

Not visible Potential new market.  

 

Per network segment, there is a need to quantify the gain of the different key technology enablers 
through a comparison to a reference scenario. In a second step, there is a need also to quantify the 
impact at the ICT level, through the adoption of macroscopic assumptions and a massive deployment 
of the technologies proposed. These key enablers represent a draft for further discussions and 
interactions to complete the lists per network segment and to position each technology enabler in a 
timeline to position them in a short, medium and 

5.6 Preliminary methodology for the identification of an optimised 
solution  

Figure 5-11 proposes a preliminary methodology for a sustainable design of a product, without 
considering the physical limits, or the interdependencies of different sub-part of a product.  

 

Figure 5-11: Methodology for the sustainable design of one solution 
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The methodology starts with the relevant network segment or UC. Compared to existing methodologies 
for identifying solution requirements that build on KPIs, in the context of a sustainable design, KVIs 
reflecting environmental, societal and economic criteria need to be reflected as well when building the 
set of requirements. While KPIs typically are quantifiable, KVIs may be quantitative or qualitative, and 
they furthermore may have different time scales to be reflected (short- to long-term). KVIs may further 
impose the definition of additional KPIs. 

The solution design, reflecting the KPIs and KVIs, needs to adopt the eco-design rules as outlined in 
Section 3.1.1.2, and build on the identified technology enablers as described in Chapter 5. The identified 
solution (set) will then undergo evaluation with respect to the identified KPIs and KVIs. The evaluation 
outcome may then lead to a reconsideration of the applied technical enablers in case KPI or KVI targets 
cannot be achieved, or to a revision of the KPIs and KVIs, e.g., regarding the mapping between KVIs 
and KPIs. Multiple such loops may be required, from the perspective of sustainability improvements at 
the network (technology enabler) as well as the UC level, towards an E2E optimum. 

In summary, it becomes clear that essential components for this methodology are to have: 

 An appropriate list of eco-design rules 

 Key technology enablers that contribute to the desired performance and sustainability values 

 Key Value Indicators that are as concrete as possible. 

5.7 Conclusion  
This chapter first presents a list of requirements for both 5G and 6G, positioning each proposed 
technology within the broader scope of 6G. It further outlines essential eco-design principles to ensure 
that the fundamental rules for optimised solution design are not overlooked. Furthermore, it identifies 
the key technology enablers highlighted in the current state of the art, which should be further developed 
and complemented. Finally, the chapter proposes a structured methodology for the sustainable design 
of new solutions, combining eco-design rules and technology enablers to guide the process towards an 
optimised outcome. 

The provided information is essential to conduct the further work in the SUSTAIN-6G project, in 
particular for the following Work Packages (WPs): 

 WP 3 “Sustainable 6G Technology” on the 6G technology enablers 

 WP 4 “6G Solutions for Sustainable Applications” on the vertical UCs implementing 6G 
technology 

 The interworking between WPs 3 and 4 towards implementing a recursive approach (following 
the methodology outlined in Section 5.6) for optimising the E2E sustainability effects 

 WP 5 “Proof-of-Concept and E2E integration testing” on proving the sustainability effects of 
the developed 6G enablers and their integration to vertical UCs. 
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6 Use Case-driven sustainability needs and technical 
requirements  

6.1 Broad applicability of 6G for sustainability in vertical sectors 
This brief introduction of the aforementioned vertical sectors — agriculture, smart grid, and 
telemedicine — simplifies their needs and requirements to certain capabilities only and will be 
expanded on in the subsequent sections of this document. However, UCs across a broad array of vertical 
sectors demand a comprehensive range of communication technology capabilities, as outlined in the 
IMT-2030 framework (International Telecommunication Union, 2023). These include, among others: 
coverage, throughput, reliability, security, energy efficiency, and ultra-low latency. These capabilities 
collectively enable addressing diverse goals and values across the societal, environmental, and 
economic dimensions of sustainability. Beyond the examples discussed, numerous other verticals, such 
as smart cities, transportation, automative, railways, education, manufacturing, media and 
entertainment, have their own unique demands and contributions to sustainability. Insights gained from 
detailed analyses of UCs in any vertical sector, focusing on their sustainability-related technical enablers 
and impacts, can inform the development of solutions applicable to other vertical sectors. This 
extrapolation underscores the role of 6G as both an enabler and a driver of sustainability, balancing its 
first-order effects with its second-order effects. 

Addressing sustainability at scale thus requires a holistic perspective that not only considers the specific 
needs of individual vertical sectors but also integrates these needs into a unified approach that leverages 
the full spectrum of advanced communication technologies. This ensures that 6G networks serve as a 
transformative force across all domains, concurrently driving innovation and sustainability. 

On the opportunity of the 3GPP Stage 1 workshop on IMT2030 UCs, the 6G-IA consolidated and 
presented a coherent view on 6G UCs based on ongoing work of SNS JU projects. For 6G to meet its 
full potential, sustainability must be embedded as a core pillar in standardisation efforts. This includes 
minimising the first order effects of ICT operations (“Sustainable 6G”) and maximising the 
technology’s positive contributions across other sectors (“6G for Sustainability”). Emerging concepts 
like Key Value Indicators (KVIs) offer a structured way to assess and guide these impacts. The 6G-IA 
recommended that 3GPP SA1 activities incorporate KVIs into their evaluation of UCs and 
requirements, ensuring that sustainability is measured, prioritised, and translated into meaningful design 
choices. In the context of deriving needs and requirements from a broader set of UCs the following 
paragraphs summarise the 6G-IA contribution to 3GPP [Wik24]. 

Immersive experiences blur the boundaries between physical and digital spaces, enabling richer, more 
intuitive ways to collaborate, learn, and interact. These UCs span mixed reality for remote teamwork, 
virtual training and operations in industry, immersive education and gaming, and real-time content 
creation. Together, they position 6G as a key enabler of human-centric, high-performance digital 
environments that are responsive, engaging, and accessible on the move. 

6G will empower collaborative robotics, enabling machines to communicate, coordinate, and make 
decisions in real time. Key capabilities include cooperating mobile robots for agile industrial tasks, 
autonomous agents that fuse AI with network intelligence for independent action, and mesh embodied 
intelligence, where distributed robotic systems dynamically self-organise to solve complex challenges. 
Together, these advancements will enable more flexible, efficient, and resilient automation across 
sectors like manufacturing, construction, and logistics. 

6G will enable a digitally aware physical world by integrating advanced sensing, precise positioning, 
and AI-driven analytics into the network fabric. This will support real-time 3D mobility for autonomous 
systems, ensure safer and more efficient operations through situational data sharing, and enhance public 
safety via intelligent crowd and event monitoring. With capabilities like environmental radio sensing, 
6G becomes a powerful tool for monitoring and responding to conditions in the physical world 
supporting smarter, more responsive environments across urban, industrial, and rural settings. 

Digital twins are dynamic virtual counterparts to real-world systems that enable continuous monitoring, 
simulation, and control. 6G technologies will enable real-time twins for managing industrial operations 
or entire urban infrastructures, seamless cloud-to-edge integration for scalable and responsive 
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performance, and smart maintenance twins that enable predictive upkeep and support public protection 
and disaster response. Through high-fidelity, ultra-responsive digital replicas, 6G paves the way for 
smarter, safer, and more resilient physical environments. 

6G envisions a fully connected world where connectivity is universal and sustainable. It will bring 
resilient broadband access to underserved and remote regions, ensuring critical communication even in 
emergencies. By promoting digital sobriety, 6G supports responsible use of digital resources, 
prioritising efficiency. It supports environmental stewardship and food security through real-time 
monitoring and precision agriculture. Autonomous supply chains and virtualised device functions will 
boost logistics resilience and operational flexibility, anchoring 6G as an enabler of inclusive, sustainable 
digital infrastructure. 

6G will be supporting the creation of trusted environments that place human well-being, safety, and 
inclusion at the forefront. It will enable human-centric networks designed for applications like 
personalised healthcare and intelligent safety systems at public gatherings. In industrial settings, sensor-
based networks will ensure real-time monitoring to prevent accidents and enhance workplace safety. 
Advanced in-vehicle connectivity will support automotive safety, supporting features like predictive 
hazard detection and seamless communication. Collectively, these capabilities reinforce trust, 
reliability, and human-centred innovation across critical sectors. 

From an operational point of view, 6G networks will act as a flexible, intelligent backbone for a diverse 
array of services by embedding adaptability and intelligence directly into their architecture. Key to this 
is the use of unified interfaces that enable seamless interoperability across cloud, communications, and 
application domains. With intent-based management, network operations become more automated and 
user-driven, while native AI/ML integration empowers real-time analytics and decision-making. 
Support for TN/NTN convergence ensures resilient, wide-reaching connectivity, and built-in migration 
tools guarantee smooth, uninterrupted transitions from 5G to 6G. 

The table below summarises some of the most important key performance indicators per UC group 
reported by the 6G-IA (Note that some values have been omitted). 

Table 6-1: Important KPIs per UC group reported by the 6G-IA 

UC Family Key KPIs Typical Target Values 

Immersive 
Experience 

User-experienced data rate, Area 
traffic capacity, E2E latency, 
Positioning accuracy 

- Data rate: 250 Mbit/s (DL/UL) 
- Area traffic: 20 Mbit/s/m² 
- Latency: <10 ms  
- Positioning: <10 cm 

Collaborative 
Robots 

Data rate, Area density, Mobility, 
E2E latency, Reliability 

- Data rate: <10 Mbit/s  
- Area density: <0.1-1 Mbit/s, 1 robot/m² 
- Latency: <0.8 ms 
- Reliability: 99.999%-99.999999% 

Physical 
Awareness 

Data rate, Location accuracy, 
Mobility, E2E latency, Reliability, 
Availability, Coverage 

- Data rate: 1-10 Mbit/s 
- Location: 1 m 
- Mobility: up to 300 km/h 
- Latency: 1-20 ms 
- Reliability: 99.99% 
- Availability: 99.9% 

Digital Twins Area density, E2E latency, 
Reliability, Coverage, Location 
accuracy 

- Area density: 1-10 Mbit/s/m² 
- Latency: <1 ms 
- Reliability: 99.99999% 
- Location: ≤0.1 m 

Fully Connected 
World 

Data rate, E2E latency, 
Reliability, Flexibility, 
Availability, Coverage 

- Data rate: 0.1-25 Mbit/s (DL), 2 Mbit/s (UL) 
- Latency: 10-100 ms 
- Reliability: 99.9-99.999% 
- Availability: 98.5% 

Trusted 
Environments 

Area density, E2E latency, 
Reliability, Location/positioning 
accuracy 

- Area density: 1-10 Mbit/s/m² 
- Latency: <0.1-1 ms 
- Reliability: 99.9-99.999% 
- Location: <0.001-1 m 
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6.2 SUSTAIN-6G vertical overview 
As industries continue to evolve through digital transformation, the role of advanced connectivity 
becomes increasingly critical. While 5G laid the groundwork for enterprise-grade services, many 
industrial sectors still face challenges in accessing the high-performance, wide-area infrastructure 
needed to fully realise these benefits. This is particularly true for sectors that depend on national-scale 
networks rather than localised private solutions. 

In this context, three vertical sectors have been selected for deeper exploration: smart grids, agriculture, 
and telemedicine. These sectors are not only demanding in terms of connectivity requirements, but also 
hold immense potential to deliver societal, environmental, and economic value. They address 
fundamental human needs—energy, food, and healthcare—and represent areas where 6G technologies 
are expected to have transformative impact. Smart grids can enhance energy efficiency and resilience; 
agriculture can benefit from precision farming and resource optimisation; and telemedicine can expand 
access to quality healthcare through ultra-reliable, low-latency communication. 

This section introduces each of these verticals, providing a general overview and outlining the key 
stakeholders involved. In the following section, we will delve into three representative UCs per vertical, 
selected to highlight the diverse and complementary ways in which 6G connectivity can support 
sustainable development and improve quality of life. 

6.2.1 Agriculture 

6.2.1.1 Vertical Overview 
Agriculture is an activity that has accompanied mankind since its beginnings and has evolved over time. 
Like other industries, it has gone through a period of automation (cf. Figure 6-1), but this has mainly 
focused on physical tasks, with machines facilitating work in the field. However, it is only relatively 
recently that technology has been incorporated to support decision-making, allowing for more accurate 
and efficient crop management.  

To meet the growing demand, agriculture in 2050 will need to produce nearly 50% more food, feed, 
and biofuel than it did in 2012. Projections for 2050 also indicate increasing pressure on agricultural 
land, water, forests, capture fisheries, and biodiversity. To address the rising demand for food and tackle 
the scarcity of natural resources, agriculture has started to adopt more efficient and sustainable 
approaches. 

Agriculture is a critical sector in achieving sustainability goals, as it directly affects food security and 
has environmental impacts. The demand for sustainable agricultural practices has been growing, being 
driven by global challenges such as climate change and the increasing population. In this context, the 
use of advanced technologies such as 6G can revolutionise the agricultural sector by enhancing 
productivity and reducing environmental impacts. Utilising 6G technologies for agricultural 
applications involves leveraging resilient connectivity, low-latency communication, and cutting-edge 
technologies like edge computing to create more efficient, intelligent and resource-conscious 
agricultural practices. By enabling real-time data collection and analysis, 6G can support optimising 
water consumption, monitor crop health, and enable precision farming, which consequently contributes 
to sustainability goals.  
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Figure 6-1: Evolution of agricultural automation ([FAO22]) 

The ISPA provides the following definition of precision agriculture: “Precision Agriculture is a 
management strategy that gathers, processes and analyses temporal, spatial and individual plant and 
animal data and combines it with other information to support management decisions according to 
estimated variability for improved resource use efficiency, productivity, quality, profitability and 
sustainability of agricultural production” [Isp24]. Precision agriculture emerges as a key solution, 
enabling more accurate and localised crop management. Through the use of technologies such as 
sensors, satellite imagery and global positioning systems (GPS), farmers can monitor soil conditions, 
weather and crop status in real time. This information enables informed decisions to optimise the use 
of water, fertilisers and pesticides, reducing waste and minimising environmental impact. By combining 
agronomic knowledge with technological tools, precision agriculture not only improves productivity, 
but also contributes to more sustainable resource management, which is essential to ensure food security 
in a context of a growing population and increasingly limited resources. 

The first iteration of precision agriculture is to collect data from sensors, which can be deployed in the 
field (weather or soil) or on agricultural machinery, Unmanned Aerial Vehicles (UAVs) or Earth 
Observation (EO) satellites. The next step is processing, turning all the data collected into useful 
information that can be used to take appropriate action. An available and reliable communications 
network, capable of both data transmission and data processing, is essential for this proposal. 

Precision agriculture technologies help farmers manage inputs more effectively, resulting in improved 
yields while conserving resources. 6G enables real-time data collection from IoT sensors, drones, and 
satellites, which can help optimise irrigation, fertilisation, and usage of pesticides, hence managing 
consumption of resources. [AKN20] provides an overview of the potential role of 6G technologies in 
revolutionising sectors such as agriculture by enabling technologies like IoT, edge computing, and AI 
applications. 

With ultra-reliable and low-latency communication enabled by 6G, agricultural robots and drones are 
expected to be able to support farmers in a wider scope of tasks like planting, harvesting and crop 
monitoring, in addition to the ability to introduce autonomous farming vehicle in a wider range, which 
leads to improved productivity. [SBC20] provides a vision of the 6G networks while highlighting the 
potential for automation in various sectors including agriculture. It also emphasises the role of 6G in 
supporting autonomous systems and smart agriculture through low-latency communication and 
enabling real-time operation of autonomous agricultural machinery. 
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The benefits of precision agriculture go beyond improving productivity and efficiency, smart agriculture 
aims at sustainably increasing food security and incomes, and adapting and building resilience to 
climate change, while capturing potential mitigation co-benefits. Agricultural automation is highly 
relevant to several Sustainable Development Goals (SDG), including SDG 1 (No Poverty) and SDG 2 
(Zero Hunger). Increasing automation in agriculture globally can also help advance SDG 9 (Industry, 
Innovation and Infrastructure), which emphasises the need to build technological capacity, promote 
research and innovation, especially in low-income countries. In the same way, by overcoming the 
barriers to adoption, automation can help to bridge the technology divide and drive progress towards 
SDG 5 (Gender Equality), SDG 8 (Decent Work and Economic Growth) and SDG 10 (Reduced 
Inequalities). It can play a role in contributing to SDG3 (Good Health and Well-being) through its ability 
to improve working conditions and food quality. Ultimately, the effective implementation of automation 
solutions that promote environmental sustainability can support progress towards SDG 6 (Clean Water 
and Sanitation), SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible Consumption and 
Production), SDG 13 (Climate Action), SDG 14 (Life below Water) and SDG 15 (Life on Land). 

6.2.1.2 Agriculture Stakeholder Landscape 
There are two main groups of stakeholders common for the UCs, both working together to improve the 
efficiency and sustainability of agricultural activities by leveraging the power of data and technology: 

 Producers (farmers and growers) 

 Researchers, data scientists, and agronomical advisors 

Producers (farmers and growers): Are the main users of the UCs. The application of the technology 
proposed in the UCs and the knowledge of the crops will lead to improvements in the productivity and 
sustainability of their farming practices. 

Researchers, data scientists, and agronomical advisors: This group provides research, advice and 
technical solutions to optimise farming practices based on data collected in the field. 

6.2.1.3 Selected Use Cases 
The three selected UCs address some of the current challenges and opportunities in agriculture. The 
limited coverage and capacity of networks in rural areas, is a challenge for automation and makes it 
difficult to have real-time data transmission and processing. Data collected by sensors at weather and 
soil stations, and the integration of sensors into agricultural machinery, enable continuous monitoring 
of soil, crop and environmental conditions. This enables more accurate application of inputs and 
proactive field management. 6G provides the right environment for real-time data exchange and 
advanced information processing. Technology solutions that combine connectivity with advanced 
processing capabilities can not only optimise use of resources like water, agrochemicals and energy, but 
improve machine performance, reducing waste and environmental impact. This can result in more 
sustainable and resilient farming practices. 

UC 1: Connectivity on demand: temporary connectivity solutions in rural areas 

This UC addresses the challenging connectivity conditions in rural areas, where connectivity solutions 
suffer from being unreliable and hence hindering the adoption of smart agricultural technologies. This 
UC imagines a portable solution that can provide temporary networks, enabling seamless, and timely 
connectivity. This allows farmers to adopt smart agricultural technologies such as connected sensors 
and autonomous farming which can improve their access to real-time data and market resources. 

UC 2: Task offloading to the edge for critical and resource-demanding tasks 

This UC addresses the challenging requirements of some agricultural UCs when it comes to 
computational resources, some applications such as AI-based crop analysis and predictive modelling 
are considered resource-demanding tasks, which makes processing them locally energy-intensive. 
Utilising edge computing capabilities as one of the pillars of 6G technologies to enable task offloading 
to the edge, where computationally heavy tasks can be processed near the data source, can contribute 
to lower-latency communication while reducing the consumed energy. Agricultural applications like 
real-time crop monitoring and predictive analysis of data can benefit from edge computing technologies. 
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UC 3: Agriculture data vs information 

This UC addresses the challenge of providing useful, real-time information to support decision-making 
in crop management. With access to up-to-date data, productivity can be increased and resource use 
optimised. To achieve this, it combines data from various sensors and sources. This is achieved by 
combining data from different sensors and sources. 6G technology will enable this data to be collected 
and processed in real time, which is critical for tasks such as disease detection and control (where time 
is a key factor). 

These UCs were selected because they align with the broader vision of sustainable agriculture by 
leveraging 6G technology to manage resources consumption, optimise production processes, and 
improve connectivity and data processing capabilities in rural areas. The are crucial elements for 
advancing the digitisation of agriculture and achieving sustainability goals in the sector.  

6.2.2 Smart Grid 

6.2.2.1 Vertical Overview 
A smart grid is an advanced and modernised electrical distribution grid that utilises digital technologies 
and two-way communication to improve the efficiency, reliability, and sustainability of electricity 
generation and distribution. Unlike traditional grids with one-way electricity flow, smart grids actively 
manage energy through real-time data from both suppliers and consumers. This is essential due to the 
growing integration of renewables and intelligent loads that decouple supply from demand. 

 

Figure 6-2: Smart Grid Architecture Model (SGAM) [Cen14] 

Information and Communication Technology (ICT) is fundamental to smart grids, providing the 
infrastructure for two-way data exchange and control. This is illustrated in the Smart Grid Architecture 
Model (SGAM) developed by the CEN-CENELEC-ETSI Smart Grid Coordination Group [Cen14], 
shown in Figure 6-2. SGAM models interactions and information exchange among entities in the smart 
energy domain, helping stakeholders to coordinate effectively. The communication layer in SGAM, 
highlighted in green in Figure 6-2, is critical for ensuring interoperability across domains and aligning 
technical components with business objectives. 

With the emergence of the smart grid, ICT has expanded to integrate not only high- and medium-
voltage, but also low-voltage networks. Devices like smart meters, sensors, and control units now 
collect real-time data on energy usage and grid conditions, transmitting it securely to centralised control 
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centres and distributed intelligence nodes. This enables advanced analytics, automated decision-
making, and coordinated control across the grid. 

Smart grids rely on a wide range of communication technologies and protocols. Field devices use both 
wired and wireless protocols such as Modbus, Distributed Network Protocol 3 (DNP3), International 
Electrotechnical Commission (IEC) 61850, and IoT standards like Bluetooth Low Energy, ZigBee, Z-
Wave, Wi-Fi, and Ultra-Wideband (UWB). They utilise both public and private networks including 3G, 
4G, 5G, Long Range Wide Area Network (LoRaWAN), Narrowband Internet of Things (NB-IoT), and 
utility-owned fibre-optic and wireless backhaul systems. This diversity is essential for achieving real-
time connectivity and coordination throughout the grid. 

6.2.2.2 Smart Grids Stakeholder Landscape 

 

Figure 6-3: Smart Grid Stakeholder landscape (adapted from [BML+19] 

According to the RASSA project [BML+19], the smart grid stakeholder landscape includes four groups, 
as shown in Figure 6-3: 

 The institutional framework sets legal and regulatory conditions for grid operation and 
ensures the safe management of electricity as critical infrastructure. 

 Infrastructure operators, including electricity and ICT providers, manage decentralised 
energy integration and represent sector interests to policymakers. 

 The users and energy market group includes producers, traders, and increasingly prosumers, 
who interact with the grid and market through flexible consumption and generation. 

 Implementers and innovation drivers consist of technology providers and research 
institutions that develop and advance smart grid components and solutions. 

6.2.2.3 Selected Use Cases 
Presented here are three UCs of 6G application in the context of future energy systems: 

 UC1: 6G-enabled grid balancing services from distribution grid assets leverages 6G’s low 
latency and high bandwidth to coordinate distributed energy resources in real time, enabling 
their participation in grid balancing and electricity markets. 

 UC2: Resilient grid section operation enhances grid resilience by using 6G to enable real-
time fault detection, adaptive reconfiguration, and stable operation during disruptions. 

 UC3: Joint planning of 6G and smart grid infrastructures lays the foundation by ensuring 
both systems are developed in tandem for maximum synergy. 
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Together, these UCs form a strategic framework that supports innovation, improves efficiency, and 
ensures reliable energy system performance in the face of future demands. 

6.2.3 Telemedicine 

6.2.3.1 Vertical Overview 
Telemedicine is a method for the provision of medical services that relies on a communication medium 
of any sort in order to provide alternative, remote or de-personalised services which would otherwise 
typically require physical co-location of the provider and recipient of that service. Early forms of this 
practice date back to the invention of radio, with remote diagnosis or treatment directions supplied to 
ships on the high sea and in battlefields since WWI. The advent of digital communication networks and 
widespread Internet adoption means that remote consultation and diagnosis have become widely 
available. The anticipated improvement of network speed and latency for 5G and 6G networks is also 
fuelling expectations and R&D in advanced practices, such as tele-surgery. 

A strong support from the wireless network is a pre-requisite for services like remote medical 
consultations, diagnoses and treatments, through video calls or specific platform platforms toward rural 
or underserved areas. Other benefits of robust network support include the possibility to share 
knowledge by providing a collaborative shared platform where doctors, surgeons, specialists, and 
trainees can participate. This allows for allowing instances of interregional cooperation which would 
have been otherwise hindered by the need of mobility. The patient's treatment can be enhanced by 
engaging them through apps and portals where they can actively participate in treatment plans. The 
elimination of the need for patient mobility not only saves economic costs but also saves effort when 
treating patients with deambulatory restrictions. Many challenges need to be tackled: privacy and data 
security, lack of technology access (for the elderly, rural areas, or a lack of internet-enabled devices in 
the population) and the definition of a proper regulatory framework.  

The telemedicine/eHealth vertical aims to provide high-quality medical services to as wide a target 
population as possible, circumventing accessibility barriers such as geographical distance, technology 
literacy and confidentiality/trust concerns by the intended user base. It also aims to exploit the power 
of Artificial Intelligence for the reliable and affordable development and use of medical data models, to 
be used as advanced consulting and diagnostic tools.  

6.2.3.2 Vertical Structure 
Telemedicine is structured around the various stakeholders, technologies, and services that cater to its 
characteristics and specific needs. Regulatory bodies, typically in the form of government and 
international regulatory bodies and the various products of their function are also an integral part of the 
vertical, mainly due to the sensitive nature of medical data and the associated challenges arising from 
their gathering and processing.  

 Stakeholders 

 Healthcare Providers – Hospitals, clinics, physicians, nurses, telemedicine providers 

 Payers & Insurance – Health insurance companies, public health systems, reimbursement 
services 

 Pharmaceutical & Life Sciences – Drug manufacturers, biotech firms, research labs 

 Medical Device Companies – MRI machines, wearables, diagnostic tools 

 National & International Regulatory & Legislative Bodies 

 Patients & Consumers – End users of healthcare services, patient advocacy groups 

 Network Infrastructure Providers & Operators 

 Medical SW & applications suppliers, consultants and certification agencies. 

Technologies & Solutions 

 Core networks and RANs, UE and network edge components 

 Electronic Health Records (EHRs) – Patient data management 

 Telemedicine & virtual care – Remote consultations, remote patient monitoring 

 Healthcare AI & analytics – Predictive diagnostics, patient risk assessment 
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 Medical IoT & Wearables – Smartwatches, glucose monitors, connected pacemakers 

 Cybersecurity & compliance with confidentiality regulations. 

Services & Operations 

 Patient Care & Hospital Management – Scheduling, workforce management 

 Medical Supply Chain – Procurement, logistics for pharmaceuticals and devices 

 Public Health & Research – Disease tracking, epidemiology tools 

 Healthcare Marketing & Patient Engagement - Customer Relationship Management for patient                
outreach, chatbots 

Challenges & Regulatory Considerations 

 Regulatory Compliance – HIPAA (Health Insurance Portability and Accountability Act, USA), 
European General Data Protection Regulation (GDPR) [R2016/679], drug approvals 

 Data Privacy & Security – Protection of patient health information 

 Data Federation Issues – Integration across different EHR and medical systems 

6.2.3.3 Selected Use Cases 
The selected UCs address some of the current challenges and opportunities in telemedicine, such as the 
current lack of low-latency and guaranteed QoS that is needed for reliable telesurgery procedures. Also, 
they demonstrate that the current level of AI exploitation needs to expand and evolve for effective 
supervised patient recovery or rehabilitation and for properly supervised ML-generation and use of 
diagnostic models. Finally, the security and privacy of patient health records, as well as properly attested 
data ownership, needs to be addressed, if telemedicine applications are to gain widespread acceptance 
from a trusting public.  The end result of addressing these challenges is wider availability of high-quality 
health services, overcoming location and confidence-in-technology obstacles. Economic activity that is 
directly or indirectly related to telemedicine is also expected to expand, increasing income and 
employment for the vertical's stakeholders. 

The first UC (“Concurrent Preoperative Surgical/Engineering Planning”) proposes a platform for 
remote concurrent preoperative planning. The application involves the design and production of custom 
surgical tools via the use of shared medical imagery and 3D modelling. Given the high specialisation 
involved, the intention is to leverage the latest 3D input technologies and 3D visors for a more 
immersive perception and manipulation of the virtual surgical field. 

The second UC (“Remote Rehabilitation Assessment”) proposes a remote rehabilitation framework 
leveraging on AI for tracking and evaluating the patient's motions and on XR for a more immersive 
perception of the rehabilitation exercise. AI will also provide counselling when problems are identified 
or alert a rehabilitation expert if serious or unidentified problems occur. 

The third UC (“Privacy-Aware Medical Data Federation with 6G-Assisted Trust Establishment”) aims 
to provide a trusted execution environment for processing and management of medical data, which is 
based on the network instead of user applications and end devices for the supply of the components and 
protocols that ensure user consent, data privacy and security, data provenance. In this manner, the added 
value from data processing is always under control of the actors participating in telemedicine practices.  

These three UCs were selected because they demonstrate how an advanced network can increase the 
scope, quality and economic/societal penetration of telemedicine applications, which are viewed as 
important for the realisation of several of UN's Sustainable Development Goals, such as good health 
and well-being, reduced inequalities and sustainable cities & communities.  

Towards the realisation of these goals, the selected UCs make specific requirements from future digital 
networks. Thus, the first UC will stress a mobile network because the very specialised application 
requires a fluid collaboration between the participants, while the second application will also require a 
larger bandwidth for managing the AI application, this being more ‘market-oriented,’ toward a larger 
number of patients. The third UC will require direct network involvement and support towards the target 
of a comprehensive trusted execution environment for medical data. 
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6.3 SUSTAIN-6G Use Cases 
In this section, we present nine UCs that explore the application of 6G technology to enhance 
sustainability in the selected verticals. Each UC follows a structured template to ensure consistency and 
comprehensiveness in documenting the state of the art, sustainability analysis and technical 
requirements. The template is shown in the following table: 

Table 6-2: Use case template 

Section Name Content 

UC overview  Description: pre-conditions, post-conditions, objectives 

Rationale: assumptions, values, motivations 

Need: benefits, why this UC 

Challenges: operational problems 

Societal Goals: Sustainable Goals, societal challenges 

Target Scenario: desirability, driving values and principles 

State of the Art Current Solutions: existing potential technical options  

Shortcomings of existing solutions 

Currently unachievable goals/needs 

Impact and 
Sustainability Analysis 

First and second order sustainability benefits and costs for the environmental, 
societal and economic plane. 

Technical requirements 
and gaps 

Technical requirements for different UC scenarios 

Initial gap analysis on the requirements 

6.3.1 Agriculture UC1: Connectivity on Demand: Temporary Connectivity 
Solutions in Rural Areas 

6.3.1.1 Use Case description 
The agricultural sector is increasingly adopting technologies to boost productivity, efficiency, and 
sustainability. This shift demands reliable, high-speed, low-latency connectivity—especially in rural 
areas where such infrastructure is often lacking. Poor connectivity limits the potential of smart 
agriculture and hinders innovation. 

This UC proposes a temporary, on-demand connectivity solution for areas without 4G or 5G coverage. 
It involves plug-and-play devices that can be integrated into agricultural machinery, operating 
independently of existing infrastructure. The goal is to ensure uninterrupted connectivity in remote 
fields, enabling continuous and efficient farming operations. Figure 6-4 schematically depicts the UC. 

 

 

Figure 6-4: Connectivity on demand use case description 



SUSTAIN-6G (101191936)  Deliverable D2.1 

Version 1.0  Page 79 of 139 

Why is this use case needed? 

This UC addresses the rural connectivity gap—a major barrier to adopting smart farming technologies. 
By enabling reliable, on-demand connectivity, it allows farmers to use modern tools without 
interruption, leading to: 

 Higher productivity through real-time monitoring and decision-making 

 Improved efficiency by minimising downtime 

 Greater sustainability via precision farming and resource optimisation 

The main challenge is the lack of stable connectivity, which limits the use of IoT devices and 
coordinated machinery operations, such as harvesters and tractors working together. These applications 
require continuous communication to function effectively and pave the way for future automation. 

Temporary, on-demand connectivity reduces the need for permanent infrastructure in areas where it's 
not always required. This approach saves energy, labor, and resources, aligning with UN SDGs 9 
(industry, innovation, infrastructure) and 15 (life on land). 

The targeted scenario (where we want to land) 

The target is to create a scenario where farmers in rural areas have seamless access to reliable 
connectivity enabling them to fully utilise smart agriculture technologies, leading to uninterrupted field 
operations and enhanced data utilisation with the help of real-time data collection and analysis. 

Table 6-3: Detailed technical scenario for Agriculture UC1 

Parameter/ 
Scenario 

Max. 
latency  
(ms) 

Through
put  
(Mbit/s) 

Range 
(km) 

Description 

Coordinated 
unloading 

50 2-8  ~1 Coordinated unloading enables real-time 
synchronisation between harvesters and transport 
vehicles in the field. This minimises downtime, 
reduces grain loss, and ensures continuous harvesting 
operations. 

In-field data 
sharing 

100 2 – 8 ~2 In-field data sharing allows machines and operators 
to exchange agronomic and operational data instantly. 
This improves decision-making, and enhances 
efficiency 

Remote 
support over 
HMI 

100 2- 8 Cloud Remote support via HMI (Human-Machine Interface) 

enables technicians to access and troubleshoot 
machine systems from afar. It reduces the need for 
on-site visits and speeds up issue resolution, 
minimising equipment downtime 

OTA SW 
updates 

100 2- 8 Cloud OTA software updates allow agricultural machines to 
receive the latest features, bug fixes, and performance 
improvements wirelessly. This keeps equipment up-
to-date without interrupting field operations 

Remote 
support over 
video 
transmission 

100 25 Cloud Video-based remote support lets technicians visually 
assess machine issues in real time. This enhances 
diagnostic accuracy and enables faster, more effective 
remote assistance 

Live alerts 
over M2I 

20 Up to 100 ~2 Live alerts over M2I provide operators with instant 
notifications about machine status, performance, or 
faults. This proactive communication helps prevent 
breakdowns and ensures timely interventions 
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Why the future solution/scenario we aim at (with its benefit and goals) is desirable for society? 

The solution is desirable for society because it empowers farmers by providing them with the tools they 
need to optimise their operations and increase yields. It also supports the development of rural 
communities by enhancing the network’s resilience. 

Which are the values, principles and criteria that are driving our steps forward? 

 Accessibility: ensuring that all farmers, regardless of their location, have access to enablers of 
modern technologies. 

 Productivity: enhancing agricultural gains to meet the growing food demand by staying 
connected and supporting uninterrupted field operations. 

By focusing on these values, the proposed solution aims to create a more connected, productive, and 
sustainable agricultural sector. 

6.3.1.2 State of the art 
The shift from traditional to smart agriculture relies on stable connectivity, especially for real-time data 
exchange between (semi)-autonomous machines. However, rural areas often lack the infrastructure for 
such connectivity. While terrestrial networks (TNs) work well in cities, extending them to remote areas 
is costly and impractical, especially for seasonal farming. 

Non-terrestrial networks (NTNs) offer a promising alternative, using satellites, High-Altitude Platforms 
(HAPs), and unmanned aerial vehicles (UAVs) to extend coverage without relying solely on ground 
infrastructure. These platforms can complement TNs to provide flexible, temporary connectivity in 
challenging environments. 

Recent advances in satellite technology and integration into 5G standards (starting with 3GPP Release 
15) have expanded NTN capabilities. Low Earth Orbit (LEO) and Geosynchronous Equatorial Orbit 
(GEO) satellites are now prioritised, with ongoing standardisation efforts in Releases 17–19. 

HAPs, operating around 20 km altitude, offer wide coverage and low latency. They can be solar-
powered and replace multiple ground stations. UAVs, though lower in altitude, are highly mobile and 
useful for on-demand tasks like acting as aerial base stations or data collectors. For example, drones 
with LoRa gateways can gather sensor data across large farms. 

Despite progress, integrating NTNs with existing networks remains complex, with challenges in 
resource management, policy, and governance. Furthermore, a set of further challenges apply with 
respect to the use of NTN (ad-hoc) solutions: 

 Limited capacity: such solutions will not be able to provide connectivity in high capacity (for 
high number of users) which is not considered as an issue in UCs for agriculture or construction.  

 Security concerns: using ad-hoc solutions will eliminate the need to route the traffic through 
an access point; however, this can make the system prone to interference, which calls for 
security measures.  

 Short connectivity range: ad-hoc solutions tend to have short connectivity range, which 
should be considered in scenarios like in agriculture or construction.  

 Limited capabilities: such solutions tend to have limited data rate/speed capabilities, which 
needs to be considered in scenarios where there is a need for large data transmissions. 

6.3.1.3 Stakeholders 

 Farmers: they are considered the primary users of the UC described. Farmers would benefit 
from enhanced communication with their machinery, access to real-time data, and improved 
operational efficiency. They could utilise the connectivity for tasks such as monitoring 
equipment, receiving alerts, and making data-driven decisions. 

 Agricultural machinery operators: These users are responsible for operating the agricultural 
equipment. They would rely on the connectivity solution for real-time data transmission to 
optimise machinery performance and ensure effective operation in the field. The farmers could 
also be machinery operators in some cases. 

 Field technicians: they are responsible for maintaining and repairing agricultural machinery. 
This solution would enable them to access remote support, diagnostics, and troubleshooting 
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resources while working in the field, which enhances their ability to resolve issues in a timely 
manner. 

 Researchers: researchers studying agricultural technologies might utilise the connectivity to 
gather data for experiments and innovation, contributing to advancements in the sector. 

6.3.1.4 Impact and sustainability analysis 

Table 6-4: Expected sustainability effects of Agriculture UC1 

Environmental Societal Economic 

1st order effects 2nd order effects  1st order effects 2nd order effects 1st order effects 2nd order 
effects  

More reliable 
connectivity in 
agricultural 
contexts 

More optimised 
operations, 
fewer working 
hours for 
machines 

Rural access to 
previously 
urban-only 
technology 

Bridging the 
digital gap 

Increased speed 
and efficiency 
of data 
transmission 

Fewer 
interruptions of 
field work  

  Lesser 
environmental 
impact 

Increased 
coverage area 

Empowering 
farmers 

  Higher 
agricultural 
productivity 
and efficiency 

Reuse, 
recycling, or 
disposal of 
used ad-hoc 
devices 

  Cost of 
ensuring data 
privacy and 
security 

  Initial 
installation cost 
and ongoing 
maintenance 
costs 

 

 

6.3.1.5 Technical requirements and gaps 
Besides the general challenges listed in Section 6.3.1.2, specific gaps for Agriculture UC1 have been 
identified: 

Table 6-5: Technical requirements and gaps for Agriculture UC1 

Parameter/ 
Scenario 

Max. latency  
(ms) 

Throughput  
(Mbit/s) 

Range 
(km) 

Gaps 

Coordinated 
unloading 

50 2-8 

 

~1 Local connectivity on demand 
needed WiFi is not reliable 

In-field data 
sharing 

100 2 – 8 ~2 Local connectivity on demand 
needed WiFi is not reliable 

Remote support 
over HMI 

100 2- 8 Cloud Global Connectivity needed no 
service available in White spots 

OTA SW updates 100 2- 8 Cloud Global Connectivity needed no 
service available in White spots 

Remote support 
over video 
transmission 

100 25 Cloud Global Connectivity needed no 
service available in White spots 

Live alerts over 
M2I 

20 Up to 100 ~2 Global / local Connectivity needed 
no service available in White spots 

 

6.3.2 Agriculture UC2: Task Offloading to the Edge for Critical and Resource-
Demanding Tasks 

6.3.2.1 Use Case description 
Modern agriculture increasingly relies on advanced technologies, but processing data from sensors, 
drones, and machinery requires significant computing power. Equipping each vehicle with high-
performance hardware is costly and energy-inefficient, especially when not used continuously. 
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A more efficient approach is task offloading to edge computing, where selected tasks are processed by 
shared edge resources instead of individual machines. This reduces energy consumption and hardware 
costs while still delivering the necessary performance for advanced agricultural applications. The 
proposed UC illustrates how vehicles, edge platforms, and cloud servers can work together to support 
this model. Figure 6-5 schematically depicts the UC. 

 

 

Figure 6-5: Task offloading to the edge use case description 

Why is this use case needed? 

This UC addresses the need for efficient and cost-effective computational resources in modern 
agriculture. By offloading tasks to the edge computing resources, this UC ensures that the resource-
demanding tasks are handled efficiently, providing by that the necessary performance for advanced 
agricultural applications. 

What operational problem/challenge is this use case trying to address for the target business 
(utility company/farm/healthcare provider)? 

A key challenge in agriculture is creating scalable solutions that meet varying computational needs 
without constant hardware upgrades. This is especially useful for applications like image-based crop 
monitoring, where drones or cameras capture data, and machine learning algorithms process it to detect 
harmful plants. Once identified, the system can automatically instruct vehicles to take action. 

This UC addresses global challenges by promoting energy-efficient, tech-driven agriculture that boosts 
productivity while conserving resources. It aligns with UN SDGs 7 (Affordable and Clean 
Energy) and 9 (Industry, Innovation, and Infrastructure). 

The targeted scenario (where we want to land) 

Enable seamless offloading of computational tasks to edge resources, ensuring real-time, cost-effective 
data processing. This enhances operational efficiency and optimises resource use in agriculture. 

Table 6-6: Detailed technical scenario for Agriculture UC2 

Parameter/ 
Scenario 

Max. 
latency  
(ms) 

Throughput  
(Mbit/s) 

Range 
(km) 

Description 

Remote 
engineering over 
AR 

50 Up to 100 Cloud Remote engineering over AR allows technicians to 
guide on-site operators through complex repairs or 
diagnostics using augmented visuals. This reduces 
downtime, eliminates travel needs, and enhances 
accuracy in maintenance task 
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Live alerts over 
M2I 

20 Up to 100 ~2 Live alerts provide real-time notifications about 
machine performance, environmental conditions, or 
system faults. These alerts help operators respond 
quickly to issues, improving safety and operational 
efficiency 

Image processing 
over AI 

50 200 - 500 Local / 
Cloud 

AI-powered image processing analyses visual data 
from fields or equipment to detect patterns, 
anomalies, or crop health indicators. It enables 
smarter decision-making in areas like pest detection, 
yield estimation, and soil analysis. 

 

Why is the future solution/scenario we aim at (with its benefit and goals) is desirable for society? 

The future solution is desirable for society because it enables farmers to achieve higher efficiency in 
data processing without the need for costly hardware setup. In addition, it reduces energy consumption 
and promotes environmentally friendly farming practices.  

Which are the values, principles and criteria that are driving our steps forward? 

 Innovation: embracing cutting-edge technologies to transform agricultural practices and 
improve productivity. 

 Environmentalism: promoting energy- efficient solutions that minimise environmental impact 
and promote sustainability. 

 Accessibility: ensuring that advanced agricultural technologies and affordable and accessible to 
farmers, fostering inclusive growth and development. 

6.3.2.2 State of the art 
Edge computing is transforming modern agriculture by enabling real-time data processing and 
decision-making directly in the field. Low Altitude Platform Stations (LAPS) equipped with edge 
servers can monitor large, remote areas and analyse data on-site, reducing latency and reliance on cloud 
infrastructure. This supports applications like continuous crop and soil monitoring. 

In precision farming, edge computing processes data from field sensors to optimise planting, irrigation, 
and fertilisation, improving productivity and reducing waste. Future autonomous machinery will also 
rely on edge computing, AI, and machine learning to interpret sensor data, adjust operations in real 
time, and ensure safe, efficient, and uninterrupted fieldwork. Figure 6-6 schematically depicts the UC. 
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Figure 6-6: Continuous field monitoring using LAPS 

6.3.2.3 Stakeholders 

 Farmers and technicians: they are the primary users who can benefit from the enhanced 
productivity and efficiency brought by edge computing. They can use the technology to monitor 
crop health, manage resources, and make data-driven decisions. 

 Data scientists: they can analyse the data collected from various devices and use the 
information to help optimise farming practices. 

6.3.2.4 Impact and sustainability analysis 

 Data management and processing: the scenario might involve handling a large amount of data 
from various sources such as sensors or cameras depending on the application. 

 Energy use: While edge computing can reduce the need for high-performance hardware on each 
machine, the edge devices themselves still consume a considerable amount of energy. 

 Reliable network connectivity for real-time data transmission and processing. 

 Ensuring a secure environment among connected devices. 

Table 6-7: Expected sustainability effects of Agriculture UC2 

Environmental Societal Economic 

1st order effects 2nd order effects  1st order effects 2nd order 
effects 

1st order effects 2nd order effects  

More accurate 
application of 
water, 
fertilisers, and 
pesticides 

Lesser 
environmental 
impact of 
agriculture 

Enhanced 
efficiency and 
productivity in 
farming 

Higher crop 
yields 

Optimised 
resource use, 
reduced waste 

Lower 
operational 
costs for 
farmers  

Shorter data 
processing time 
of edge devices 

Lower overall 
energy usage 
due to less time 
in use 

Increased 
system uptime 

Better food 
safety and 
availability 

    

Increased 
energy 

  Cost of 
maintaining 

  Initial 
installation cost 
and ongoing 
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consumption of 
edge devices 

privacy of the 
collected data 

maintenance 
costs 

6.3.2.5 Technical requirements and gaps 
Based on the technical scenario outlined in Table 6-6, the following technical requirements and gaps 
have been identified: 

Table 6-8: Technical requirements for Agriculture UC2 

Parameter/ 
Scenario 

Max. latency 
(ms) 

Throughput  
(Mbit/s) 

Range 
(km) 

Gaps 

Remote 
engineering 
over AR 

50 Up to 100 Cloud Global Connectivity needed, no service 
available in White spots 

Live alerts 
over M2I 

20 Up to 100 ~2 Global / local Connectivity needed no service 
available in White spots 

Image 
processing 
over AI 

50 200 - 500 Local / 
Cloud 

Global Connectivity needed no service 
available in White spots. Current services do 
not provide the performance required. 

6.3.3 Agriculture UC3: Agriculture Data vs. Information 

6.3.3.1 Use Case description 
Technology has become fundamental to the development and sustainability of agriculture. With a 
growing global population and the need to produce more food with fewer resources, tools such as 
artificial intelligence, IoT sensors, satellite remote sensing and automation are revolutionising the 
sector. These innovations make it possible to optimise water and fertiliser use, improve crop 
management, and reduce environmental impact. In addition, real-time data analytics enable more 
accurate decision-making, helping farmers increase productivity and profitability in an increasingly 
challenging environment due to climate change and market volatility. 

This UC combines data from different sources like field sensors, climatic stations, soil analysis, and 
satellite images providing a context of the crop as shown in Figure 6-7 in real time. Real-time context 
enables more accurate crop management decisions, resulting in more efficient use of all resources 
involved in production, primarily water, energy, and agrochemicals. In addition to saving these 
resources, providing the plant with exactly what it needs improves production, enhancing crop quality 
and productivity, ultimately boosting profitability. 

 

Figure 6-7: Data sources providing crop context 
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Environment and deployment scenarios 

The environment can be a field with irrigation and a high added value crop, like avocado, berries or 
some types of nuts. Those crops are more delicate and much more appropriate to demonstrate the idea 
of the UC.  

Platforms/Devices  

The UC deployment would be a set composed by: 

 Weather Station, see Figure 6-9 

 Soil Stations (one per irrigation sector), see Figure 6-8 

 Water Station in the irrigation header 

 Satellite capture plan 

Each station shall be composed by a wireless datalogger and a set of sensors.  

Each station doesn’t require any gateway or similar. Data is sent directly to the cloud. 

 

Figure 6-8: Example of basic schema of soil 
station 

 

Figure 6-9: Schema of a basic weather station 

Why is this use case needed? What operational problem/challenge is this use case trying to 
address for the target business (utility company/farm/healthcare provider)?   

The challenge highlighted in this UC is the data interpretation. The limitation is not the cost of the 
technology, or the cost of the communications. The limitation is the cost of the data interpretation and 
the availability of experienced advisors.  The average grower can perfectly afford the technology 
required. Service subscription, IoT sensors, etc. But they cannot afford the cost of a professional 
agronomic expert providing crop management recommendations (on a daily basis) based on the data 
provided by the technology. It is not possible to take crop management decisions just reviewing satellite 
image data, or sensor data. It is necessary to consider many context factors. And that is the reason why 
human experts analysing different agronomic data are required. 

Now, though, the game is changing. Today, it is possible to combine both satellite image and sensor 
data. Through deep learning and AI, the systems can be designed to be aware of the context. Reasoning 
and decision-making software achieve results much closer to the decisions that a human expert might 
make. This opens a big opportunity to agronomic experts and growers. With these tools, agronomic 
experts can do their job much easier. With the same effort, they can cover x40 or x50 clients they have 
now. For a grower, this means a much more accessible service which is much more affordable. 

In the context of decision-making systems in agriculture, data must come from two complementary 
sources: (1) raw, ground-level data from IoT sensors and (2) remote imagery from Earth Observation 
(EO) satellites. Each contributes uniquely to the generation of actionable insights. 

Satellite imagery, on its own, offers global coverage and can provide valuable context on crop condition, 
biomass variability, and general vegetation indices. It enables a moderate level of information extraction 
and supports a certain degree of automated decision-making and trust in agronomic recommendations. 
However, these insights are limited in temporal resolution (frequency of updates), depth of ground-level 
understanding, and susceptibility to environmental interference (e.g., cloud cover). 

On the other hand, IoT sensor data—capturing real-time (understanding real time in minute-level), high-
resolution measurements of variables like soil moisture, temperature, humidity, and electrical 
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conductivity—offers deeper, localised insights. Systems based solely on this ground data are one step 
ahead in terms of decision-making accuracy and automation. They provide better trustability and 
contextual relevance by being rooted in the specific conditions of each plot. 

Combining both data sources—EO imagery and IoT sensor data—unlocks a step-change in decision 
support capabilities. It’s not merely additive; the synergy between them leads to exponentially improved 
insights, with enhanced precision, reliability, and adaptability. This fusion enables a richer 
understanding of crop status and a more robust decision-making framework than using either source 
independently. 

However, while satellite imagery is globally accessible due to the nature of orbital coverage, the 
deployment of IoT sensors is hindered by limitations in communication infrastructure. Connectivity 
gaps, particularly in rural and remote areas, represent a significant barrier to collecting and transmitting 
real-time sensor data. This communication bottleneck is one of the critical challenges that must be 
addressed to scale the benefits of integrated agronomic intelligence.  

What societal challenge(s) and goals is this use case trying to address considered global societal 
challenges and Sustainable Development Goals (SDGs)?  

The UC is relevant to various SDGs, including SDG 1 (No Poverty) and SDG 2 (Zero Hunger). By 
integrating technology into the sector: SDG 9 (Industry, Innovation and Infrastructure). By improving 
working conditions and food quality, it can contribute to SDG 3 (Good Health and Well-being), SDG 8 
(Decent Work and Economic Growth) and SDG 10 (Reduced Inequalities). And the outcome of the 
practices driven by the information and advice outcomes of the UC will contribute to SDG 6 (Clean 
Water and Sanitation), SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible Consumption and 
Production), SDG 13 (Climate action), SDG 14 (Life below Water) and SDG 15 (Life on land) through 
the efficient use of resources, reduced waste and environmental impact. 

The targeted scenario (where we want to land) 

The targeted scenario involves a fully monitored crop. In this scenario, data from various technologies 
are integrated and processed in real time. The network plays a crucial role in enabling this real-time 
data flow, particularly by facilitating the acquisition and processing of images in real time. This 
approach ensures that resources are optimised, and actions are taken in the most efficient manner, based 
on the needs of the crop for sustainable performance.  

Why is the future solution/scenario we aim at (with its benefit and goals) desirable for society?  

The first step in being able to act sustainably is to know the current state, adapt and act in response to 
the environment. In agriculture, this means knowing the state of the crop, the type of soil, the weather, 
etc. Several agronomic variables can provide us with the knowledge to understand our study 
environment. The demand for food and the lack of certain resources force us to make decisions in order 
to optimise them; no real decision can be made without the necessary data and information about them.  

If we were in a scenario where most farmers were using precision agriculture techniques, it would mean 
that we would be in a scenario where most of the SDGs would be achieved, starting with food security, 
which implies SDG 1 (no poverty) and SDG 2 (zero hunger). Of course, the efficient use to resources 
is a driver to SDG 6 (Clean Water and Sanitation), SDG 7 (Affordable and Clean Energy), SDG 12 
(Responsible Consumption and Production), SDG 13 (Climate action), SDG 14 (Life below Water) and 
SDG 15 (Life on land). And the working conditions and the food quality obtained with SDG 9 (Industry, 
Innovation and Infrastructure) provide an environment for achieving SDG 3 (Good Health and Well-
being), SDG 8 (Decent Work and Economic Growth) and SDG 10 (Reduced Inequalities). It could be 
said, therefore, that it is in fact desirable for society as a whole. 

Which are the values, principles and criteria that are driving our steps forward? 

The principles and values driving this UC focus on promoting agricultural practices that are both 
efficient and sustainable. Key principles such as efficiency and sustainability aim to maximise 
production through the use of technology, while minimising environmental impact and optimising 
resource usage. 

The values that support these principles are inclusiveness, ensuring services lower entry barriers for end 
customers to adopt AgroTech solutions, and ecology, reducing productivity risks and agrochemical 
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usage. Collaboration is also a core value, as Qampo views collectives as a solution to equalise 
opportunities for small growers in a market dominated by large landowners. Food security is another 
essential value, where producing more with fewer resources addresses the growing global population 
in the face of diminishing natural resources. Profitability remains a key consideration, ensuring that the 
technology provides a return on investment, especially in the current economic context where it is not 
yet planned as a public service. 

Moreover, these principles are grounded in environmental responsibility, which focuses on preserving 
resources and biodiversity while minimising agriculture's impact on the environment. Equal 
opportunities and worker well-being are also important, ensuring that access to new technologies 
improves working conditions for all involved. Key criteria include resource efficiency, measuring 
consumption and quality, environmental impact, and ensuring accessibility and scalability of 
technology that can be adapted to various contexts. 

Ultimately, these principles, values, and criteria guide the objective of ensuring that improvements in 
agricultural productivity are driven by both societal and environmental well-being. 

6.3.3.2 State of the art 
In the context of precision agriculture, digital transformation has enabled significant advances in data 
collection and analysis for decision-making. Technologies such as sensors, drones and satellites 
generate large amounts of information, facilitating crop monitoring and resource optimisation. 
However, the effectiveness of these solutions is limited by the ability to transform data into useful and 
actionable information. This challenge, combined with the need for sustainable management of 
resources such as water, fuel and agrochemicals, is driving the search for more advanced solutions. 

Despite progress, current solutions have significant shortcomings. Real-time data transmission and 
processing remains a challenge due to limited connectivity in rural areas. These limitations mean that 
image acquisition, transmission and processing, and the resulting information, are not available in real 
time, limiting certain decisions. In addition, the large amount of information generated by technological 
systems requires the intervention of agronomists to translate it into practical recommendations, which 
makes it difficult for producers to make effective use of it. 

In this UC, the application of 6G networks in precision agriculture aims to address these shortcomings 
by enabling faster and more accurate analysis of data obtained from satellite imagery, UAVs and 
sensors. This real-time processing capability facilitates the generation of actionable information for 
disease prediction and detection, as well as efficient irrigation and agrochemical management. 
Optimising the use of resources not only improves agricultural productivity, but also reduces 
environmental impact, contributing to the sustainability of the sector. End-users also benefit from easier 
access to clear and practical information. 

To date, various technical solutions have been considered to meet the challenges of precision farming. 
The use of IoT networks has made it possible to connect devices and sensors for real-time monitoring. 

In addition, remote sensing systems and artificial intelligence-based data analysis platforms have 
proven effective in detecting anomalies and predicting yields. However, these solutions often face 
problems of latency, processing capacity and connectivity, especially in rural areas. A network that 
provides a more robust and efficient communications infrastructure opens up new possibilities for the 
development of smart farming solutions, transforming data into useful and actionable information 
quickly and accurately. 

6.3.3.3 Specific policy or regulation aspects (and their impact on sustainability aspects) 

 Global G.A.P. [Glo18] 

 European Commission Common Agricultural Policy (CAP)7 

 EU Regulation of organic production and labelling [R2018/848] 

 Water use regulations. Specific for each country / area and crop.  

Based on EU water regulations and CAP sustainability requirements, specific restrictions have been 
established to monitor and control groundwater use and improve irrigation efficiency. These policies 
introduce new rules that require the monitoring and hourly reporting of water volumes and water flow 

 
7 https://agriculture.ec.europa.eu/common-agricultural-policy_en  

https://agriculture.ec.europa.eu/common-agricultural-policy_en
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rates to ensure proper control of extractions. Traditionally, measurements were taken manually once a 
month, and the measures were just about water volumes but not flow rates.  

Now it is necessary to install flow meters that can record and transmit hourly data. However, the 
implementation of connected monitoring devices is heavily dependent on reliable network coverage. 
These regulations are not compatible with traditional methods. A connected device is required, and if 
there is no network coverage in the area to enable this technology, it is not possible to comply with the 
regulations. 

6.3.3.4 Stakeholders  

 Network providers: Provide the necessary connectivity infrastructure for data transmission 
and communication between sensors, weather stations, drones, satellites and cloud platforms. 

 UAVs and EO satellite providers: Supply Earth Observation (EO) data and imagery through 
satellites and Unmanned Aerial Vehicles (UAVs) for crop and environmental monitoring. 

 Data platform Providers: Provide an integrated service that includes field data collection, 
cloud processing with AI-driven analytics, and user-friendly data visualisation for informed 
decision-making. This encompasses three key areas: 

 Sensor and Environmental Data Provider: Collect field data, providing key information on 
ambient humidity and temperature, soil humidity and temperature, electrical conductivity, 
and other agronomic variables. 

 Cloud Processing and Data Analytics Platform: Process data collected applying analytical 
models and AI to generate real-time insights that support decision-making. 

 Data Visualisation and Decision Support App Provider: Provide an application that 
presents data in an accessible way for end users, enabling visualisation and action based on 
the insights obtained. 

 Growers: Farmers and agro-alimentary companies that use processed data to improve irrigation 
efficiency, optimise agrochemical application, and enhance decision-making in the field. 

 Agronomic Advisors: Experts who analyse data and provide recommendations to the growers 
optimising crop management, resource usage, and yield improvement. 

 Agrochemical and Agricultural Machinery Companies: Suppliers of agricultural inputs and 
machinery that facilitate actions derived from data analysis, such as the precise application of 
fertilisers or pesticides and the efficient use of machinery in the field. 

The priorities of this UC reflect the priorities of which actor or stakeholder group? 

This UC reflects the priorities of the agricultural growers and agronomic advisors, who are the primary 
beneficiaries of the service. With the integrated data and insights, they can prioritise optimised crop 
management, efficient use of resources and increased productivity. 

The problems and societal challenges the UC addresses are direct expressions of the needs of the 
target business / service / final user?  

The societal problems and challenges addressed by the UC are a direct reflection of the needs of the 
end users, whose primary goal is to maximise agricultural production, especially agricultural producers 
and agronomic advisors. These users need access to accurate, real-time data to optimise crop and 
resource management. The ability to transform this information into actionable insights depends on 
technical expertise. The UC addresses this need by providing a solution that not only makes the 
technology accessible but also supports users to interpret and apply the data effectively. 

6.3.3.5 Impact and sustainability analysis 

What is the benefit/gain/value when we arrive at the targeted scenario (qualitative description)?  

We survive. As Humankind.  

At the current population increment rate, we won’t be able to feed all of us in 2050. Climate change is 
modifying the arable land quickly. We have new growing techniques but most of them are intensive in 
terms of agrochemical products usage. We produce food but with a high CO2 footprint and with cross 
contamination of other ecosystems. irrigation water and drinkable water contamination, oxygen 
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deprivation in water ecosystems, soil empowerment which is creating a derived global nutritional 
problem in the population because of the lack of vitamins and minerals that have the plants produced 
in an empowered soil… 

Arriving at the target scenario means food guaranteed for the whole population, without killing 
hundreds of other species in the way, or even ourselves. 

Current “cost”/impact of the problem 

If one third (33.3%) of global agricultural land adopted precision agriculture techniques, the potential 
water savings could be estimated at approximately 350 km³ per year, considering only blue water use 
(i.e., irrigation). This figure is based on global estimates that agriculture withdraws about 3,500 km³ of 
freshwater annually for irrigation purposes [Unf22]. Precision agriculture practices—such as variable 
rate irrigation, soil moisture sensors, and satellite-based crop monitoring—can reduce irrigation water 
use by 20% to 50%, depending on crop type, climate, and management [EFA17]. Assuming a moderate 
savings rate of 30%, the potential global water saving would be 1,050 km³ per year if applied 
universally. Limiting this to one third of agricultural land, the annual saving would amount to 
approximately 350 km³. 

To illustrate the scale of this figure, the average domestic water consumption in Europe is 144 litres per 
person per day, according to the European Environment Agency and the Made Blue Foundation 
[Eea14]. With an estimated 744.6 million inhabitants in Europe [WP-EU], this results in an annual 
domestic water use of approximately 39.1 km³. 

Therefore, the projected 350 km³ of annual water savings would be enough to supply the entire 
population of Europe with domestic water for nearly 9 years. This demonstrates the massive potential 
of targeted precision agriculture practices to alleviate water scarcity and support sustainable freshwater 
management on a global scale—even when deployed in just a portion of total agricultural land. 

Table 6-9: Expected sustainability effects of Agriculture UC3 

Environmental Societal Economic 

1st order effects 2nd order effects 1st order effects 2nd order effects 1st order effects 2nd order effects 

Optimised 
application of 
water and 
agrochemical 
products 

Overall 
sustainability 
improvement 
through 
optimised 
resource use. 

Inclusiveness; 
increased 
number of 
small growers 
with access to 
AgroTech 
solutions 

  

Rural 
population 
fixation and 
generational 
renewal. 
Instead of 
population 
moving to 
cities to change 
business 

Increase crop 
quality, 
meaning more 
price per kg. 
Increase 
production 
meaning more 
kg to sell.  

Net increment 
of profitability 
per hectare 

Reduction of 
overall costs: 
Cost of water, 
cost of energy 
to pump the 
water, cost of 
fertilisers and 
agrochemical 
treatments 

 Lower CO2 
emissions and 
pollution due to 
reduced 
machinery 
operations. 

Savings in 
energy and 
water offset 
increased 
energy use 

Access to 
education and 
advisory 
services 
enabling 
growers to 
apply new 
techniques and 
monitor crops 
remotely. 

Improved 
knowledge 
dissemination 
and capacity 
building, 
leading to 
enhanced farm 
management 
and 
productivity 
over time. 

Initial 
investment and 
recurring 
maintenance 
costs. 

New business 
opportunities in 
digital services. 

Energy 
consumption 
for 
communication 

Technological 
obsolescence 
and generation 
of e-waste. 

Improved labor 
safety (less 
exposure to 
chemicals) 

Social 
exclusion of 
users lacking 
the skills or 

 Increased 
competitivenes
s of the 
agricultural 
sector. 
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and data 
processing. 

access to adopt 
the technology. 

  Dependence on 
external 
technical 
knowledge. 

More 
accessible and 
affordable 
agronomic 
knowledge 
through digital 
tools and 
advisory 
services. 

 Displacement 
of less digitised 
farms. 

 

Table 6-10: Cost and benefit analysis of Agriculture UC3 

Sustainability Benefits 

 IMPACT POTENTIAL KPIS/KVIS 

Environmental 

IoT and precision 
agriculture optimise the 
use of natural resources 
(water, energy, 
agrochemicals), reducing 
resource consumption per 
hectare. 

- Liters of water saved/kg of product 

- kWh/kg of product saved 

- kg/kg of product of fertilisers saved 

- CO₂eq avoided 

 
 

Societal 

Agricultural digitalisation 
enhances inclusion and 
access to technical 
knowledge, enabling 
rural population 
retention, generational 
renewal, and better 
quality of life in rural 
areas. 

- % reduction in rural migration- Number of young 
people entering the sector 
- % decrease in agrochemical application frequency 
and quantity 

 
 
 
 
 

Economic 

Agricultural technology 
improves profitability 
and reduces operational 
costs, increasing 
competitiveness and 
long-term viability. 

- €/ha increased profitability 

- % reduction in operational costs 

 
 

Sustainability Costs 

  IMPACT POTENTIAL KPIS/KVIS 

Environmental 

Additional energy 
consumption required for 
sensors, communication, 
and processing, and 
generation of electronic 
waste due to device 
replacement. 

- Number of obsolete devices/year 

- Wh for data storage and processing 

- Wh for IoT devices communication 

 
 
 

Societal 

Digitalisation may lead to 
social exclusion for 
farmers lacking access or 
skills and raises concerns 
over data ownership and 
privacy. 

- % adoption of available technology in an area 

- Number of data security incidents 
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Economic 
Initial investment and 
recurring maintenance 
costs. 

- €/ha initial investment- €/ha maintenance costs 

- Return on Investment 

 

6.3.3.6 Technical requirements and gaps 

Use Case requirements for 6G 

 Real ubiquity 

 Satellite global provision 

 Different operational modes with different energy consumption levels 

The reason is that there are different situations over the year in which crops have different monitoring 
needs. 

 General Stations. Low bitrate, low reliability, high latency. Very low power consumption. 

 Control Stations (eg.: remote switch on a pump). Low bitrate, high reliability, high latency. 
Very low power consumption. 

 Real Time Image Processing. High bitrate, High reliability, low latency. High power 
consumption. 

Geographic setting for the UC as well as typical volume of users/end devices” 

 One Soil Station each 5ha - 10ha. Between 5 and 15 sensor measurements per monitoring point. 
Measuring every 5 - 15 minutes and sending data every hour.  

 One Weather Station each 500 - 1000 ha. 7 sensor measurements per monitoring point. 
Measuring every 5- 15 minutes and sending data every hour.  

Average data volume = 5Mb per month per station.  

Device lifetime: 

 Battery-powered and recharged daily via an integrated solar panel. 

 Ultra-low power consumption → up to 15 days of operation without sunlight. 

 The batteries and solar panels are recycled every 5 years. 

Table 6-11: Technical requirements for Agriculture UC3 

Instantiation 
Parameters 

Sensing time Sending rate Throughput 
(Mbit/s) 

Max. latency 
(ms) 

Frame length 

General sensing 
mode 

15 minutes 
 

 Every 4 
samples = 1 
hour 

0.01 1000 2 kbits per 
sample; 8 kbits 
sent 

Irrigation event 
sensing mode 

 5 minutes Every 1 sample 
= 1 minute 

0.01 1000 2 kbits per 
sample; 2 kbits 
sent 

Hydroponics 
Irrigation event 
sensing mode 

1 minutes Every 1 sample 
= 1 minute 

0.01 1000 2 kbits per 
sample; 2 kbits 
sent 

Energy saving 
sensing mode 

1 hour  Every 12 
samples = 12 
hour 

0.01 1000 2 kbits per 
sample 96 kbits 
sent 

Drone 
Communication 
operational 
mode 

15 minutes Every 48 
samples = 12 
hour 

0.01 1000 2 kbits per 
sample 96 kbits 
sent 
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6.3.4 Smart Grid UC1: 6G enabled grid balancing services from distribution 
grid assets 

6.3.4.1 Use Case description 
This UC focus is on enabling Distributed Energy Resources (DERs), such as home batteries, electric 
vehicles, and smart appliances, to actively participate in grid balancing and frequency response services, 
in real time, and by leveraging 6G capabilities [BAP+22]. Traditional grid control systems lack the 
flexibility and response time to manage the increasing complexity and the growing instability from the 
integration of DERs, in parallel to the decentralisation of power generation. 
Preconditions include the availability of wireless connectivity with edge nodes deployed near DERs, 
functional DER control units (e.g., microcontrollers), and an energy market framework that allows 
Distribution System Operators (DSOs) and Transmission System Operators (TSOs) requesting services. 
Post-conditions entail successful DER dispatch, measurable frequency stabilisation, logged activation 
events, and market validation. The objective is to demonstrate that a distributed, latency-sensitive, AI-
supported grid balancing service orchestration, with high reliability and scalability in the number of 
DERs, enabling a sustainable and decentralised power grid. 

Further technical assumptions include DERs that can be controlled via standardised APIs and network 
protocols, edge nodes and AI-based decision support systems are present, while wireless connectivity 
features beyond 5G can accelerate the subject grid balancing services. Values guiding the UC include 
system resilience, sustainability, prosumer empowerment and digital inclusion. The motivation stems 
from the need to replace centralised, fossil-fuelled assets with localised, clean, and intelligent 
alternatives. 

This UC is addressing critical needs of future energy systems: 

 Grid stability through fast-acting flexibility from DERs 

 Economic efficiency with the utilisation of available DERs and reduction in power storage costs 

 Economic and societal inclusion of small asset owners in energy markets 

 Positive environmental impact by enabling higher Renewable Energy Sources (RES) 
penetration and emissions reduction 

Operational challenges being addressed by the UC: 

 Ensuring sub-second response times for control signals 

 Controlling a wide range of heterogeneous DER types-capabilities 

 Interoperability across grid platforms of DER owners, DSOs and TSOs 

 Availability of grid balancing services during failures in cloud-edge infrastructure 

 Securing data flows and control commands across network slices 

These challenges necessitate a robust, programmable, and AI-supported communication-control 
infrastructure, to be supported by 6G features. 

This UC is supporting multiple United Nations Sustainable Development Goals (UN SDGs): 

 7: Affordable and Clean Energy: by improving the grid resilience upon integrating renewables 

 9: Industry, Innovation & Infrastructure: through innovation in distributed grid management 

 10: Reduced Inequalities: by enabling the fair participation of all DER owners in energy 
markets 

 13: Climate Action: through emissions reduction, due to the real-time integration of renewables 

On societal terms, the UC is supporting a broader engagement of citizens in sustainability efforts. The 
envisioned future is one where DERs automatically respond to the grid needs in near real-time, under 
the coordination of an intelligent cloud-edge communication platform. 

This target scenario is desirable for the: 

 System resilience and service continuity despite partial system failures 

 Decentralised orchestration, empowering regional control nodes to act autonomously 

 Transparency and trust through validated feedback loops and market oversight 

In that direction, the associated values can be the hallmarks of the future energy systems. 
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6.3.4.2 State of the art 
The increasing decentralisation of power systems and the integration of renewables have made the role 
of DERs critical in achieving real-time grid stability. Technological developments have set the 
baselines, but limitations remain to meeting the requirements of fast grid balancing services. Existing 
technologies and their limitations are outlined in the following paragraphs, while the potential future 
capabilities are described. 

Existing power and communication infrastructures partially support DER-based balancing 
services. 5G networks offer Ultra-Reliable Low-Latency Communication (URLLC), which has been 
piloted in some industrial and energy applications. These networks can provide radio interface latency 
below 1 millisecond and support network slicing for fine-tuning of application requirements. However, 
further improvements are expected on edge intelligence and dynamic adaptation at scale.  

Traditional Supervisory Control and Data Acquisition (SCADA) systems and Advanced Distribution 
Management Systems (ADMS) are widely used for centralised grid control. These tools are suitable for 
high- and medium-voltage systems but are insufficient for real-time control at the distribution level. 
More recently, DER Management Systems (DERMS) have emerged to help aggregate and dispatch 
flexibility. While effective at a tactical level, these systems are typically centralised, often operate in 
slow time cycles (15-minute intervals or longer), and do not support sub-second response needed for 
frequency containment.  

At the edge of the network, early deployments of computing platforms—such as Raspberry Pi, Jetson 
Nano, or x86-based servers—enable localised analytics and decision-making. These systems can 
execute Machine Learning (ML) models for forecasting and DER dispatch, but they are not yet 
standardised, and their orchestration at scale remains a challenge. IoT communication protocols can 
facilitate device-level integration between DERs and grid controllers, but they still depend heavily on 
backend cloud services, which introduce latency and vulnerability. 

Despite these developments, current systems fall short in certain areas. First, 5G networks with their 
centralised architecture, limit the real-time, autonomous control of distributed DERs at the edge. 
Moreover, their network slicing capabilities lack the flexibility and AI-assisted orchestration that can 
be beneficial to the grid balancing services. 

Second, the control and orchestration of DERs are not yet aligned with real-time operational timelines. 
Most DERMS platforms are designed for day-ahead optimisation, rather than responding to 
contingency events within seconds or milliseconds, which is required by services like frequency 
response to achieve grid stability. In addition, the interoperability between DER controllers, 
aggregators, DSOs, and TSOs is limited by proprietary architectures, differing standards, and lack of 
unified interfaces.  

Furthermore, cloud dependency introduces both latency and resilience risks. In the event of connectivity 
loss or overload, cloud-centric architectures cannot maintain real-time control. While edge computing 
offers a partial solution, mechanisms for seamless edge-cloud failover and distributed edge-to-edge 
coordination are still underdeveloped. Finally, current solutions lack robust, end-to-end security models 
necessary for critical infrastructure service provision. 

Still, several requirements for the UC successful deployment remain to be fulfilled. The reliable 
and high-speed control of geographically distributed DERs requires sub-700 milliseconds end-to-end 
communication, AI-supported decision-making, and seamless device coordination. Decentralised 
orchestration across multiple actors, including DSOs, Aggregators, LEM Operators is also required. 
The ability to perform real-time, multi-actor coordination using distributed edge intelligence and cross-
domain communication remains a challenge. AI-driven predictive dispatch, where ML models 
anticipate grid contingencies and pre-emptively mobilise DERs, is still at pilot stages. These models 
require massive data ingestion, real-time inference, and dynamic actuation, with none of them are 
currently feasible at scale in grid environments. Finally, the dynamic network slicing support seems 
relevant to the need for real-time, context-aware prioritisation of grid services, possibly based on AI-
driven policies.                                                                                                                             

6.3.4.3 Stakeholders 
The following table (Table 6-12) outlines the specific priorities and needs for each stakeholder relevant 
to the UC. 
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Table 6-12: Stakeholder needs and benefits for Smart Grid UC1 

Stakeholder Needs and Benefits 

TSOs and DSOs - Reliable real-time DER response 
- Compliance with regulatory timelines (<1s response) 
- Service validation and traceability 
- Seamless ICT-grid integration 

Prosumers & DER Owners - Fair compensation for flexibility 
- Simple and secure onboarding 
- Privacy and control over asset participation 
- Transparent market rules 

Aggregators / Local Energy 
Market (LEM) Operators 

- Ability to bundle small assets efficiently 
- Low-latency coordination across regions 
- Accurate forecasting and dispatch tools 

ICT & 6G Providers - Support for cloud computing at the edge of the network 
- QoS guarantees for grid applications 

- Sufficient network slicing granularity 

Regulators - Resilient system architecture 
- Traceability of decisions (who acted, when, and why) 
- Inclusiveness and non-discrimination 

Vendors / Research 
Institutes 

- Open APIs and interoperable architectures 
- Platforms that scale to millions of devices 
- Proof of impact on SDGs (climate, inclusion, cost reduction) 

6.3.4.4 Impact and sustainability analysis 
Sustainability first and second order effects of the particular UC, are being analysed under the 3 pillars 
(environmental, societal, economic). Relevant topics are mentioned in UC description, while associated 
KPIs and KVIs have been identified, and they will be utilised in following SUSTAIN-6G activities: 

 WP 4 “6G Solutions for Sustainable Applications” on the vertical UCs implementing 6G 
technology 

 The interworking between WPs 3 and 4 towards implementing a recursive approach (following 
the methodology outlined in Section 5.6) for optimising the E2E sustainability effects 

 WP 5 “Proof-of-Concept and E2E integration testing” on proving the sustainability effects of 
the developed 6G enablers and their integration to vertical UCs. 

Table 6-13: Expected sustainability effects of Smart Grid UC1 

Environmental  Societal  Economic  

1st order effects  2nd order effects  1st order effects  2nd order effects  1st order effects  2nd order effects  

Increased share 
of renewables in 
the energy 
markets by the 
grid balancing 
services 

Reduction of 
CO₂ emissions 
due to 
integration of 
renewables, 
through the grid 
balancing 
services 

Enhanced energy 
accessibility for 
prosumers from 
the inclusion 
even of the small 
asset owners in 
the energy 
market 

 Increased 
participation of 
small-scale asset 
owners in energy 
markets 

Lower 
operational costs 
for system 
operators 
(TSOs), 
including the 
power storage 
costs, with the 
utilisation of 
available DERs  

 GHG emissions 
from the 
production of 
new 
infrastructure 
equipment & 
their use 

  

Security and 
privacy on data 
flow and control 
signals of the 
grid balancing 
services. Any 
breaches can 
lead to services 
mis-function and 

  Increased grid 
reliability and 
resilience due to 
the flexibility 
from DERs 
integration 

Potential job 
losses in 
traditional 
energy sectors 
from the 
automated grid 
balancing 
services 



SUSTAIN-6G (101191936)  Deliverable D2.1 

Version 1.0  Page 96 of 139 

credibility loss, 
including 
financial & 
environmental 
side effects 

  Increased energy 
consumption due 
to the 
deployment & 
operation of the 
6G infrastructure 
and/or the grid 
application 
services 

      Increased costs 
due to the 
deployment & 
operation of the 
6G infrastructure 
and/or the grid 
application 
services, 
including costs 
for the 
infrastructure 
upgrades & new 
spectrum 
acquisition 

 

6.3.4.5 Technical requirements and gaps 
From the list of the identified functional (and non-functional) requirements, for the UC pilot system to 
enable the real-time orchestration of grid balancing and frequency response services, the subset relevant 
to the wireless connectivity requirements is presented in Table 6-14. For reference purposes, the 
requirement numbering is kept in brackets. Specific communication parameters are declared under the 
second column, to facilitate the comparison with 5G/6G capabilities. 

Table 6-14: Technical requirements for Smart Grid UC1 

UC Functional Requirements Connectivity Requirements / Parameters§ 

Real-Time DER Control & Optimisation [FR1.1] Support for real-time data transmission from DER to 
edge/cloud with sub-700ms latency (end-to-end, 
including processing) 

Sub-Second Response for Frequency Balancing 
[FR1.2] 

The same as the above 

URLLC communication [FR2.1] Packet loss <10⁻⁵; latency jitter <10ms; reliability 
≥99.999% 

Network Slicing for Critical Energy Applications 
[FR2.3] 

Dynamic 6G network slicing per application (e.g., 
balancing, forecasting) 

Edge-Based DER Control [FR3.2] Resilient edge connectivity with failover support 
(<200ms failover time) 

6.3.5 Smart Grid UC2:  Resilient Grid Section Operation 

6.3.5.1 Use Case description 
Traditional power grids rely on fossil fuels which contribute to emissions and environmental challenges. 
The integration of renewable energy sources can lessen this effect and reduce the dependence on limited 
resources as renewables are naturally replenished. Energy providers are motivated to transition to 
renewables due to emission targets set by governments and international agreements, which aim to 
reduce greenhouse gas emissions, as well as by increasing consumer demand for cleaner energy. The 
increased integration of renewables and novel and proactive loads such as E-Chargers, as well as the 
implementation of new business models such as renewable energy communities in the European 
distribution system, require the active control of distribution systems which have traditionally been 
operated passively, i.e., with little to no monitoring/control equipment installed in the low-voltage tiers. 
ICT plays a major role in this context as it allows for gathering and processing sensor information as 
well as controlling the distribution system according to the available information. 
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Nowadays, distribution systems themselves can already contain participants (load/generation) which 
could exhibit flexibility by shifting their consumption/production. As an example, a building containing 
a PV battery system can reduce its consumption (load) from the grid and continue to operate on the 
energy stored in the battery (previously produced by the PV system or obtained from the grid), thus 
reducing the load requirements for the distribution system for a significant period of time. 

While potential flexibility is already available in the grids to a certain extent, it is not yet utilised by 
Distribution System Operators (DSOs). DSOs can use this flexibility in the form of ancillary services, 
to achieve a more resilient grid operation, i.e., to mitigate congestions of the grid equipment and allow 
for an operation of their distribution system according to the regulatory specification. Even in the case 
of a fault, such flexibilities can be used to keep critical infrastructure supplied for longer, thus delaying 
a blackout and avoiding compensation payouts or productivity losses. It is important to note that the 
utilisation of grid flexibility may differ between countries within the EU due to varying regulatory 
frameworks and market conditions. This UC focuses specifically on the Austrian situation. 

The distribution system is structured hierarchically: a medium voltage (MV) network connects and 
supplies several low voltage (LV) networks with energy. Flexibility can be used when coordinating the 
MV operation. This UC aims for implementing and demonstrating a 6G enabled resilient grid operation 
strategy given an MV grid and its underlying LV grids shown in  Figure 6-10. 

 

Figure 6-10: UC Overview 

In the UC, each LV grid and its flexibilities are controlled by an intelligent Distributed LV Grid 
intelligence (DeLVi). Each DeLVi has a 6G communication interface which allows it to communicate 
to its neighbouring substations as well as the MV controller. Each DeLVi is aware of its flexibilities and 
receives a certain demand from the MV controller which it required to adhere to. However, DeLVis are 
able to coordinate among each other to exchange flexibility. As an example, if one DeLVi does not 
require the full grid capacity which was initially reserved for the next hour, this capacity could be used 
by a DeLVi whose consumption would exceed the specification of the MV controller. 

This mechanism should be resilient against fault scenarios. One such scenario can be derived from 
Figure 6-10: If the communication to the MV controller or other DeLVis fails (due to a blackout, device 
failure, cyber-attack, etc.), the 6G cells can still be used to have at least some DeLVis connected to each 
other (= cluster) using one or multiple active 6G cells. In this case, DeLVis can coordinate their demands 
and flexibility to balance the operation of the respective LV grids and-higher level MV grid sections, 
thus preventing or at least delaying the outage of its participants. Clusters/cell reconfiguration should 
happen automatically, thus enabling seamless reconfiguration and underlying ICT communication.  

The main values driving this UC are: 

 Efficient Use of Smart Grid Infrastructure: Optimises the use of smart grid technologies and 
ICT for real-time data gathering, processing, and control, leading to more efficient energy 
management and reduced operational costs. 
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 Supply Security and Resilient Grid Operation: Ensures a stable and reliable energy supply by 
enhancing the grid's ability to withstand faults and automatically reconfigure in the event of a 
fault. This resilience supports economic stability, reduces the risk of outages, and ensures 
uninterrupted energy supply for communities, which is crucial for both economic stability and 
social well-being. 

 Integration of Renewables: Facilitates the integration of renewable energy sources like solar 
and wind power, promoting a cleaner, more sustainable energy mix and reducing reliance on 
fossil fuels. 

 Reduction of CO2 Footprint: Contributes to significant reductions in CO2 emissions by 
increasing the use of renewable energy and improving energy efficiency, supporting 
environmental sustainability and climate change mitigation. 

6.3.5.2 State of the art 
Several communication technologies have been evaluated for supporting smart grids, each with its own 
strengths and shortcomings. There are applications where they alone are sufficient, but also others where 
none of them offer an optimal solution. This section should give a short overview. 

Power Line Communication (PLC) uses the existing electrical power lines to transmit data. It 
modulates data signals onto the electrical wiring, allowing for communication over the same 
infrastructure used for power distribution. As it is used in most of the Smart Meter rollouts, the 
technology is suitable for smart metering, home automation, and non-real-time grid monitoring. It is 
naturally cost-effective as it leverages existing infrastructure, reducing the need for new communication 
infrastructure. Downsides include susceptibility to noise and interference from electrical appliances 
(inverters, power electronics, etc.), which can degrade signal quality and reliability, as well as limited 
bandwidth and data rates. 

LoRaWAN (Long Range Wide Area Network) is a low-power network protocol designed for wireless 
battery-operated devices. It operates in the sub-GHz frequency bands. It is used by municipalities for 
basic remote monitoring, smart metering (e.g. for monthly billing), and environmental sensing. The 
advantages lie in long-range communication (up to 15 km in rural areas), low power consumption, and 
good penetration through obstacles. The weaknesses include the limited data rate (up to 50 kbps) and 
payload size, which may be insufficient for applications requiring high data throughput or SW updates. 

NB-IoT (Narrowband Internet of Things) is a cellular communication technology which operates in 
the licensed spectrum. It is designed for low-power, wide-area applications like smart metering, asset 
tracking, and environmental monitoring and is therefore comparable with LoRaWAN.  It also achieves 
good coverage, long battery life, and low interference. Its main feature are the lower data rates compared 
to other cellular technologies, though it may incur higher costs due to licensing fees. Moreover, it may 
increase the dependency of critical supply infrastructure on the public telecommunication network. 

The 450 MHz Band (LTE450) is used for wireless communication, offering good propagation 
characteristics. Regarding the proposed UC, it is especially suitable for rural and remote area coverage, 
as well as smart metering and near-real-time grid monitoring. The better coverage in rural and remote 
areas is a result of the utilisation of a lower frequency, which allows signals to travel longer distances 
and penetrate obstacles more effectively. But the limited bandwidth availability, which can restrict the 
number of devices, data rates and making SW updates difficult, is a weakness. 

Fiber Optics communication is ideal for backbone networks, high-speed internet, and data centre. Fiber 
optics can support extremely high data rates, making them suitable for applications requiring large 
bandwidth. Because they are less susceptible to electromagnetic interference, their main advantage is 
stable and consistent performance; for this reason, they are also used for redundant communication in 
high-voltage transmission networks. The initial setup and installation of fibre optic networks are 
expensive due to the need for specialised equipment and infrastructure. Preexisting fibre optics may be 
used for smart grid applications, though changing or expanding the network may be difficult and costly.   

Cellular Networks (e.g., 4G, 5G) use radio waves to transmit data between mobile devices and base 
stations. 4G and 5G are the latest generations, offering improved speed and capacity suitable for mobile 
communication, IoT devices, and remote monitoring. SW updates and real-time monitoring are made 
possible by high-speed data transmission, supporting applications that require a large bandwidth. 
Cellular networks have extensive coverage across both urban and rural areas. They fulfil the needs of 
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the proposed UC but risk a dependency of DSOs on other infrastructure providers. Also, cellular 
networks can be expensive to operate due to various fees for bandwidth and data volume. Moreover, 
mobile devices/receivers and base stations require a significant amount of power, which can present a 
constraint for battery-operated IoT devices and have a negative impact on sustainability goals.  

Each technology has its own set of advantages and limitations, making it suitable for different aspects 
of smart grid communication. The choice of technology often depends on the specific requirements of 
the application, such as range, data rate, power consumption, and cost. We have deliberately proposed 
a UC that cannot be implemented at all, or only with very high costs and energy requirements, using 
the previously mentioned technologies. A section-oriented distribution network operation scenario is 
currently the subject of research but will gain importance due to developments related to the energy 
transition. The proposed UC thus places rather high demands on the communication infrastructure; 
regardless, simpler UCs can be implemented using these technologies as well. 

6.3.5.3 Impact and sustainability analysis 

Table 6-15: Expected sustainability effects of Smart Grid UC2 

Environmental Societal Economic 

1st order effects 2nd order effects  1st order effects 2nd order effects  1st order effects 2nd order effects  

More local 
energy 
generation and 
consumption, 
including self-
consumption 

Higher density 
of sustainable 
assets 

Cheaper energy Greater 
satisfaction in 
industries and 
the general 
population 

Reduced need 
for grid 
replanning 

Less financial 
burden on low-
income 
households 

Efficient 
hardware usage 

Minimised 
infrastructure 
needs 

Sense of doing 
good 

Increased GDP Lower 
CAPEX/OPEX 

Avoidance of 
blackouts 

Higher % of 
renewables 

 Social safety Community 
empowerment 

  

Less CO₂ 
emissions 

     

Higher density 
of PV, chargers, 
heat pumps 

     

Increased 
energy 
consumption 
from 6G 

GHG emissions 
from 
production/mai
ntenance 

User adoption 
barriers 
 

Digital divide 

 

High 
deployment and 
maintenance 
costs 

Potential job 
losses in 
traditional 
energy sectors 

Use of rare 
materials 

E-waste from 
outdated 
components 

Privacy 
concerns 

Need for 
education 
and retraining 

  

6.3.5.4 Technical requirements and gaps 

Table 6-16: Technical requirements for Smart Grid UC2 

Scenario Description Technical Requirements Gaps/Challenges 

Normal 
Operation 

Normal Grid 
operation where all 
LV cells have full 
communication with 
the MV grid 
controller. The MV 
grid controller will 
then collect all LV 
measurement data 
and calculate the 
optimal setpoints. 

Low energy consumption: Support for 
energy-harvesting sensors. 

Coverage: 100% area coverage, including 
hard-to-reach locations (e.g., basements). 

Bandwidth: ~10 Mbit/s; 

Time synchronisation: < 1 ms E2E 

Interoperability: Standardised onboarding, 
firmware updates. 

Maintenance: Long-term QoS, automated 
software updates. 

Lack of standardised 
protocols for automated 
sensor onboarding and 
firmware updates. 

Coverage assurance in 
underground or shielded 
environments. 
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Cluster Mode: Flexible cluster formation if 
backbone fails. 

Guaranteed QoS: Bandwidth and service 
levels must be maintained. 

Cluster Mode 
(Backbone 
Network 
Unavailable) 

MV grid controller 
(backbone) is not 
available, and 
therefore all DelVi 
sensors try to form 
local clusters using 
available 6G cells for 
cluster-wise 
optimisations. 

Flexible cluster formation across 
substations. 

Guaranteed bandwidth/service level. 

Cluster-local communication with minimal 
latency. 

Ultra-precise time sync 
(< 2 µs) in decentralised 
clusters is challenging  

Dynamic cluster 
management protocols 
are underdeveloped in the 
Smart Grid domain. 

3. Failure 
Mode (Grid 
Failure 
Scenario) 

 

A failure affects the 
operation of one LV 
cells leading to a 
blackout. Failure 
protocols and high-
res measurements 
should be transmitted 
for root cause 
analysis. 

Time synchronisation: < 2 µs for 
PMUs/differential protection E2E 

Backup power: 30 min UPS for 
communication systems. 

High bandwidth: >100 Mbit/s for high-res 
data. 

Spontaneous high data transmission with 
guaranteed latency. 

Dynamic power adaptation of 6G 
transmitters. 

Energy-efficient ICT 
operation  

Latency guarantees under 
failure conditions are 
difficult to maintain. 

6G Sensing – 
Weather 

 

Using 6G sensors to 
get information on 
local weather (e.g. 
rain) can improve the 
MV/LV optimisation 
algorithms, as they 
highly rely on coarse 
forecasts. 

Local weather detection (sunshine, rain, 
temperature). 

6G-native weather 
sensing capabilities are 
still experimental. 

6G Sensing – 
Sensor 
Location 

 

Using 6G to localise 
all sensors can be 
additionally used to 
find wrongly placed 
sensors and simplify 
sensor onboarding. 

Sensor localisation without GPS <=1m 

 

High-accuracy indoor 
localisation via 5/6G is 
still in early research. 

6.3.6 Smart Grid UC3: Joint Planning of 6G / Smart Grid Infrastructures 

6.3.6.1 Use Case description 
The joint planning of 6G and smart grid infrastructures is vital to achieving cost-effective, resilient, and 
sustainable ICT systems. As 6G scales with dense small cells, edge computing, and a surge in connected 
devices, energy demands will rise sharply, exceeding the capacity of traditional centralised grids. To 
meet this challenge, localised micro-grids powered by renewables and managed by AI-driven EMS 
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offer adaptive, low-carbon energy provisioning. This enables intelligent energy allocation to 6G nodes, 
aligning infrastructure sustainability with operational efficiency. 

 

Figure 6-11: Illustration of the ecosystem involving matching the system operation to the energy 
supply 

Integrating solar, wind, and storage systems—advanced batteries and/or hydrogen storage—will be 
essential to mitigate RES intermittency and ensure network stability. AI-based optimisation will guide 
the siting of 6G components near energy hubs and reduce transmission losses. In urban areas, rooftop 
solar on telco infrastructure can partially power nodes, while rural deployments may rely on 
community-based RES and storage for energy autonomy. 

Advanced EMS will forecast demand, balance load, and coordinate DERs, ensuring 6G components 
adapt to real-time energy availability and constraints. AI-based prediction and adaptive slicing will 
prioritise critical services under limited power conditions. To enhance resilience, intelligent control of 
hybrid storage—including long-duration hydrogen solutions—will optimise efficiency and continuity 
across varied deployment scenarios. 

 

Figure 6-12: AI-driven joint planning of energy and communication infrastructure in 6G networks 

As 6G energy demands grow, joint planning must address cost-efficiency, regulation, and 
standardisation. Regional factors—like RES cost, interconnection, and microgrid scalability—guide 
optimal placement of energy and storage assets. AI-driven trade-off analysis supports balanced 
CAPEX/OPEX decisions, maximising RES usage while ensuring financial viability. Resilience metrics 
are integrated into the optimisation loop, enabling autonomous reconfiguration of network elements 
and continuous tuning of 6G infrastructure under varying energy conditions. 

This approach depends on close collaboration between TSOs, DSOs, FSPs, LEM operators, and telecom 
providers, enabling coordinated control of DERs and energy-aware 6G operation. It responds to rising 
telecom energy needs, EU policies, and the shift toward decentralised sustainability. Through AI-driven 
joint planning, SUSTAIN-6G enables low-carbon, cost-effective, and resilient 6G deployments with 
uninterrupted service continuity. 

Environment and deployment scenarios 

The following environment and deployment scenarios are relevant for this UC: 

 Urban deployments (integrated into smart city energy grids, supporting resilient emergency 
services) 

 Industrial/campus microgrids (factories, data centres, logistics hubs, etc.) 

 Remote / off-grid areas. 

Platforms/Devices 

The following platforms and devices are relevant for the implementation of the UC: 
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 wi.SENSE platform [Win22] (energy metering & anomaly detection, smart energy 
infrastructure monitoring, AI-based energy management and optimisation, RES integration and 
production forecasting capabilities, etc.) 

 Various devices comprising power meters, voltage sensors, environmental sensors, controllers, 
etc. 

 Emulated smart grid including the power grid network, the power suppliers, as well as the 
corresponding consumers.  

6.3.6.2 State of the art 
AI-driven energy management for microgrids has been widely studied in both academic research and 
industry, with key advancements in renewable energy integration, predictive optimisation, and 
intelligent control frameworks. Research has explored renewable-powered small cell base stations, 
leveraging traffic-aware load balancing and sleep mode operations to improve energy efficiency in 
mobile networks [IYI23]. Other works apply game-theoretic optimisation, particularly Stackelberg 
models, to optimise demand-response mechanisms in distribution networks and 5G infrastructures, 
dynamically adjusting energy pricing and load balancing. 

Beyond network-energy interactions, AI-driven microgrid optimisation has been explored using 
reinforcement learning (RL) and adaptive controllers to minimise DER costs while optimising battery 
and hydrogen-based storage [RHK+21]. These approaches rely on real-time load data to make 
autonomous energy storage dispatch decisions, ensuring battery longevity and optimal renewable 
energy utilisation. In addition, Deep Reinforcement Learning (DRL) techniques have demonstrated the 
potential for self-optimising microgrids, enabling dynamic energy allocation and grid reconfiguration 
based on real-time renewable generation fluctuations [NT21]. 

Despite these advances, existing solutions still face limitations in real-time adaptability, multi-source 
energy coordination, and large-scale microgrid scalability. Many AI-based energy management systems 
depend on static models, which struggle to handle sudden grid fluctuations, renewable intermittency, 
and unpredictable demand spikes. While hydrogen storage is emerging as a long-duration solution, its 
integration with AI-driven microgrid control remains limited, leaving gaps in large-scale energy 
balancing and resilience optimisation. 

Beyond the State of the Art 

SUSTAIN-6G introduces real-time AI-based microgrid reconfiguration, shifting from rule-based 
models to adaptive, event-driven energy distribution. By continuously monitoring grid conditions, 
renewable output, and network demand, the system enables dynamic energy reallocation, improving 
efficiency and resilience during fluctuations or outages. Unlike static dispatch, AI optimisation supports 
rapid, informed responses to changing energy needs. 

The project will also evaluate diverse storage options—lithium-ion, hydrogen, and emerging 
alternatives—using AI to select the best fit per UC based on cost, efficiency, and scalability. Rather than 
relying on a fixed model, storage strategies will adapt dynamically to real-time needs, balancing short-
term and long-duration requirements. 

Finally, SUSTAIN-6G will develop decentralised coordination across microgrids, enabling surplus 
energy exchange and reducing reliance on central grids. This forms the foundation for resilient, flexible 
energy ecosystems aligned with the needs of 6G-powered infrastructure in diverse deployment contexts. 

6.3.6.3 Specific policy or regulation aspects (and their impact on sustainability aspects) 
The UC aligns with key EU energy and digital infrastructure regulations, ensuring cost-effective, 
resilient, and sustainable deployments. The Renewable Energy Directive (RED II [D2018/2001] and 
RED III [D2023/2413]) mandates increased renewable energy integration, impacting the planning and 
allocation of energy resources for 6G networks. This requires AI-driven joint optimisation of power 
distribution and network slicing, ensuring that 6G small cells and edge nodes are efficiently powered 
by renewables while maintaining grid stability. 

The EU Electricity Market Design framework [D2024/1711] and the Network Code on Demand 
Response (NC DR) [Eur25] set the foundation for energy flexibility and grid balancing, enabling 
dynamic resource allocation between the grid, microgrids, and distributed energy resources (DERs). 
This ensures that 6G network components can adjust energy consumption in real time, participating in 
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demand-response programs and energy market trading where applicable. Moreover, EU microgrid 
regulations provide the legal basis for integrating localised renewable generation and storage, allowing 
6G-powered sites to operate autonomously or in coordination with the main grid. 

6.3.6.4 Stakeholders 
The table below outlines the key Stakeholders involved in the UC and the specific benefits they derive 
from SUSTAIN-6G's advanced energy and communication infrastructure: 

Table 6-17: Stakeholder needs and benefits for Smart Grid UC3 

 Stakeholders Needs and Benefits 

Transmission System Operators Procure grid flexibility services from DERs via AI-driven coordination, 
ensuring grid stability and frequency regulation. 

Distribution System Operators Utilise AI-assisted DER management to enhance local voltage regulation, 
congestion management, and demand-response mechanisms. 

LEM (Local Energy Market) 
Operators  

Act as market facilitators, enabling real-time trading of energy flexibility 
across TSOs, DSOs, and decentralised energy resources. 

FSPs (Flexibility Service 
Providers)  

Aggregate DERs and optimise their participation in wholesale markets, 
ancillary services, and demand-side response programs using AI-driven 
market insights. 

DER Owners (Microgrid 
Operators, Prosumers, and 
Industrial Sites)  

Maximise energy efficiency through AI-driven orchestration of batteries, 
solar, hydrogen storage, demand response, and EV charging. 

Telecom Operators & 6G 
Network Providers  

Enable ultra-low latency communication for real-time DER coordination 
using 6G network slicing, edge computing, and AI-powered data analytics. 

Cloud & Edge Computing 
Providers  

Host AI-driven energy management, digital twins, and multi-microgrid 
coordination algorithms in a distributed cloud-edge computing 
architecture. 

Regulatory Authorities & 
Energy Market Operators 

Ensure compliance with EU energy regulations, grid codes, and 
interoperability standards, fostering a secure and standardised energy-
trading ecosystem. 

End Users / Energy Consumers 
(Households, Businesses, 
Industries)  

Benefit from lower electricity costs, improved power reliability, and 
participation in demand-side response programs. 

6.3.6.5 Impact and sustainability analysis  
This SUSTAIN-6G UC is grounded in three sustainability pillars—environmental, societal, and 
economic—guiding the development of resilient and cost-efficient energy systems for 6G networks. 

Environmental: By integrating renewables like solar and wind into microgrids, and using AI to 
optimise energy flow and minimise curtailment, the system reduces reliance on fossil fuels and cuts 
CO₂ emissions from conventional grid and diesel operations. 

Social: Reliable, autonomous energy provisioning ensures continuous operation of critical 6G 
services—such as emergency systems and remote infrastructure—while promoting local energy 
independence and resilience in underserved or remote areas. 

Economic: AI-driven planning lowers operational costs by enabling efficient use of distributed energy 
and storage, reducing dependence on costly centralised grid power and ensuring the long-term economic 
viability of 6G deployments. 

The points above are summarised in the following table: 

Table 6-18: Expected sustainability effects of Smart Grid UC3 

Environmental Societal Economic 

1st order effects 2nd order effects  1st order effects 2nd order effects  1st order effects 2nd order effects  

Use of 
recyclable and 
modular 6G 

More renewable 
energy use 
(solar, wind, 
storage) 

Empowerment 
of local 
communities 

Reliable power 
for telecom, 
emergency 

 Lower OPEX 
for telecom/grid 
operators 
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infrastructure 
components 

through energy 
independence 

services, smart 
cities 

 Lower CO₂ 
emissions via 
AI-optimised 
energy use 

 Energy 
independence 
via 
decentralised 
grids 

 Cheaper 
electricity for 
users via smart 
energy trading 

 Less energy 
waste through 
demand-
response and 
load balancing 

 Fewer outages, 
better service 
stability 

 6G cost savings 
with localised 
power 

 Higher 
efficiency in 6G 
energy 
consumption 

 Local energy 
market 
participation for 
prosumers 

 New business 
models in 
energy services 

Manufacturing 
footprint of 
6G/grid 
hardware 

 User adoption 
barriers, need 
for education 

 High CAPEX 
for AI-based 
grid monitoring 

 

Disposal / 
recycling of 
outdated 
equipment. 

 Data privacy 
risks in AI-
driven 
monitoring 

 Maintenance 
costs for AI / 
communication 
networks 

 

Battery / 
hydrogen 
storage impact 
if not 
sustainably 
sourced. 

 High initial cost 
for microgrid 
adoption 

 Regulatory 
changes needed 
for grid 
integration 

 

6.3.6.6 Technical requirements and gaps 
The following technical -functional and non-functional- requirements have been identified. 

 Minimum information set: sensors must capture power flow (import/export) at the 
node/microgrid level, voltage/current for anomaly detection, frequency for grid imbalance 
detection, real-time and forecasted renewable energy availability (e.g., solar irradiance, wind 
speed), energy storage status including state of charge, charging/discharging rates, capacity 
limits for batteries, load consumption profiles reflecting active and reactive power usage, 
(optional) environmental conditions such as temperature and weather forecasts to support AI 
models, (optionally) communication and computing demand forecasts via APIs 

 The system must support joint forecasting of a) energy-side variables: RES production, storage 
status, load curves; b) network-side variables: traffic demand, service mobility patterns, UE 
density, and application-layer profiles (e.g., video, AR/XR, etc.). 

 Sensor density/coverage: the deployment must ensure a minimum density of 50-200 sensors / 
km2. More granular energy management (e.g., balancing with real-time AI control) may require 
higher densities (e.g., 200-500 sensors / km2). 

 Data transmission frequency: near real-time sensor data collection is required for critical power 
adjustments, frequency regulation, DER dispatch, etc., while non-time-sensitive data (e.g., 
historical load patterns, system diagnostics) can be transmitted hourly or daily to reduce 
network congestion. 

 Information reception and actuation: AI-driven energy dispatch and reconfiguration commands 
must be delivered with low-latency communication (typically <100 ms for fast response 
scenarios, up to 1-5 seconds for load balancing and grid reconfiguration). 

 The platform must support interoperable APIs and protocols (e.g., IEC 61850 for substation 
and DER communication, OpenADR for automated demand-response events, OPC-UA as 
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platform-independent communication between industrial devices, MQTT, etc.) to interface with 
DER controllers, energy storage systems, 6G network orchestration components, etc. 

 Cloud-native orchestration (Docker, Kubernetes, microservices architecture) must enable 
dynamic redeployment of forecasting, optimisation, and control logic based on energy/network 
state. 

6.3.7 Telemedicine UC1: Concurrent Preoperative Surgical/Engineering 
Planning 

6.3.7.1 Use Case description 
Many surgical fields benefit from 3D preplanning analyses consisting of two tasks:  

 analysis of 2D medical images (segmentation, i.e. identification of the areas pertaining to the 
organ/structure under examination) and the development of a 3D model of the anatomical 
structure, 

 further processing of the 3D model (design of custom implants or resection guides, validation), 

with the goal of deploying the surgical steps to be operated on the patient. 

The existing certified medical software used for the first task is intended for being used by an engineer 
that will support a surgeon to deploy the 3D geometry and the planning of the intervention. Two 
professional figures are required: one engineer, that knows how to operate the complexity of the specific 
software and a Surgeon that has the clinical knowledge required to plan the operation.  

The goal is to deploy a Remote Concurrent Preoperative Planning Framework (RCPPF) intended to: 

 permit of an effective communication of medical and topological data and the operative intents 
between surgeon and engineer through the sharing of screen, keyboard, mouse and webcams, 

 implement lossless screen sharing for ensuring that medical data based on grayscale and colours 
are not altered and facilitating the certification of the framework as medical device, 

 be an open framework that permits to use a wide spectrum medical software that can be used 
for different highly specialised surgical fields, 

 augment the processing of the 3D model through a collaborative 3D environment, operated 
with 3D input/output devices and represented by means of VR headsets, 

 be multiuser, to permit collaboration with external expert surgeons for providing a counselling 
service, or with technical advisors for providing guidance on how to use and secure a specific 
implant, or with specialising students for training purposes, 

 overcome the barriers of geographical, national and international borders. 

 The framework will benefit greatly from a mobile network in the cases of: 

 emergency planning: enabling the engineering and surgical specialised personnel to design the 
planning from anywhere at any time, guaranteeing a service 24h / 7 days; 

 early planning and disaster medicine: by equipping onboard ambulances or the advanced points 
of care with portable medical imaging devices (CT for head injuries, 3D echography…) and by 
transmitting them to the hospital in advance. 

The demonstrator intends to show a positive impact on medical practice by providing augmented remote 
preplanning capabilities through the integration of the latest 3D technologies, with the aim of increasing 
the number of operations carried out with this methodology, to the benefit of the patients.  

Two barriers prevent a widespread usage of preplanning techniques: the issues related to the mobility 
of the engineering service providers for in-person preplanning sessions and the usage of limited 
videoconferencing solutions that isolate and discourage the surgeon. As a result, the burden of an 
intervention is all on the surgeon that must operate in a traditional free-hand practice, without having 
familiarised with a 3D preceding study and without patient-customised supporting tools. 

The RCPPF is expected to reduce the need for mobility of the engineering service providers, by 
substituting in-person meetings with effective remote sessions and to extend the practice of 3D remote 
preplanning to a larger range of practitioners, regardless of their geographical positioning and serving 
peripheral health establishments. The possibility of connecting multiple users is expected to spread the 
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medical practices across borders and can be used for the training of specialising personnel that could 
join the sessions. A RAN connection is mandatory to extend the practice to the cases of emergency and 
disaster medicine. 

The benefits deriving from the application of RCPPF will be manifold. For the surgeon: a more 
prepared, less stressful, simpler and shorter intervention and a reduced risk of complications; for the 
patient: a more precise intervention, shorter anaesthesia time and possibly a shorter recovery time; for 
the hospital: reduced operating room costs and insurance costs. Being multiuser, the RCPPF can also 
promote the sharing of national and international surgical knowledge or can be used for training 
specialising students. 

To be effective for emergency medicine this proposed RCPPF requires improved support from mobile 
connections, because the data exchange here envisioned is larger than what currently implemented as it 
envision lossless screen sharing, multiple users support and a fluid and synchronised manipulation of 
the medical images and 3D models, therefore the mobile connection should provide appropriate data-
rate, latency, reserved bandwidth and a performant routing. Data reliability is required to protect the 
medical information that underlies the diagnosis and engineering analyses. Checksum data will be 
implemented to verify if medical images are altered during transmission so to notify the users.  

Medical data protection is required because of the private sensible data managed as addressed in UC3. 

The RCPPF framework is intended to increase the usage of preoperative planning customised con the 
patient’s specific needs, particularly in emergency medicine and because it is not subjected to 
geographical limitations it makes the access to quality health services more inclusive toward 
underserved areas accordingly to SDG3.8. The possibility of inviting trainees is intended for promoting 
knowledge exchange among the best practitioners, accordingly to SDG4.3. SDG 8.5 will be also 
addressed because the surgeon already familiarised with the 3D anatomy of the patient and with the 
support of custom 3D-printed surgical aids will have a be less stressful intervention with positive impact 
over his well-being. 

The UC is intended to fulfil a set of values including: 

Sustainability: a functional digital service of pre-planning will have a positive impact over mobility 
because it will not be required for surgeon and engineer to physically move to a specific place for 
holding a planning session. Patients could be operated also in peripheral hospitals with all the best 
practices provided. As a result, environmental sustainability will be improved by reducing the need for 
mobility. 

Inclusive digital health service: surgeons and engineers will have a framework into which develop a 
precise preplanning of a customised intervention to the benefit of the patient regardless of their 
geographical position. The possibility of accessing virtually everywhere the best medical practices will 
be granted to a wider set of patients, including the less wealthy ones. This is coherent with the goal of 
developing ‘smart’ hospitals and ensuring health equity. 

Medical competences growth: RPPCF would enable a closer medical interconnection among major 
hospitals and peripheral hospitals inside a nation and stimulate transnational cooperation and practice 
exchange. Possibility of connecting external personnel for consultancy or for training purposes, 
regardless of the geographical area; spreading the excellency practices on the territory toward a growth 
of the medical competencies. This is coherent with the delivery of a proactive, personalised and precise 
health service with a participatory approach.  

The RPPCF can be used on wired network or wireless network for routine hospital interventions 
properly scheduled. The accessibility to a RAN network is the enabler Emergency medicine cases, 
because it allows the design the surgical 3D pre-planning from anywhere, guaranteeing a service 24h / 
7 days. 

6.3.7.2 Stakeholders 
The UC is intended for healthcare providers, with professional surgeons working in hospitals or 
clinics as the final customer, and for biomedical engineering providers, that produce surgical devices, 
implants or prostheses customised on the patient specific 3D morphology, acting as the supplier of the 
service. Medical software companies could be involved by developing new solutions for different 
surgical scenarios regarding different anatomical districts and different surgical methodologies. 
Network Infrastructure Providers and Operators have an interest in providing cloud hosting 
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services for secure data hosting, conferencing systems and 3D collaborative virtual environment in the 
medical field. Certification agencies should be involved the development of the complex certification 
protocol for medical purposes accordingly to the EU Medical Device Regulation (MDR) 2017/745 
[R2017/745]. Health insurance companies and public health systems should promote the usage of the 
methodology proposed in order to obtain better patient outcomes and lower reimbursement costs. 
Patients will benefit from a better outcome being able to return to their productive life in a shorter time. 

6.3.7.3 State of the art 
On the market are available certified medical software (Materialise Mimics Innovation Suite, Planmeca 
Romexis, Dolphin 3D, NemoStudio, Realguide) that can manage 2D CT slices and through a manual 
segmentation process are able to build the 3D model of an anatomical district. Some programs have on-
demand modules able to design resection or drilling guides for specific CMF applications. Otherwise, 
the 3D model will be exported to other more capable design software (Solidworks, Siemens NX, Rhino, 
etc.) for the design phase.  

Because existing software are intended to be used by technical personnel (supplier) guided by a 
specialised surgeon (client) it is mandatory that the two figures can interact concurrently, but the 
software do not provide support in this sense. The rigid workflow of the design of surgical aids can be 
criticised by surgeon when it is incompatible with his personal practice or patient’s specific needs, in 
some cases discouraging the usage such tools. 

The lack of remote collaborative support on the side of the medical software is partially overcome 
through the usage of videoconferencing, but Surgeons report difficulties in instructing verbally the 
engineer for executing some activities that requires 2D or 3D actions like selecting a specific CT image, 
a proper contour of an anatomical structure, a specific landmark or rotating the 3D view of the model 
and making a section over it at a specific point and orientation. The complexity of the 2D/3D geometry 
requires a verbose description that in the end results exhausting, being the two participants able to 
interact by video and voice only but are otherwise isolated. Advanced devices lack a proper integration, 
like the space mouse used for 3D view manipulation, the 3D haptic mouse used for 3D modelling on 
mesh models. 3D models display by means of VR/AR headset is of limited diffusion (Mimics, Doplhin, 
Planmeca) and it is intended for a single user usage. 

The videoconferencing is an uncertified application that introduces a vulnerability in the diagnosis and 
the design of a surgical aid that accordingly to the EU MDR [R2017/745] must ensure a higher level of 
safety and health protection for patients 

The RCPPF demonstrator needs to be implemented by a professional software house and undergo the 
demanding certification as medical device accordingly to the EU MDR [R2017/745]. 

6.3.7.4 Impact and sustainability analysis 
The discussion of impact, sustainability and KPI/KVIs is integrated into a single table presented at the 
end of Telemedicine UC2. 

6.3.7.5 Technical requirements and gaps 
This framework requires continuous, bidirectional transmission of high-resolution video with lossless 
compression and data between patients and servers. To ensure real-time performance, the network 
should support high data rates, ultra-low latency for the updating of the 3D concurrent environment, 
and reliable connectivity. Technical requirements are integrated into the table presented below for 
Telemedicine UC2. 

6.3.8 Telemedicine UC2: Remote Rehabilitation Assessment 

6.3.8.1 Use Case description 
Rehabilitation frequently necessitates patients returning to hospitals or clinics to perform therapeutic 
exercises under physician supervision. This entails physical, psychological, and economic costs, 
particularly for people with limited mobility or who live in underserved or rural areas. The UC provides 
a unique framework for home-based rehabilitation that adheres to the principles of personalised 
medicine, which aim to optimise treatment outcomes while reducing undesirable consequences. This 
method allows patients to execute recommended workouts at home, guided by a real-time camera feed, 
eliminating the need for wearable sensors and reducing setup complexity. AI models examine video 
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streams to determine motion correctness and deliver individualised feedback. When deviations are 
noticed, the system can either recommend corrective actions or inform an on-duty healthcare expert, 
who can conduct a video consultation. The visual tracking approach ensures high accuracy and 
responsiveness without compromising user comfort, while enhancing the scalability and inclusiveness 
of rehabilitation services. Data from previously unknown irregularities can be saved to expand the 
medical dataset and assist in future neural network retraining. 

The system combines Extended Reality (XR) with an immersive, intuitive exercise experience with AI 
for continuous, real-time motion assessment and feedback. By integrating these technologies, it delivers 
clear, personalised visual cues through head-mounted displays (HMDs), reinforcing motor learning and 
promoting faster functional recovery. The goal is not to replace medical experts, but to provide them 
with a useful tool that improves patient monitoring and enables remote adaptation of therapy programs. 
This reduces logistical and operational costs, streamlines clinical workflows through automation, and 
allows medical professionals to prioritise critical cases. 

Beyond comfort and accessibility, the societal impact is significant. According to WHO data, nearly 2.4 
billion individuals have health issues that could benefit from rehabilitation, and future projections 
indicate that demand will continue to rise. However, global rehabilitation programs lack skilled experts, 
equipment, assistive technology, and extensive waiting lists. This UC directly tackles these gaps by 
providing scalable, high-quality rehabilitation access across geographies, while alleviating pressure on 
healthcare facilities and freeing up resources for in-person treatment when truly necessary. 

The proposed case study targets upper limb rehabilitation, focusing on patients experiencing phantom 
limb pain, a condition in which sensations persist in a limb after amputation. Building on the principles 
of mirror therapy, the system introduces an advanced alternative using augmented reality (AR) and deep 
learning (DL) to deliver personalised digital therapies remotely. Through AR, a virtual prosthesis is 
superimposed on the amputated limb, offering patients a first-person view that simulates natural limb 
presence and movement. Movements of the healthy limb are tracked and mirrored in real time onto the 
virtual counterpart, creating the illusion of bilateral motion. This immersive setup enables patients to 
engage in prescribed therapeutic exercises at home, with automated real-time assessment of execution 
quality via deep learning. Clinicians can remotely monitor progress, update treatment plans, or intervene 
as needed, providing a flexible, cost-effective, and engaging telemedicine solution. 

The Proof of Concept (PoC) will be structured into four main phases: data acquisition, implementation 
of the deep learning (DL) model, including training and testing, and deployment of the extended reality 
(XR) application. During data acquisition, patients will perform rehabilitation exercises in front of a 
camera. The recorded video will be reviewed by clinical experts, who will label each exercise and 
provide qualitative feedback. This annotated dataset will then be used to train the DL model. Once the 
model achieves satisfactory performance, it will be integrated into an XR application, deployed on a 
HMD for AR. In the final deployment, the HMD captures the patient's movements and streams the 
video to an external processing unit, where the DL model analyses the exercise and sends real-time 
feedback to the HMD. 

The rehabilitation application proposed in this UC will leverage the following driving values: 

 Inclusive health service: the patient will benefit from personalised care at his home, 

 Sustainability: the patient will be saved the inconvenience of mobility: the time, effort and costs 
related, particularly when they are unable to move autonomously. Also improves environmental 
sustainability/impact. 

 Growth: the extension of the approach to other anatomical districts could be the enabler of new 
business opportunities for medical societies (data acquisition, labelling, training, testing, 
maintaining, updating, retraining) and wireless, data storage, and cloud computing service 
providers. By inviting the rehab sessions' expert physicians or specialised personnel, it will be 
possible to pursue knowledge transfer and improve knowledge accessibility. 

6.3.8.2 Stakeholders 

This technique has the potential to support: 

 Medical personnel: physiotherapists and orthopaedists 

 Public and commercial healthcare facilities 
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 Medical and engineering societies 

 Patients 

 Software corporations 

The suggested case focuses on designing an application framework that will be supplied remotely by 
healthcare experts, intending to improve patient care at home while lowering mobility difficulties. 
Simultaneously, it provides major economic benefits by cutting hardware, logistical, and labour 
expenses, as well as optimising clinical resource allocation through automation, allowing healthcare 
staff to focus on complicated, high-priority patients while routinely monitoring them. 

6.3.8.3 State of the art 
In the area of remote rehabilitation, there are existing studies on the rehabilitation of articulations such 
as fingers and knees, as well as gait monitoring, which use AI approaches for joint identification. The 
goal of this UCS is to propose a framework that outperforms the current state of the art by incorporating 
Extended Reality, which provides a more natural and immersive perception of the rehab exercise, and 
AI, which estimates the exercise outcome and reports non-conformities either to patients or even to the 
physician. 

6.3.8.4 Impact and sustainability analysis 
First and second order sustainability benefits (green) and costs (red) for the environmental, societal 
and economic aspects are summarised in the following table, integrating those of ID2.3 UC1. 

Table 6-19: Expected sustainability effects of Telemedicine UC1 & UC2 

Environmental sustainability Social Sustainability Economic Sustainability 

1) eHealth 
workload can 
be directed to 
cloud 
computing 
allowing the 
patient/user to 
reuse low specs 
PC/Laptop 
devices. 

5) eHealth 
services 
remove 
geographic and 
mobility 
restrictions and 
avoid mobility 
energy waste  

8) Enable the 
development of 
advanced 
telemedicine 
solutions, 
reducing 
geographical 
barriers  

13) Quick 
response and 
personalised 
medicine 
solutions 
provided to 
surgeons/patien
ts. Emergency 
medicine 
enabler. 

18) Business 
opportunities 
for provision of 
new remote 
health services 
in different 
medical 
branches  

22) Reduced 
hospitalisation 
costs, insurance 
costs, burden 
reduction over 
healthcare 
institutions and 
personnel 

2) E-Waste 
production for 
network 
infrastructure 
update 

6) Device 
turnover 

 (3D 
controllers, XR 
devices, GPUs 
for AI training)  

9) 
Development 
of new eHealth 
infrastructure 
and services  

14) Medical 
and technical 
competences 
sharing and 
transfer for 
training 
purposes 

19) New cloud 
services related 
to medical 
purposes  

23) Operational 
efficiency, 
reduced 
clinician 
workload, 
improved 
schedule 
flexibility 

3) Energy 
consumption at 
network/compo
nents level  

7) Energy 
consumption by 
devices used 
for eHealth 
services or 
deep learning 
models training 
and tuning 

10) Emergency 
medicine 
enabler  

15) Digital 
inclusion by 
extending 
Health services 
to underserved 
areas.  

20) Creation of 
new technical 
figures in 
eHealth domain  

24) 
Deployment of 
new eHealth 
services 
covering a 
larger   range of 
customers  

4) Resource 
consumption 
for producing 
new medical 
devices for 
eHealth 
applications 

  11) Data 
security 
measures are 
required to 
assure privacy 
of medical data, 
clinical input, 
annotated 

16) 
Decentralised 
quality care 
delivered to 
patients' homes. 
Boosts 
scalability and 
accessibility. 

21) Large 
investments 
required for 
infrastructure 
upgrade 

25) Investments 
for updating the 
hardware with 
new 3D and 
XR devices and 
training 
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datasets toward 
users 

    12) Data 
integrity: 
medical data 
must be 
protected from 
loss and 
corruption 

17) Improved 
patient 
engagement 
through 
immersive AR 
experience, 
providing 
interactive and 
tailored 
feedback 

 

 

26) Complex 
certification 
procedure of 
new medical 
devices 

The following table summarises the expected impacts and the potential indicators for their evaluation. 

 

Table 6-20: Impact analysis for Telemedicine UC1 & UC2 

Sustainability benefits 

 IMPACT POTENTIAL KPIS/KVIS 

Environmental Remote eHealth services are 
intended to practice a 
medical field without the 
need for mobility saving the 
cost, the pollution and the 
related physical effort (for 
rehabilitation patients) 

5) Number of cases with successful remote 
treatment (each one avoids a mobility), number 
of cases developed between structures localised 
in different territories (national and international 
level) 

Societal Remote eHealth services 
pursue an inclusive purpose 
and contribute to the 
acceptance of 6G through 
the positive impact on the 
health and quality of life of 
citizens 

13) Diagnosis to surgery lead time 

14) Number of planning session with specialising 
surgeons 

15) Evolution of the remote concurrent 
preplanning cases during time 

16) Evolution of the home rehab cases during 
time 

17) User experience survey of patients 

Economic Remote eHealth services 
with the goal can reduce 
hospital costs and risks and 
create new business 
opportunities by health 
service providers 

22) Surgical room time reduction, insurance fee 
reduction 

23) Number of home rehab cases  

24) Number of software/hardware frameworks 
implemented, number of eHealth supporting 
network services, number of anatomical districts 
that benefits for remote rehab or remote 
planning, turnover generated by companies 

Sustainability costs 

  IMPACT Potential KPI/KVIs 

Environmental Remote eHealth services 
require new hardware and 
can anticipate obsolescence 
of other 

6) Number of electronic wastes generated 

7) AI training energy expenditure 

Societal Citizens could express 
worries about privacy and 
integrity of medical data 

11) Public opinion surveys, healthcare facilities 
surveys, compliance with EU Regulation 
(GDPR, MDR, ...) 

Economic Large investments are 
required for implementing 
eHealth services 

25) Return On Investment 

26) Number successful certification 
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6.3.8.5 Technical requirements and gaps 
This process requires continuous, bidirectional transmission of high-resolution video and data between 
patients, servers, and cloud-based DL systems. To ensure real-time performance, the network must 
support high data rates, ultra-low latency between patient movement and system response, and reliable 
connectivity. These requirements underline the critical role of future 6G infrastructure, which is 
expected to provide the necessary bandwidth, responsiveness, and nationwide coverage to enable 
seamless interaction, timely feedback, and data integrity essential for clinical use. 

Table 6-21: Technical requirements for Telemedicine UC1 & UC2 

Scenario Parameters Max. latency 

[ms] 

Throughput 

[Mbit/s] 

Description 

Remote Concurrent 
Preoperative Planning 

10 100 – 400 UL 

Depends on 
frame rate and 
resolution. 

Real latency 10–20ms is difficult to reach 
outside controlled environments and results 
too high for real-time feedback in 
concurrent VR and XR for motor tasks 
analysis. Effective uplink is often <1 Gbit/s 
in most home networks but high 
throughput required to reliably stream 
high-resolution video with lossless 
compression. 

6G should ensure reduced real latency even 
in variable environments, enabling natural 
and immersive interactions and provide 
sufficient uplink rates to enable high-
fidelity real-time visual processing. 

Remote Rehabilitation 
Assessment 

10 20 

The additional capabilities of Bandwidth reservation and Fixed routing are required for eHealth 
applications where reliable, stable, and uninterrupted communication is necessary. 

6.3.9 Telemedicine UC3: Privacy-Aware Medical Data Federation with 6G-
Assisted Trust Establishment  

6.3.9.1 Use Case description 
Qualtek's UC focuses on an e-Health/Telemedicine platform that features two key points: 

The first point is about controlled utilisation of federated medical data on the grounds of trusted code 
to data patterns. Medical data may include patient records gathered and managed by institutions such 
as Hospitals, diagnostic centres or even doctors’ offices. The data concept expands also to AI-developed 
diagnostic models due to the protection requirement against inference attacks. In principle the UC aims 
at demonstrating adequate sovereignty over personal or owned information and the value potential of 
it. 

The second point is the provision of a trusted environment for data access and processing, that ensures 
protection (including confidentiality) in the management of medical information (which is considered 
sensitive personal data, as per GDPR [R2016/679]). This trust shall be provided by technical 
enforcement of the consent options of the individual, as stipulated by policies regarding provisions and 
prohibitions. The concept of the trusted environment expands to cater for protection requirements 
relating to data products (e.g. AI models) and credible attribution of data provenance and ownership to 
the providers of data and developers of AI models. 

The UC focuses on exploiting data without the need for centralised architectures and data 
movement/duplication. This is achieved by introducing a data plane dimension that is integrated with 
and across the network (data-aware slices) and makes possible the utilisation of assets in various 
workflows and scenarios. The data plane dimension supports advertisement, discovery, usage 
negotiation and orchestration of trusted artifacts for the envisaged usage scenarios. 
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Figure 6-13: Illustration of the trusted execution network slice concept 

Policy or regulation aspects (And Their Impact on Sustainability). 

Medical data are primarily regulated by the GDPR [R2016/679] in the EU. In addition to the basic legal 
framework furnished by GDPR, a number of European Acts and Directives further refine aspects of use 
and dissemination of medical data, such as the NIS2 Directive, the ePrivacy directive, directive 
2011/24/EU (data protection for patients seeking healthcare in other EU countries), EU MDR 
[R2017/745] and In Vitro Diagnostic Regulation (IVDR) 2017/746, (safety and performance of medical 
devices and diagnostic tools), the European Data Governance Act [R2022/868], the Digital Markets Act 
[R2022/1925] and Digital Services Act [R2022/2065] and others. 

In addition to the state-imposed framework, there are numerous self-regulation initiatives for secure 
and ethical personal data use, such as AHIP8, HIMSS9 and ACT-IAC10 in the US, the international 
ISO/IEC 27701 standard for medical data privacy, or the Partnership on AI initiative. 

Environment and deployment scenarios 

The UC environment for the project will be based on emulated medical nodes holding personal data. 
These nodes should be possible to be attested for their integrity and their adherence to the envisaged 
operation. To this end, a software bill of materials signed by Hardware Root of Trust can be employed. 

The node attestation machinery can be developed independently of any network stack and can adapt to 
what will be available as a 6G stack in the course of the project. Applications built in the above concept 
will apply zero trust principles before any interaction. Regarding user space applications, we have to 
devise mechanisms to display reliability and integrity assurances that will support user awareness. 

Qualtek has a prototype architecture that is based on a Fast Healthcare Interoperability Resources 
(FHIR) compliant server (that can be populated with synthetic data) integrated with a Data Space 
Connector (per domain) and custom integration software. The overall setup shall form the basis for 
elaborating and proving automated attestation practices. 

Platforms/Devices 

Requirements include ARM-based embedded boards, chipsets and Software Development Kits (SDKs) 
for development of 5G network software (6G-supporting material not expected during the project’s 
lifetime), APIs and SDKs for development of, or ready-made APIs for mobile phones and finally 
simulated medical equipment/devices/data for integration with the trust stack. 

 
8 https://www.ahip.org/  
9 https://www.himss.org/  
10 https://www.actiac.org/  

https://www.ahip.org/
https://www.himss.org/
https://www.actiac.org/
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6.3.9.2 State of the art 
Currently, data federation and utilisation of data is mainly addressed by negotiated data transfers (Data 
Spaces, EU Health Data Space) among stakeholders that are certified within relevant ecosystems 
through manual processes.  

The medical domain in particular is quite complex and is not completely addressed in current Data 
Spaces, because the roles of Stakeholders (i.e. the federation participants) as Data Controllers and 
Processors (according to GDPR) do not entitle unconditional data usage, but only what is foreseen by 
data subject consent. 

6.3.9.3 Why this use case? 
The UC challenges this pattern by introducing requirements aiming at automating enforcement of 
policies as well as guaranteeing that the overall data management is limited to what is foreseen by the 
will of the individual. Additionally, the UC invests significantly on the preservation of data value by 
ensuring that any exploitation of the primary or secondary products can trace back to the contributors, 
thus ensuring a proper share (claim of such share is not the subject of this UC however).  

 The UC aims for data to remain where they are created, with the 6G network adopting of the trusted- 
code- to data paradigm.  It also aims to turn the use of AI-generated diagnostic models into a 
collaborative task with all participating nodes retaining fundamental rights, such as in/out opting and 
value share. Processing and training workflows not only shall address connectivity but also require 
active and trusted participation of the network in the processing plane.  A new secure network slice 
pattern is to be created, which is enabling the individual to exploit/combine network connectivity 
capabilities with built-in privacy protection (e2e slice between owner’s assets, e.g. phone or home 
camera). The envisaged components and patterns may allow for future intelligence orchestration by the 
network, instead of the participating business/application/service. 

6.3.9.4 Stakeholders 
The stakeholder group for the UC includes: 

 Healthcare infrastructure such as hospitals and clinics, that may need to adapt for E2E 
telemedicine services, or to update existing infrastructure towards 6G-oriented services 

 Healthcare personnel such as physicians, nurses and support personnel, that will have an 
interest/need to train in telemedicine applications and also to be instructed in the societal and 
psychological aspects of telemedicine practice 

 Insurance companies and reimbursement services will also need to adapt existing policies 
involving more extensive use of ICT for issues such as transaction recording and verification 

 National and international regulatory & legislative bodies shall need to account for the 
novel handling and management mechanisms proposed for 6G networks 

 Patients, consumers and advocacy groups will also need to be updated on rights and legal 
recourse mechanisms for dispute settlement 

 Medical equipment companies may see an expanded market for the supply of 
diagnostic/monitor aids tailored to telemedicine 

 Network infrastructure providers & operators, must supply the novel 6G components to 
support telemedicine and will therefore need to update access and billing mechanisms 

 Companies active in the telemedicine will also have impact on their business model. 

6.3.9.5 Impact and sustainability analysis 
The following table summarises the expected effects as headlines: 

Table 6-22: Expected sustainability effects of Telemedicine UC3 

Environmental sustainability Social Sustainability Economic Sustainability 

1st order effects 2nd order 
effects 

1st order effects 2nd order 
effects 

1st order effects  2nd order 
effects 

Centralisation 
of data 
processing and 

Physical 
transport and 

Guaranteed 
privacy of 

 Increased 
public 
acceptance. 

Delegation of 
data security to 
the network 

 Entry barrier 
lowered for 
new business. 
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network 
infrastructure 

travel 
reduction. 

access to health 
care. 

and accordingly 
relief of end 
applications 
from this 
requirement. 

Reduction in 
power 
consumption. 

Reduction in 
carbon 
emissions. 

    

Cost of energy 
& resources for 
network 
support of 
trusted 
execution. 

  Lack of trust in 
non-physical 
patient/health-
professional 
interaction. 

Revenue 
reduction and 
pressure onto 
business 
models built 
around end-
point data 
security. 

 

 

6.3.9.6 Technical requirements and gaps  
New functions need to be defined in the context of 6G networks, such as  

 Network Slice Selection Function (NSSF) 

 User Plane Function (UPF) 

 Session Management function (SMF) 

 Mobile Edge Computing (MEC). 

For the 6G network’s far edge we shall need items like a NAS (Non-Access Stratum) Protocol, to handle 
Session Management, etc. Mobile Applications that will communicate with the network shall include 
items such as e-Wallets and Trusted Applications, (routed onto an ARM-based Trusted Execution 
Environment). 

6.3.9.7 A Demonstration Scenario 
A plausible outline of our UC in action is as follows: 

1. A patient visits a medical centre for a prescribed exam. 

2. The infrastructure (e.g. CT scanner or data acquisition workflow) and the citizen (wallet app) 
ensure the identity of each other and agree to initiate a data collection session. 

3. The data collected are directly encrypted and stored (the infrastructure is verified for adhering 
with this approach and this is assured in the previous handshake step). 

4. The data remains inaccessible, and citizens have to supply consent options. 

5. The stored options lead to metadata advertisement about types of available data but not the 
actual data. 

6. The advertisement may be subject to query resolution about availability of data by a data 
engineer for the purposes of ML training. 

7. Depending on the consent options data may be directly utilisable, or specific interest can be 
expressed to the data subject for inspection and approval. 

8. Consolidated negotiations allow processing tasks to be sent close to data for performing the 
training phase, instead of the data being copied or otherwise accessed by the processing site. 

9. The data subject (i.e. the patient) is always in a position to inspect usages of their data and the 
relation to newly created models. 
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7 Strategic recommendations 
This document outlines the sustainability baseline and associated requirements, along with UC 
expectations, derived from an analysis of current 5G technologies and anticipated 6G developments, 
considering the evolving nature of 6G UC definitions. This chapter outlines strategic recommendations 
for the future work of SUSTAIN-6G project and are considered generally valid for the whole industry. 

7.1 Strategic recommendations in the global context 
Sustainability must be treated not as an afterthought but as a guiding principle in the design and 
deployment of 6G technologies. From the earliest stages of concept development to full-scale network 
operation, every component and system should be shaped by values such as energy efficiency, trust in 
AI-driven functions, climate resilience, and resource-conscious engineering. Practices like life cycle 
assessment, modular design, and clean production methods are critical enablers—not as stand-alone 
goals, but as part of a broader, integrated strategy for building technology that is not only high-
performing, but also responsible, inclusive, and future-ready. This recommendation is formulated such 
that the industry must mandate sustainability-by-design (SbD) from inception. 

To ensure that sustainability is meaningfully embedded in the development of 6G, a multi-dimensional 
KPI/KVI framework must be introduced, which captures and balances environmental, economic, and 
societal priorities against technical performance advancements. Rather than optimising in isolation, this 
approach enables stakeholders to visualise and navigate complex trade-offs transparently. By 
integrating participatory processes, the framework empowers diverse actors to make informed, value-
driven decisions that reflect shared objectives and competing constraints. It is essential to clearly 
present trade-offs in a transparent and understandable way. 

Driving sustainability in 6G requires careful focus on technologies that offer measurable sustainability 
benefits. By prioritising enabling solutions, we lay the groundwork for resilient and efficient networks 
Creating an evolving catalogue of potential enabling technologies helps steer current research efforts, 
laying the groundwork for continuous innovation as these solutions mature. From a supply side 
perspective this approach accelerates the development of high impact enabling technologies. 

Achieving sustainability in 6G requires embedding intelligence into every phase of the network 
lifecycle. From site construction and equipment manufacturing and deployment to day-to-day 
operations, sustainability follows an active and adaptive process. For the operational phase networks 
can continuously optimise energy consumption, emissions, and resource allocation in response to 
dynamic conditions, by leveraging emerging technologies such as AI-driven orchestration, digital twins, 
and real-time monitoring. Integrating a sustainability mindset into the entire network lifecycle enables 
a responsive infrastructure, capable of balancing performance and efficiency, as well as meeting 
sustainability targets as an operational priority. For the design phase, and with sustainability in mind, 
we must plan also for end-of-life. Devices, components and systems must be built to be easily 
disassembled, reused, or recycled, reducing resource consumption. This forward-looking approach 
requires early integration of decommissioning strategies that align with international standards such as 
RoHS [D2002/95], the WEEE directive [D2012/19], or ISO 14006 [14006], ensuring that application 
of circular economy principles to end-of-life management becomes an operational norm. 

So far mainly environmental considerations were in the focus. Following the separation of the overall 
sustainability topic into three pillars (environment, societal and economic), mandates an expansion of 
our perspective. Bridging the digital divide must become a design priority for the future 6G system. 
Beyond technical performance, 6G should actively promote digital equity, particularly in underserved 
and remote regions. This implies to design 6G with people in mind, creating pathways for local 
employment, investing in digital skills development, and respecting cultural contexts. By engaging 
communities early and transparently, 6G networks can become tools of empowerment enabling 
inclusive growth, co-creation of value, and long-term trust between technology providers, operators and 
the society they aim to serve. The design of 6G systems must ensure societal and economic inclusion. 

Achieving sustainability in 6G requires global coordination and measurable accountability. By 
contributing proactively to the development of international standards the industry can ensure that 
environmental and societal responsibility are built into the specifications of next-generation networks. 
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These efforts should be closely aligned with broader policy frameworks, such as the UN Sustainable 
Development Goals, the EU Green Deal, and evolving climate regulations, to shape standards and 
policies for coherent impact. At the same time, it is necessary to define clear, robust sustainability KVIs 
tailored to the needs of society inducing societal acceptability, as well as KPIs tailored to 6G 
infrastructure and services, which can induce compelling economic incentives for vendors and operators 
to deliver and operate 6G systems. 

7.2 Strategic recommendations related to the MNO perspective 
To navigate the complex demands of sustainability, MNOs must adopt holistic decision-support 
frameworks that cover the full landscape of trade-offs, balancing economic performance, 
environmental responsibility, and social inclusion. Such frameworks must help assess outcomes across 
multiple KVIs, enabling smarter, more adaptive planning. This approach will allow MNOs to make 
decisions, which are financially viable as well as environmentally conscious and societally acceptable. 

To achieve long-term sustainability, MNOs must evolve their business models and embrace value-
driven strategies that align profitability with environmental responsibility by offering modular service 
plans that reward efficient usage, through environmental performance metrics such as energy-aware 
service-level agreements. By collaborating on areas like shared infrastructure, operators can reduce both 
capital expenditure and environmental impact. 

MNOs must implement lifecycle-oriented network planning, to strategically synchronise equipment 
lifecycles with decarbonisation targets. Offer and supply should match demand, ensuring that 
densification brings societal value without unnecessary environmental impact. By embedding circular 
economy principles from the outset operators can move from linear consumption to sustainable, 
lifecycle-wide network management. 

Towards Sustainable 6G, MNOs are committed to aligning with key values across the three 
sustainability pillars: (i) Environmental: Minimising GHG emissions, energy use, e-waste, and natural 
resource depletion—supported by circular economy practices and efficient infrastructure design 
(supporting SDG #13)., (ii) Economic: Ensuring the telecom sector’s long-term viability through 
affordability, cost optimisation, inclusive value creation and acceptability (supporting SDGs #8, #9), 
and (iii) Societal: Promoting decent work, digital inclusion, human rights, and trust (supporting SDGs 
#8, #9, #16). 

7.3 Recommendations from a sustainable 6G technology perspective 
To ensure a sustainable foundation for 6G networks, the access segment must consider technologies 
that are high-performing and environmentally conscious and infrastructure-efficient. Wi-Fi technology 
will continue playing an important role in indoor and dense urban scenarios, where intelligent spectrum 
sharing and energy-saving mechanisms like AI-optimised sleep cycles can drastically cut power 
consumption. Next-generation standards such as Wi-Fi 7 and beyond must be designed with energy-
aware protocol stacks and seamless integration with other radio technologies to avoid redundant 
coverage. LiFi technology emerges as a compelling candidate for energy-efficient, high-bandwidth 
indoor communication, leveraging the existing lighting infrastructure. Optical Camera 
Communication enables data transmission via existing LEDs and cameras and presents a strong case 
for low-power, circular-economy-aligned innovation, allowing integration into consumer electronics. 
Free Space Optics offers high-capacity, fibre-like backhaul in hard-to-reach areas potentially without 
spectrum licensing. Together, these technologies represent a broader shift toward low-energy, spectrum-
efficient, and infrastructure-light solutions, aligning performance objectives with the global 
sustainability mandate of 6G. 

In the fixed access, Passive Optical Network technologies offer a compelling opportunity to balance 
ultra-high bandwidth with environmental responsibility. Gigabit Passive Optical Network minimises 
energy consumption by eliminating the need for powered components between core network 
components and data centres and end users, but its further extensions must be designed using 
technologies for intelligent power management (e.g., Wavelength Division Multiplexing) as well as 
with applying a strategy for coexistence and backward compatibility to reduce the need for new 
infrastructure and extending the life of existing assets.  
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The Radio Access Network (RAN) must evolve into an intelligent, energy-aware fabric that 
dynamically adapts to traffic, topology, and environmental conditions. From a standardisation 
perspective, energy-saving enablers are being embedded into 3GPP releases, promoting features like 
advanced sleep modes, symbol-level deactivation, and carrier aggregation management. These 
mechanisms enable time-domain power savings by aligning transmission activity with actual traffic 
demand, while frequency-domain techniques such as bandwidth part adaptation and carrier switching 
reduce active spectrum usage during low-load periods. In the spatial domain, innovations like massive 
MIMO beamforming and antenna muting allow for precise energy targeting, minimising unnecessary 
radiation. Meanwhile, power-domain strategies include dynamic voltage scaling and amplifier 
shutdown, thereby optimising hardware-level energy consumption. AI and ML are emerging as enablers 
for RAN energy optimisation. Operators are deploying AI-driven orchestration platforms that learn 
traffic patterns and environmental variables to activate energy-saving features without compromising 
user experience. Academic research is pushing this further, exploring explainable AI models that 
correlate RAN parameters like airtime, throughput, and buffer status with energy footprints. The 
ambition of achieving zero-watt at zero load is driving the development of granular energy 
consumption models that inform real-time decisions on cell activation, sleep scheduling, and load 
balancing. These models support the transition from reactive to predictive energy management. On the 
hardware front, sustainable massive connectivity hinges on the adoption of low-power radio frequency 
technologies and eco-managed base stations that autonomously regulate cooling, power supply, and 
component usage. Integrating renewable energy powered micro-grids into RAN sites further decouples 
energy consumption from carbon emissions, and can be further supported by liquid cooling technology. 

In the metro and core network segments, sustainability centres around agile, high-capacity, and 
energy-aware infrastructures that can scale with 6G demands while minimising impact. Segment 
Routing over MPLS and Optical Add-Drop Multiplexers (OADM) are elements of efficient traffic 
engineering and optical layer flexibility. SR-MPLS simplifies routing and reduces signalling overhead, 
enabling more deterministic paths and lower energy use across the transport layer. OADM allows 
dynamic wavelength management, reducing the need for full signal regeneration and thus conserving 
power. For backhauling, Free Space Optics (FSO) and mmWave RF offer high-throughput, license-free 
alternatives to fibre, especially in dense urban or hard-to-reach areas. Metro and core networks must 
embrace converged IP-optical architectures that reduce equipment layers and power draw. Core routers 
and edge devices should be optimised, e.g. through AI-driven load balancing to dynamically adapt to 
traffic patterns. Data centres should transition to liquid cooling and modular designs that support 
granular power management. Integrating energy harvesting technologies, can further decouple 
operations from carbon-intensive grids. 

To build a sustainable 6G, generic technologies like AI/ML, cloud-native systems, and edge computing 
must be designed with environmental, societal, and economic considerations in mind. AI/ML must 
evolve beyond performance metrics to embrace sustainability as a guiding principle. Environmentally, 
this means reducing the first order effects of training and inference through model compression, 
federated learning, and energy-aware scheduling. Socially, AI must be inclusive, explainable, fair, and 
that its decisions are transparent and accountable. Economically, open-source ecosystems and modular 
AI architectures can democratise innovation, and lower barriers to entry. Virtualised and cloud-native 
technologies like containerisation and serverless computing offer a path to leaner, more efficient 
infrastructure, potentially reducing idle energy consumption and supporting elastic scaling. Green data 
centres, powered by renewables and cooled through advanced techniques like liquid immersion, form 
the physical backbone of this transformation. The cloud/edge continuum introduces new challenges 
and opportunities. At the far edge, where devices are resource-constrained and often off-grid, 
lightweight AI models, energy harvesting, and tamper-resistant hardware are essential.  

Eco-design principles must be embedded into the design, including life cycle thinking to reduce impact 
from raw material sourcing to disposal. Systems should be resource-efficient, using less energy and 
fewer materials, favouring recyclables and low-energy components. Products must be durable and 
modular, easy to repair, disassemble, and recycle, while clean production techniques reduce emissions 
and toxicity. Packaging should be minimalist and recyclable, and devices must be energy-efficient, 
supporting low-power modes. Planning for end-of-life with clear labelling supports a circular economy. 
Avoiding hazardous substances ensures compliance and safer recycling. Finally, aligning with 
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environmental regulations like ISO 14006 and the EU EcoDesign Directive ensures designs meet future 
sustainability standards. 

7.4 Recommendations from a 6G for sustainability perspective 
While 5G has opened the door to enterprise innovation, many sectors still struggle to access the scale 
and performance required for truly transformative change. Against this backdrop, three verticals, smart 
grids, agriculture, and telemedicine stand out as critical arenas for 6G impact. These sectors are 
connectivity-intensive and central to societal well-being, environmental relevance, and economic 
resilience. Each addresses a core human need: energy, food, and health, and offers a unique opportunity 
for 6G to drive sustainable progress. 

In the context of sustainable agriculture, 6G technologies promise to transform the sector by enabling 
smarter, more efficient, and environmentally conscious practices. With ultra-reliable, low-latency 
connectivity and native AI/edge integration, 6G will empower stakeholders in the industry to make real-
time, data-driven decisions that optimise resource use and reduce environmental impact. On-demand 
connectivity in rural and remote areas will bridge the digital divide, allowing farmers to access 
precision tools and cloud services during critical periods like planting or harvesting. Offloading to edge 
computing supports intensive tasks directly to local nodes, reducing latency and energy consumption. 
Furthermore, 6G will help transform raw agricultural data into actionable information, enabling 
predictive insights into soil health, crop performance, and climate adaptation. This shift from data 
collection to intelligent interpretation will be key to meeting key values in the sector. 

In the transition to a sustainable energy future, the 6G system offers a strategic enabler for the evolution 
of smart grids. By delivering ultra-low latency, high reliability, and pervasive connectivity, 6G can 
support real-time coordination of distributed energy resources, empowering prosumers and grid 
operators alike. Key stakeholders, such as institutional regulators, infrastructure providers and 
technology innovators, must collaborate to ensure that 6G and smart grid infrastructures are co-designed 
for maximum efficiency and resilience. UCs such as grid balancing through distributed assets, 
resilient grid section operation, and joint infrastructure planning illustrate how 6G can enhance 
flexibility, fault tolerance, and system-wide optimisation. Strategically, 6G should be positioned as a 
foundational layer for smart grids, enabling dynamic, data-driven energy ecosystems that are more 
efficient as well as sustainable and secure. 

In the context of telemedicine, the 6G system is becoming a cornerstone for delivering equitable, high-
quality healthcare at scale. With ultra-reliable, low-latency communication and native support for AI 
and edge computing, 6G can address critical challenges in remote diagnostics, patient monitoring, and 
data security. Strategically, 6G should be leveraged to support real-time collaboration in complex 
medical procedures, such as remote surgical planning, by enabling immersive, high-fidelity data 
exchange. It can also empower AI-driven rehabilitation services, allowing continuous patient 
assessment and adaptive care delivery. Furthermore, 6G’s trusted network capabilities can underpin 
privacy-aware data federation, ensuring secure, consent-based sharing of sensitive health information 
across systems and stakeholders. To realise these benefits, collaboration among healthcare providers, 
regulators, infrastructure operators, and technology developers is essential. Together, they can shape a 
telemedicine ecosystem that is accessible, affordable, efficient, inclusive, and resilient. 
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8 Conclusions and future outlook 
Deliverable D2.1 establishes a robust knowledge baseline and vision for sustainability in the 6G era—
spanning technological enablers, and vertical UC potentials for assessing sustainability impact. By 
consolidating comprehensive findings from work on sustainable 6G concepts and technologies, as well 
as 6G for sustainability and UCs, this document provides clarity on 1st order effects of 6G networks as 
well as 2nd order effect across transformative application domains. 

This deliverable maps out a trajectory for 6G development in which sustainability serves as a driver of 
innovation. It illustrates how principles like sustainability-by-design, multi-KVI planning 
approaches, lifecycle-oriented MNO strategies, and advances in technologies such as RAN, PON, 
and AI-powered orchestration can converge to enable 6G systems that are technically advanced as 
well as societally and environmentally responsible. 

It highlights how 6G technologies can support sustainability objectives across key verticals. In 
agriculture, this includes enabling more data-driven and adaptive farming practices. In energy systems, 
6G can facilitate improved coordination and efficiency in smart grid operations. In healthcare, it offers 
potential for enhanced remote care and monitoring. These examples illustrate the relevance of 6G as an 
enabler for sector-specific digitalisation aligned with broader sustainability goals. 

This foundational synthesis directly supports the next phases of the project. In WP4, selected vertical 
UCs undergo detailed analysis to identify technical limitations, sustainability opportunities, and 
lifecycle-embedded requirements. deliverable D4.1, building on the outputs of D2.1, will detail the KPI 
and KVI expectations, current technology gaps, and the initial requirements for practical 
implementation of sustainable UCs.  

In parallel, WP3 focuses on consolidating and assessing 6G technology solutions, performing a 
systematic sustainability-focused inventory and gap analysis. This work will yield deliverable D3.1, 
which captures the identification of relevant technologies and their sustainability impacts, laying the 
groundwork for deeper technical development in WP3 and contributing to implementation and 
validation strategies in WP5 and WP6. These efforts are tightly linked to the outputs of WP2 and 
exemplify the iterative, cross-cutting methodology of SUSTAIN-6G.  

As the project progresses, Deliverable D2.1 will serve as both a reference and a directional guide, 
ensuring that sustainability remains a central design parameter in shaping the 6G systems of tomorrow. 
The insights consolidated here provide a shared vision and foundation for ongoing research, aligning 
technological ambition with societal needs and sustainability objectives. 
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10  List of Acronyms and Abbreviations 
3GPP 3rd Generation Partnership Project 

5G 5th Generation mobile wireless communication system 

5G-AKA 5G Authentication and Key Agreement  

6G 6th Generation mobile wireless communication system 

ADMS Advanced Distribution Management Systems 

AES Advanced Encryption Standard 

API Application Programming Interface 

AR Augmented Reality 

BEREC Body of European Regulators for Electronic Communications 

BS Base Station 

CAGR Compound Annual Growth Rate 

CAPEX CAPital EXpenditure 

CoC Code of Conduct 

CP-OFDM Cyclic Prefix Orthogonal Frequency Division Multiplexing 

CSI-RS Channel State Information Reference Signal 

CSO Cell Switch Off 

CU Central Unit 

DERMS DER Management Systems 

DER Distributed Energy Resources 

DP Differential Privacy 

DRL Deep Reinforcement Learning 

DSO Distribution System Operator 

DU Data Unit 

E2E End-to-End 

ECC Elliptic Curve Cryptography 

EMF Electromagnetic Field 

EMS Energy Management System 

EPD Environmental Product Declarations 

FiWi Fiber Wireless 

HA Hardware Accelerator 

FOMO Fear of Missing Out 

FSO Free Space Optics 

FTTC Fiber-to-the-Curb 

FTTR Fiber-to-the-Room 

GDP Gross Domestic Product 

GDPR General Data Protection Regulation 

GEO Geosynchronous Equatorial Orbit 

GHG Greenhouse Gas 

G-PON Gigabit Passive Optical Network 

HAP High-Altitude Platform 

HIPAA Health Insurance Portability and Accountability Act 

HMD Head-mounted Display 

ICT Information and Communication Technology 

IEC International Electrotechnical Commission 
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IEEE Institute of Electrical and Electronics Engineers 

IETF Internet Engineering Task Force 

IMT International Mobile Telecommunications 

IoT Internet of Things 

IR Infrared 

ISO International Organization for Standardisation 

ITU International Telecommunication Union 

KPI Key Performance Indicator 

KV Key Value  

KVI Key Value Indicator 

LAN Local Area Network 

LAPS Low Altitude Platform Service 

LCA Life Cycle Assessment 

LEM Local Energy Market 

LEO Low Earth Orbit 

LLM Large Language Model 

LoRaWAN Long Range Wide Area Network 

LTE Long Term Evolution 

LV Low Voltage 

MDR Medical Device Regulation 

MIMO Multiple Input Multiple Output 

ML Machine Learning 

MNO Mobile Network Operator 

MV Medium Voltage 

NB-IoT Narrowband Internet of Things 

NE Network Element 

NIST National Institute of Standards and Technology 

NR New Radio 

NTN Non-Terrestrial Network 

OADM Optical Add-Drop Multiplexers 

OCC Optical Camera Communication 

OEO Optical-Electronic-Optical 

OLT Optical Line Termination 

ONT Optical Network Termination 

OPEX Operational Expenditure 

PAPR Peak-to-Average Power Ratio 

PET Privacy Enhancing Technologies 

PON Passive Optical Network 

PQC Post-Quantum Cryptography 

QoE Quality of Experience 

QoS Quality of Service 

QPS Quantum Signal Processing 

RAN Radio Access Network 

RES Renewable Energy Sources 

RF Radio Frequency 

RL Reinforcement Learning 
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RoHS Restriction of Hazardous Substances 

ROI Return on Investment 

RSA Rivest–Shamir–Adleman 

RX Receiver 

SBA Service Based Architecture 

SbD Sustainability-by-Design 

SCADA Supervisory Control and Data Acquisition 

SDK Software Development Kit 

SGAM Smart Grid Architecture Model  

SIB1 System Information Block 1 

SME Small and Medium Enterprises 

SNS Smart Networks and Services 

SotA State-of-the-Art 

SSB Synchronisation Signal Block 

TCO Total Cost of Ownership 

TLS Transport Layer Security  

TN Terrestrial Network 

TSOs Transmission System Operators 

TX Transmitter 

UAV Unmanned Aerial Vehicle 

UC Use Case 

UN SDGs United Nations Sustainable Development Goals 

URLLC Ultra-Reliable Low-Latency Communication 

VL Visible Light 

VR Virtual Reality 

WDM Wavelength Division Multiplexing 

WEEE Waste Electrical and Electronic Equipment 

WHO World Health Organisation 

WP Work Package 

XR eXtended Reality 

 

  



SUSTAIN-6G (101191936)  Deliverable D2.1 

Version 1.0  Page 137 of 139 

11 Glossary and Definitions 
The definitions provided in the following list reflect the consensus within the SUSTAIN-6G consortium 
at the time of the respective publication. These terms may be revised in the future if needed. 

 

Term Definition  Notes 

Eco-design The integration of environmental aspects into the product 
development process, by balancing ecological and 
economic requirements. Eco-design considers 
environmental aspects at all stages of the product 
development process, striving for products which make 
the lowest possible environmental impact throughout the 
product life cycle. 

See 
https://www.eea.europa.eu/help/glos
sary/eea-glossary/eco-design  

UNEP. 2001. Cleaner production: a 
guide to information sources. 

Effect “Effect" refers to the result or consequence on the 
environment, economy or society that follows from ICT 
existence or usage. 

Effects can be short term/long term, 
intended/unintended, 
reversible/irreversible, 
desired/undesired, direct/indirect, 
etc. 

Enablement Enablement is the positive second order effect covering 
environmental, societal and economic pillars   

ITU-T definition was widened to 
other environmental aspects as well, 
such as societal and economic 
aspects. It is always about positive – 
second order effects – covering 
environmental, societal and 
economic aspects. 

Evaluation Evaluation is the process of computing quantitative 
information or assembling qualitative assertions of 
characteristics of a certain design and is linked to KPIs or 
KVIs. 

 

First order 
effect 

This is the direct economic, societal or environmental 
effect associated with the existence of an ICT based 
solution, and generic processes supporting the deployment 
and operation of the ICT based solution. These could be 
positive and/or negative for a stakeholder.   

Effect is recursively used. Proposal is 
to use outcome in the definition.  

 

Note: Examples of first order effects 
include, the raw materials 
acquisition, production, use and end-
of-life treatment stages.  

 

Note: First order effects are related to 
the technology deployment choice 

Impact Impact refers to the effect activities have on sustainability 
values. Here, a direct impact means that the provisioning 
of a service is studied, while an indirect impact means that 
the usage of a service is studied. Both direct and indirect 
impact can be either positive or negative. 

 

Key 
Performance 
Indicator 
(KPI) 

Quantitative indicators for measuring the technology 
components and technical enablers of a UC throughout its 
lifecycle. 

 

Key Value 
Indicator 
(KVI) 

Forward-looking qualitatively or quantitatively measurable 
indicators for the KVs to align outcome and impact against 
objectives. Specifically, UC KVIs are used to assess the 
impact of a UC outcome, while technology enabler KVIs 
are used to assess the impact of the technology applied to a 
UC to deliver the outcomes, on the KVs of the UC. 
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Key Values 
(KV) 

Key Value refers to principles or qualities that individuals 
or groups deem important, desirable, or intrinsically good 
that may be addressed or impacted by ICT.  

 

KVI target 
value 

Estimates / targets regarding the changes envisioned as an 
outcome of the UC execution (positive or negative, as a 
limit). KVIs should have a baseline value reflecting the 
status quo. 

 

Platform  A platform is a coherent ecosystem comprising hardware, 
software, and tools for validation, evaluation, and 
verification that enables end-to-end (E2E) integration, 
experimentation, and monitoring of 6G technologies. 
Platforms may include multiple testbeds and support PoC 
implementation. They can be purely software-based, 
hardware-based, or hybrid, and are designed to support the 
integration of different technologies.  

 

Requirements Functionalities or performance parameters defined as KPIs 
for the realisation of a component / system or network for 
one of different UCs. 

 

Scenario A broader description of a context within which a system, 
product, technology, service is used: environment, 
background, circumstances of use, users, and vision of a 
future desired state. Scenarios can encompass multiple use 
cases or interactions and provide context for understanding 
the users' needs, behaviours, motivations. Examples: 
agriculture e-health / telemedicine, energy / smart grid. 

 

Scope 1 
emissions 

Direct emissions from owned or controlled sources Reference: [BCB+11] 

Scope 2 
emissions 

Indirect emissions from the generation of purchased energy 
consumed by the reporting company 

Reference: [BCB+11] 

Scope 3 
emissions 

All other indirect emissions that occur in a company’s 
value chain 

Reference: [BCB+11] 

Second order 
effect 

This is the effect induced by the use and application of ICT 
based solution which includes economic, societal or 
environmental changes. These could be positive and/or 
negative for a stakeholder. 

Effect is recursively used. Proposal is 
to use outcome in the definition.  

 

Note: Examples of second order 
effects include reduced GHG 
emissions from reduced travel due to 
the use of ICTs, more efficient 
agriculture (e.g., less fertiliser/water 
consumption) thanks to ICT 
solutions, increase of video 
streaming usage due to its ease of 
use, social media  

 

Note: Second order effects target the 
intended purpose of use of ICT 
technology in the vertical sector. 
Second order effects also consider 
broader effects that the technology 
might trigger in society that we do 
not have full control over. 

Sustainability Development that meets the needs of the present without 

compromising the ability of future generations to meet 
their own needs  

United Nations (SDGs) 

Sustainability 
pillars 

Environmental sustainability: refers to responsibility to 
conserve natural resources and protect global ecosystems 
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to support health and wellbeing. Societal sustainability: 
refers to inclusive, empowered, and resilient societies 
where citizens have equal opportunities, access to 
affordable energy, water, food, housing, education, 
healthcare, and job opportunities, where they have a voice, 
and governments respond. Economic sustainability: refers 
to practices that support long-term economic growth 
without negatively impacting societal, environmental, and 
cultural aspects. 

Sustainability 
aspects 

Sustainable 6G: refers to the ambition to minimise the 
direct negative sustainability value outcomes, i.e. the first 
order effects.  

6G for Sustainability: refers to the indirectly induced 
contribution (benefits and challenges) of 6G to the various 
aspects of sustainability in vertical sectors, with the 
ambition to maximise positive sustainability value 
outcomes. 

 

Sustainability 
dimensions  

Six combinations of sustainability pillars and sustainability 
aspects  

 

Technical 
enabler 

The technology components / systems or networks needed 
to deliver the key values for a UC. 

 

Testbed  A testbed is a physical or virtual environment designed for 
experimentation, validation, and evaluation of network 
technologies. These environments include various 
infrastructure elements such as radio access networks, core 
networks, edge/cloud resources, user equipment devices 
and other relevant elements.  

 

Use Case (UC) Specific description of an interaction between a system and 
its users, or multiple systems / users within a scenario. 
Outlines the usage of a system, product, service, 
technology to achieve a specific outcome, with details on 
deployment and user actions. Focus on functionalities and 
interactions, detailing the sequence of events from the 
user's perspective, and requirements measurable by key 
performance indicators. 

 

Validation The process to check whether a certain design is 
appropriate for the purpose and meets the requirements and 
constrains. The outcome of validation is the assurance that 
a product, service, or system meets the needs of the 
customer and other identified stakeholders. Validation is 
linked to requirements specification. It answers the 
question “Are we building the right system?” 

 

No split to 
outcome and 
goal 

High-level human values as goals, like United Nation 
Sustainability Development Goals (UN SDGs) or subsets. 

 

No split to 
outcome and 
goal 

The positive and negative impacts of the technology to the 
values as goals. Possibly positive and negative from the use 
of the technology and negative from its deployment. That 
is, values directly and indirectly impacted by the 
deployment and use of the technology. 
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