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A B S T R A C T   

This paper focuses on the evolution of the Finnish power grid until 2035 and the role of mobile communications 
networks in this evolution. It outlines alternative futures (i.e. scenarios) and identifies the role of mobile com-
munications networks in these scenarios. The paper uses an established scenario planning process and a group of 
experts to determine three scenarios for the evolution of services offered to customers in a future electricity 
system and four scenarios describing the evolution of grid management. Finally, the role of mobile communi-
cations (cellular networks) is analyzed in each of the scenarios. Results show that mobile networks can serve as a 
key enabler in those scenarios where smart grid evolution would be the most transformative.   

1. Introduction 

Electric power grids are gradually evolving into smart grids. How-
ever, power grids still remain at the system-level primarily top-down 
networks for distributing electricity from large-scale generators to 
consumers. Nevertheless, current power grids include some flavors of 
dynamic meshed networks, particularly reflected in an increasing 
amount of intermittent distributed power generation. In the future, full- 
blown smart grids could become highly distributed, dynamic meshed 
networks. Such networks are likely to be based more on extensive large- 
and small-scale intermittent power generation, rather than traditional 
generation supplying inertia. The inertia of large rotating machines has 
formed the basis for maintaining power grid stability in a relatively 
straightforward manner. Smart grids introduce a proliferating number 
of active entities, including distributed generation, flexibilities to 
address network stability, and functionality related to the active 
participation of customers. Furthermore, a large number of monitoring 
entities is likely to be needed for compiling the operational status of a 
dynamic grid. These issues introduce increased complexity and stability 
vulnerability, thus posing a challenge for managing the grid. This 
challenge will increasingly be addressed using information and com-
munications technologies [1–3]. 

The main driver behind digitalization of electric power grids is the 
move towards carbon neutrality. Smart grids are a key component in 

efforts to create a more sustainable energy system [4]. The evolution of 
the smart grid will be emphasized and accelerated by electrification of 
the transportation, industry, and heating sectors. Other drivers behind 
the digitalization of the electric power grids include not only cost 
pressures, which can be addressed through automatization, but also the 
goal of creating a closer connection with customers [5,6]. 

Thus, power grids are likely to enter a new era and could undergo a 
fundamental architectural change. The same applies to mobile com-
munications networks, which have traditionally focused on the con-
sumer segment, i.e. individuals using mobile phones, tablets, and PCs. 
This is also the case with the first fifth-generation (5G) mobile network 
deployments. Nevertheless, right from the beginning, 5G networks, as 
standardized by the 3rd Generation Partnership Project (3GPP), have 
targeted industrial applications in addition to the traditional consumer 
segment [7–11]. 3GPP has in 2020 completed the next release of the 5G 
network specifications, which introduces the first set of functionalities to 
address industrial applications, such as power grid management and 
control. Network deployments including these new functionalities are 
likely to be launched in the latter half of 2021 and will be further 
enhanced in subsequent specifications over the coming years. The ad-
vantages of employing mobile networks in industrial applications are 
similar to those in consumer applications: flexibility to provide access 
without the need for cables, ability to provide mobility, freedom of 
movement (e.g., enables machinery to rotate, as there are no cables), 
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and efficiencies in operational maintenance. 
Electric power grids within the European Union (EU) are becoming 

more integrated both commercially, technically, as well as in terms of 
regulations and legislation. The framework for this integration will 
continue to be set by the EU and other European co-operation organi-
zation. Thus, developments in Europe will also highly impact the Finnish 
electric power grid. For example, the European Network of Transmission 
System Operators (ENTSO-E) and European Network of Transmission 
System Operators for Gas (ENTSOG) published in 2019 their 10-year 
scenarios in the Ten Year Network Development Plan (TYNDP) 2020 
Scenario report. The TYNDP report outlines three scenarios. One of these 
is a bottom-up scenario based on national energy and climate plans 
(NECPs) created by each EU member state. This scenario should meet 
the target of the Paris Climate Conference (COP21, 2015) for main-
taining the temperature increase below 2.0 ◦C compared to pre- 
industrial levels. The two other scenarios are top-down scenarios 
based on centralized and distributed generation, respectively. They are 
compliant with the Paris Climate Conference 1.5 ◦C target. In Finland, 
the national Transmission Operator (TSO), Fingrid, has in 2020 pub-
lished its network vision focusing on the development needs of the 
Finnish transmission network [12]. The scenarios outlined in this 
network vision are partly based on the TYNDP report. Fingrid’s network 
vision and other recent work on the evolution of the Finnish power grid 
are summarized in Section 2. 

Much research has focused on mobile network applications for 
power grids. Most of this research has focused on applying mobile, or 
more broadly speaking, wireless technologies in specific power grid 
applications, such as metering, condition monitoring, power quality 
monitoring, and demand response management. Research has also been 
directed towards highly critical applications, such as power grid pro-
tection. For example, the feasibility of replacing the optical link between 
two line differential relays has been studied both using simulations and 
experimental measurements in trial environments [13,14]. The authors 
in [15–17] and [18] provide a more comprehensive overview of the 
opportunities of wireless communications in smart grids. Rivas et al. 
[15] discuss various communications technologies, including 5G, for 
smart grid fault monitoring, detection and classification. Bag et al. [16] 
outline utilizing 5G for sharing the load between distributed generators, 
power management in large microgrids, and protection applications. 
Reka et al [17] discuss the advantages and disadvantages of 5G in smart 
grids. Ghorbanian et al [17] present a broad range of communication 
technologies, discuss their suitability for specific power grids applica-
tions, identify relevant standards and discuss open research questions on 
utilizing information and communications technologies in power grids. 

What to our understanding has received less focus is possible power 
grid futures, and approaches for integrating electric power grids and 
communications in each of these futures. This task is particularly chal-
lenging due to uncertainties leading to different scenarios in the evo-
lution of future power grids and rapidly developing mobile 
communications technologies. Therefore, the novelty and contribution 
of this paper is to analyze the current and potential convergence be-
tween power grids and mobile communications in multiple, different 
power grid evolution scenarios created by using a formal scenario 
planning process. The primary research question is what are the alter-
native scenarios or “possible futures” for the Finnish electric power grid 
over the next 15 years until 2035, and what will be the role of mobile 
communications networks in these scenarios? Scenarios and their like-
lihood are dependent on country-specific issues. Thus, these issues must 
be taken into account when attempting to generalize to other contexts. 

The rest of the paper is organized as follows. Sections 2 and 3 provide 
the background. Section 2 describes the status of the Finnish power grid 
today and highlights characteristics specific to it. Section 3 summarizes 
the current status of mobile networks including what is known about its 
planned evolution in the coming years. Section 4 describes the applied 
scenario planning method and analysis process. Section 5 presents the 
identified trends and uncertainties. Based on the trends and 

uncertainties, scenarios are outlined and described in Section 6. Section 
7 analyzes the role of mobile communications in each of the scenarios. 
Finally, Section 8 provides discussion and concluding remarks. 

2. The Finnish power grid today 

Finland is a sparsely populated northern country with a population 
of 5.5 million inhabitants. Due to its relatively large land area, 304,000 
square kilometers, Finland has a population density of only 18 in-
habitants per square kilometer. The vast majority of the population 
(86%) is concentrated in urban areas, with most living in the southern 
part of the country. The southern and northern parts of the country have 
temperatures averaging 5.9 ◦C and -0.4 ◦C, respectively. In 2019, Fin-
land’s Gross Domestic Product (GDP) reached € 240,600 million (about 
USD 270,000 million), giving a per capita GDP of € 43,600 (about USD 
49,000) [19–22]. 

In 2019, the total electricity consumption reached 86 TWh [23], with 
the industry and construction sectors comprising the largest consumers 
of energy, as depicted in Fig. 1. At the same time, domestic power 
generation rose to 66 TWh, as shown in Fig. 2 [24]. The difference (20 
GWh) was covered by importing electricity, as can be seen in Fig. 3 [24]. 
The four nuclear power plants accounted for 35% of the total domestic 
power generation. Currently, one new nuclear power plant is under 
construction and another is being planned, with projected capacities of 
16 GW and 1.2 GW, respectively [25]. Hydropower is the second most 
important electricity source accounting for 19% of the total power 
generation. The power of rivers is already to a large extent harnessed, 
leaving only marginal possibilities for increasing domestic hydropower 
generation capacity. The total electricity storage capacity of water ba-
sins in the Nordic countries is 121 TWh, most of which is located in 
Norway and Sweden, as the Finnish capacity comprises only 5.5 TWh 
[25]. Wind power accounts for 9% of the domestic power generation, 
though its share has been increasing. As of February 2020, there was 
18.5 GW of wind power under planning – 15.8 GW onshore and 2.7 GW 
offshore [26]. Enhancements in the cross-border connections have 
increased the significance of Nordic hydropower for the Finnish electric 
power system [24]. Eighty-two percent of the domestic generation is 
carbon neutral, 51% of which is based on domestic energy sources, and 
47% on renewables [24]. 

Northern Finland has a surplus of electricity generation, and 
Southern Finland has a deficit. Consequently, a strong transmission 
network and particularly strong north-to-south connections are impor-
tant. As the national TSO, Fingrid’s investments in the transmission 
network have been increasing and are estimated to be about € 2,000 
million for the transmission network in 2021-2030. Of this amount, € 

Fig. 1. Finnish Electricity consumption in 2019 [23].  
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550 million would be used to strengthen the north-to-south connections 
[27]. 

The generation capacity in Finland at the end of 2018 totalled 17.6 
GW [25], of which 2.0 GW was produced by wind power. The Finnish 
Energy Authority [25] estimates that only 68% (11.9 GW) of the total 
generation capacity (17.6 GW) would be available at the peak hour 
during the winter season, including reserves of 700 MW [25]. It is 
estimated that 6% of the nominal wind power capacity (2.0 GW), i.e. 
120 MW, would be available during the peak hour. The Finnish Energy 
Authority further estimates the peak demand during a cold winter to be 
15.3 GW [25]. As the total generation capacity in Finland is 11.9 GW 
during that peak hour, a minimum of 3.4 GW should be covered by 
imports. 

The Finnish power grid forms part of the synchronous inter-Nordic 
system. Besides Finland, the inter-Nordic system covers the Swedish 
and Norwegian grids, as well as the grid in eastern Denmark. The Finnish 
grid also has power transmission links to Sweden, Norway, Russia, and 
Estonia [30]. Furthermore, it is anticipated that a third 400 kV 
cross-border connection in the north between Sweden and Finland will 
be deployed by 2025. There are also plans to strengthen one of the two 
existing DC links in the south between Finland and Sweden [24]. There 
are nearly 80 Distribution System Operators (DSOs) in Finland [31], 
which are investing heavily in the distribution grid to replace most of the 
overhead lines in this geographically large country with underground 
cables. This effort is expected to increase the security of supply in those 
rural areas which have been vulnerable to storms. This investment will 
require about USD 8,000 million by the end of the 2020s [32]. Another 

characteristic of the Finnish power grid is that smart meter penetration 
in Finland is very high. At the end of 2016, 99.6% of the 3.4 million low 
voltage electricity consumption points were equipped with a smart 
meter [33]. 

Various scenarios have been developed for the Finnish power system 
[6,12,34–36]. Fingrid, the national TSO, published in 2020 its network 
vision focusing on the development needs of the Finnish 400 kV and 220 
kV transmission network until 2045 [12]. This vision outlines four 
scenarios. Three of these are based on the three TYNDP scenarios by 
ENTSO-E and ENTSO-G. The scenario referred to as the “Exporting 
electricity” scenario provides more conservative carbon reduction tar-
gets, while the ”Wind blows across the sea” (centralized) and the “Sun 
and batteries”(decentralized) scenarios enable reaching more aggressive 
targets. The “Exporting electricity” scenario, which is based on the Na-
tional Trends scenario in the TYNDP report, assumes modest progress in 
the electrification of the industry and transport sectors, which would 
allow Finland to export energy due to an increase in onshore wind 
power. The ”Wind blows across the sea”, which is based on the Global 
Ambition scenario in the TYNDP report relies on extensive onshore and 
offshore wind power and nuclear power. The “Sun and batteries sce-
nario” utilizes, as the name suggests, solar power and batteries exten-
sively and is based on the TYNDP Distributed Energy scenario. In these 
three scenarios, the total electricity production would remain roughly 
on the same level. However, in the fourth scenario, referred to as the 
“Climate-neutral growth” scenario, the electricity production would 
essentially increase driven by extensive onshore wind power. This sce-
nario assumes that Finland would be capable of attracting essential new 
industrial investments. 

The smart grid working group, established by The Finnish Ministry of 
Economic Affairs and Employment, published its final report on a flex-
ible customer-centered electricity system in 2018 [6]. Rather than out-
lining multiple scenarios, the report presents one main path forward for 
enabling a future intelligent electricity system to improve the services 
offered to customers, as well as to provide customers with opportunities 
for participating in the electricity market. Future prospects for the dis-
tribution grid evolution in sparsely populated, declining regions has 
been studied by the Lappeenranta-Lahti University of Technology [34], 
providing projections until 2030. The study forecasts that despite a 
decrease in the amount of electric energy consumed in sparsely popu-
lated areas, peak powers can be expected to increase, due to the elec-
trification of heating and transportation systems. Thus, although there 
will be fewer households in these relatively remote locations, they will 
have higher electricity needs. The Finnish National Emergency Supply 
Agency has recommended strategies for ensuring a stable energy supply 
until 2030 [35]. Its report emphasizes strong transmission links to the 
Nordic countries as well as strong north-south oriented domestic 
transmission links, as most of the power tends to be generated in the 
north, while most of the population lives in the south. The report also 
asks whether there should be separate generation reserves, apart from 
the regular electricity markets for crises. The Finnish industry has 
recently been working on energy roadmaps [36]. The Technology In-
dustries of Finland represent the largest and most important export 
sector in Finland. According to their report, it would be possible to 
reduce CO2 emissions by 80% from the current level of about 6 mega-
tons. This would double the need for CO2 neutral energy from the cur-
rent level of about 12 TWh to 24 TWh by 2050. However, for this 
development to be viable, the electricity price should be competitive. 

3. Evolution of mobile communications networks 

This section provides an overview of current and forthcoming 3GPP 
4G and 5G network capabilities in terms of their industrial applications 
and discusses the initial ideas for future 6G networks. 

The 3rd Generation Partnership Project (3GPP) was established in 
1998 to create 3G network standards based on Global Systems for Mo-
bile Communications (GSM) 2G technology. 3GPP is a co-operation 

Fig. 2. Domestic power generation for Finland in 2019 by energy source [24].  

Fig. 3. Finnish energy supply in 2019 by energy type [24]. CHP, distr. =
Combined Heat and Power, district heating; CHP, ind = CHP, industryHydro 
and condensing power have traditionally been the main sources of balancing 
power. The condensing power capacity has been essentially decreasing during 
the past years, corresponding to nearly 3 GW for the years 2015-2018 [25,28]. 
At the beginning of 2019, the condensing power capacity during the peak hour 
amounted to 1 GW [24,29]. 
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body of seven telecommunications standards organizations from Asia, 
Europe, and North America [37], referred to as 3GPP organizational 
partners. 3GPP’s standards have been a worldwide success. 3GPP digital 
mobile networks technologies GSM-EDGE (2G), WCDMA (3G), 
TD-SCDMA (3G), LTE (4G), and 5G cover the vast majority of digital 
subscriptions worldwide, as can be seen in Fig. 4 [7]. These technologies 
allow interoperability between networks of different generations and 
end devices typically supporting multiple generations. For example, an 
end device using 4G Long Term Evolution (LTE) for data connection can 
also rely on 2G or 3G for a traditional circuit-switched phone call, or can 
rely on 3G or even 2G data connections if no 4G LTE coverage is 
available. As of August 2020, nearly 800 operators offer 4G networks to 
over 5,400 million 4G users, with 5G technologies being commercially 
deployed by about 118 operators in 59 countries. Although 4G networks 
typically have wide geographical coverage within the countries in which 
they have been deployed, 5G has so far been deployed only in major 
cities. 

The standardization work of 3GPP is being carried out in releases [8, 
38], though feature specifications for each generation span multiple 
releases, thus enhancing and stabilizing these features through multiple 
releases. As the specifications and feature lists are extensive, their 
implementation in commercial products gradually occurs over several 
years. Some features might not achieve market traction and are conse-
quently not implemented in commercial products to a great extent. 
Specification work for two generations can occur in parallel. For 
example, as of today, further development of 4G LTE is ongoing in the 
same releases that specify 5G. 

The first 5G release specification, Release 15, was created in three 
steps between December 2017 and March 2019. Standardization work 
for the subsequent release, Release 16, was completed in July 2020. 
Currently, during the fall of 2020, extensive standardization work is 
ongoing to define both Release 17 and the further evolution. Release 17 
will probably be concluded during 2022. The content of Release 18 is 
preliminarily targeted to be defined during the first half of 2021. Fig. 5 
outlines the foreseen 5G evolution in terms of 3GPP releases [8,9,11,39]. 

In its requirements specification, the International Telecommunica-
tions Union defines three usage scenarios for 5G [40]: (1) eMBB =
enhanced Mobile Broadband, (2) URLLC = Ultra-Reliable and 
Low-Latency Communications, and (3) mMTC = massive Machine Type 
of Communications. eMBB focuses on providing fast broadband access 
with low 4 ms latency. Its initial focus is primarily on the consumer 
sector. Different business sectors and segments are referred to as “ver-
ticals” in the 3GPP context. URLLC provides very low 1 ms latency and 
99.999% reliability in the radio interface, thus focusing on industrial 
verticals. mMTC will provide support for a large number of devices in a 
small area, with a target of 1 million devices per square kilometer. 
mMTC also focuses primarily on industrial applications. 

Mobile network generations before 5G have focused on providing 
voice and broadband data services to the consumer segment through 

mobile network operator (MNO) networks. Consumers using mobile 
phones and mobile network operators remain an important target for 
5G. However, since its launch, 5G has also targeted industrial and 
business sectors, verticals, as well as new business and network 
deployment models [41]. In 2019, the role of the 3GPP Systems & Ser-
vices Working Group 6 (SA WG 6) was explicitly expanded to cover “the 
standardization of new vertical applications within the 3GPP ecosystem, 
and also promoting the adoption of 3GPP 5G technology across a variety 
of industries” [42]. Earlier, it formally covered only mission-critical 
public safety and emergency type of applications [43]. 

With regards to industrial and business verticals, 3GPP has specif-
ically focused on factory and industrial process automation, also known 
as the Industrial Internet of Things. Features enabling new business 
models and roles include network slicing and private company-specific 
network deployments. Network slicing refers to the capability both to 
separate a logical network for certain verticals, customers, and appli-
cations as well as to assign performance characteristics for the logical 
network to match their needs. One of the verticals identified as a future 
target is electric power distribution [41]. 

Release 15 lays the technological foundation for 5G by defining a 
New Radio (NR) access technology and a new Service-Based Architec-
ture (SBA). NR enables multi-gigabit data rates and millisecond-level 
latencies. NR is designed to operate both on the conventional cellular 
spectrum (Frequency Range 1) and higher millimeter wave spectrum 
(Frequency Range 2), as well as to cover frequencies below 6 GHz and 
above 24 GHz, respectively. SBA defines architecture in terms of the 
software components that can be run on standard computing platforms. 
This provides flexibility and scalability to support various types of de-
ployments from large mobile operator networks to small local, 
company-specific network deployments. Additionally, Release 15 also 
implements the basis and initial functionality for many of the features to 
be introduced or strengthened in the upcoming releases, including 
network slicing as well as Ultra-Reliable and Low-Latency Communi-
cations (URLLC). Release 15 also implements one of the three usage 
scenarios, eMBB, as it primarily targets the traditional consumer 
segment of mobile phone users [8–11,38,39]. 

Having laid the foundation for 5G in Release 15, Releases 16 and 17 
shift the focus to addressing industrial and business sectors and new 
deployment models. These two releases aim to develop a versatile set of 
features over multiple releases. These features can be grouped as follows 
[10,11]:  

• Industrial automation and process control, also known as Industrial 
IoT. The target is to enable plant automation and functionality 
comparable to fixed industrial operational technology (OT) networks 
by using 5G wireless networks. This will be achieved using as pri-
mary technologies URLLC, Time Sensitive Communications (TSC), Fig 4. Projected mobile subscriptions by technology in 2025. Internet of Things 

(IoT) connections are not included [7]. 

Fig 5. The 5G evolution roadmap [8,9,11,37].  
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private network deployments (i.e., non-public networks, NPNs), and 
network slicing.  

• Enhancements to 4G IoT functionality and creation of 5G native IoT 
solutions. The native 5G IoT solution, also known as a reduced 
capability NR device, NR Light or NR Lite, is targeted to applications 
such as industrial sensors and video surveillance, and is planned to 
have data rates between 4G IoT (NB-IoT, LTE-M) and “full” NR data 
rates.  

• Location, also known as positioning, based on 5G radio signals. This 
could provide a location accuracy of 1-2 meters, comparable to 
satellite-based systems such as GPS (Global Positioning System). The 
advantages of 5G-based location services would be that it could 
eliminate the cost of the GPS receiver and potentially enable indoor 
coverage, depending on the deployment scenario. 

• New radio (NR) unlicensed spectrum. Release 16 enables NR oper-
ation in unlicensed 5 GHz and 6 GHz bands. Co-existence with Wi-Fi 
is achieved by listen-before-talk (LBT) mechanisms. Release 17 will 
also target a higher 60 GHz unlicensed spectrum. 

• Multicast and broadcast technologies enabling efficient simulta-
neous communication to multiple end devices. This is primarily 
targeted at vehicular communications, public safety, software up-
dates, and various IoT applications.  

• Network automation and data analytics will contain functionality to 
assist in the management of 5G networks and to allow access to 
external parties (e.g., verticals) to create, monitor, and optimize their 
network services. Analytics on network performance will be pro-
vided by a Network Data Analytics Function (NWDAF), and access to 
and from vertical applications will be allowed using various in-
terfaces, including Common API Framework (CAPIF), Service 
Enabler Architecture Layer (SEAL), and Architecture for enabling 
Edge applications Network (EDGEAPP). 

As the first step in Time-Sensitive Communications, Release 16 im-
plements support for Time-Sensitive Networks (TSN), which are being 
developed by IEEE working group 802 [44]. TSN networks aim at 
providing support for critical, real-time control applications, including 
accurate time synchronization of switches and end devices. TSN net-
works are deterministic and offer “guaranteed packet transport with 
bounded latency, low packet delay variation, and low packet loss” [44]. 
In Release 16, a 5G network can appear as a TSN bridge in a TSN 
network, as depicted in Fig. 6 [10]. Release 17 will potentially enable 5G 
networks to support Time Sensitive Communications natively without 
reliance on TSN networks [11]. Within power grids, TSNs could provide 
a cost-efficient alternative to GPS. This could enable wider use of ap-
plications that depend on accurate time, such as line differential pro-
tection and Phasor Measurement Unit (PMU) applications for state 
estimation. 

Private networks provide dedicated, organization-specific 5G 
network deployments within a limited geographical area [45]. As shown 
in Fig. 7, they can be deployed either standalone, or in conjunction and 
integrated with public networks. Within power grids, substations could 
be candidates for private 5G network deployments. They could provide a 
flexible platform for covering instrumentation and sensoring without 
the need for extensive cabling. 

3GPP Releases 17 and 18 are frequently described in the research 
community as addressing beyond-5G features [46]. Preliminary 
research for the next generation, 6G, is also already ongoing. 3GPP is 
expected to launch a more formal study and specification work for 6G 
during 2025-2027 [47] . 6G would address technical shortcomings 
potentially left in 5G standards and implementations, as well as provide 
a basis for some 5G applications to reach targeted goals and full po-
tential, enabling new applications [46,48,51]. 

Regarding potential shortcomings, a question mark remains con-
cerning how well the technical integration of the three usage scenarios 
eMBB, URLLC, and mMTC would succeed. Bi [48] points out that current 
eMBB deployments mostly use a Time Division Duplex (TDD) spectrum 
due to the difficulty of finding 100 MHz bands in pairs. Nevertheless, for 
URLLC, Frequency Division Duplex (FDD) would be more beneficial as it 
would avoid changing turns between transmission and reception as is 
the case in TDD. Current mMTC deployments also in the 5G context are 
based on 4G technologies. Upcoming releases will show how successful 
these efforts will be in creating a 5G native IoT solution [48]. Jiang [47] 
and Bhat [49] propose that initial 6G research should consider ap-
proaches to create more versatile and flexible usage scenarios by 
combining features from eMBB, URLLC and mMTC. 

To achieve higher speeds, 6G continues to move to higher fre-
quencies and will continue to extensively utilize MIMO (Multiple-Input 
Multiple-Output) antenna technologies [50]. Initial research will focus 
on utilizing the so-called TeraHertz band between 300 GHz and 10 THz 
or even visible light in indoor scenarios. Visible Light Communications 
(VLC) would utilize frequencies between 430 THz and 720 THz [51,52]. 

5G is cloud-native and includes capabilities for edge computing. It 
also has features to integrate other access mechanisms, such as Wi-Fi. 6G 
research aims to further expand these features and ultimately transform 
a communications network into a seamless computing and storage 
platform [47]. In this platform, intelligence could be placed either in the 
proximity of the end device, deeper in the platform, or centrally 
depending on the application need. Access would be equally seamless, 
thus enabling new techniques, such as cell-less access and grant-free 
access [48,49], as well as new access networks such as satellite links 
[49]. Cell-less access would enable the user to connect to the network 
instead of to an individual cell [49], while grant-free access would, in 

Fig. 6. 5G network as a TSN (Time Sensitive Networks) bridge in industrial 
applications [10]. 

Fig. 7. Private, non-public network (NPN) deployed as an isolated 
network [45]. 
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some cases, enable the user to access the network without an explicit 
grant from the central controlling unit. The latter could be beneficial, for 
example, in sensoring cases where end devices occasionally send small 
amounts of data [48,53]. 

As higher frequencies and broader bandwidths become more widely 
used, questions will arise concerning power consumption and cost, 
which must be addressed [48]. This applies both to 5G and 6G. 

Finland has three public mobile network operators. Their 2G, 3G, 
and 4G networks have good nationwide coverage, reaching over 99% of 
the population [54–56]. 5G network deployments were started in early 
2019 on the 3.5 GHz spectrum band [57]. Each operator has 130 MHz of 
the spectrum [57]. As of fall 2020, each of the 5G networks covers 
around 30-50 cities depending on the operator [58–60]. The same three 
operators acquired the 26 GHz spectrum band licenses auctioned in 
2020 [61], thus allocating 800 MHz of the spectrum for each operator 
[61]. In 2020, 20 MHz of dedicated spectrum was allocated for private 
and local 4G LTE and 5G networks at the 2.3 GHz spectrum band. A 
similar allocation is planned for the 25 GHz spectrum band in 2021 [56, 
62]. 

4. Research method 

This research utilizes the anticipatory action learning approach 
[63–65] as well as Paul Schoemaker’s popular scenario planning process 
[66,67] to generate future scenarios. Action learning focuses on con-
versations, in which experts from various backgrounds generate and 
explore the scenarios. The scenario planning process consists of 10 steps, 
as depicted in Fig. 8. 

In this paper, we focus on the scenario generation and qualitative 
analysis outlined in steps 1-8 of the scenario planning process. Quanti-
tative modeling of steps 9-10 is excluded from this work. Instead, we 
analyze the role of mobile networks in each of the scenarios. 

Step 1 (Scope) was defined by two questions presented to the experts:  

1 What are the alternative scenarios (“possible futures”) for the Finnish 
electric power grid over the next 10-15 years (until 2030-2035), and  

2 What are the key trends and uncertainties that produce these 
scenarios? 

Key trends and uncertainties were initially identified in a half-day 
workshop in February 2020 among Finnish industry experts. Both 
trends and uncertainties are forces shaping the future. A trend was 
considered to be identified when the majority of the experts agreed that 
the force is valid with a reasonable probability. Consequently, trends are 
by definition present in all scenarios. Uncertainty was identified when 
experts were either uncertain or disagreed about the outcome of the 

force. Scenarios were formed by assuming different outcomes for the 
uncertainties. 

To cover all macroeconomic aspects impacting the power grid sce-
narios, the workshop was divided into four parts representing different 
viewpoints on the forces shaping the future. These forces were identified 
in terms of four so-called PEST categories: (1) Political and regulatory 
forces, (2) Economic and industry forces, (3) Social forces, and (4) 
Technological forces. For each category, a coordinate system was used to 
plot the level of uncertainty against the importance of the force. The 
workshop participants indicated the level of uncertainty and importance 
by individually placing the forces they had identified on appropriate 
positions in the coordinate system. 

Workshop results were elaborated and enhanced by interviewing all 
the experts individually following the workshop during the spring of 
2020. The preliminary results were discussed and verified with the ex-
perts in three separate meetings. Based on this feedback, the final sce-
narios were created by the authors. Results of the preceding steps are 
presented in Sections 5-6. Subsequently, the authors assessed options for 
the role of mobile networks in these scenarios. The results of this step are 
presented in Section 7. 

A total of 16 experts participated in the process. The experts repre-
sented the following stakeholder organizations: distribution and trans-
mission system operators, energy suppliers, regulators, industry 
associations, power grid equipment manufacturers, power grid service 
providers, communications network manufacturers, communications 
network operators, electric vehicle charging service operators, as well as 
power systems and communications research institutes. The views 
expressed by the experts were their own and were not necessarily shared 
by their employers. 

5. Trends and uncertainties 

Table 1 lists the identified trends. The trends are designated by ac-
ronyms, in which the first number represents the PEST category and the 
last number after the letter T (denoting “Trend”) indicates the relative 
importance given to the trend by the experts, with the number 1 being 
evaluated the most important. Henceforth, the names of trends and 
uncertainties will be placed within quotation marks to distinguish them 
from the names of scenarios, which will be indicated by the use of italics. 
As discussed in Section 4, the trends are forces which the majority of the 
experts agreed as being valid with a reasonable probability. These trends 
were formed by grouping similar types of forces identified by the experts 
during the workshop. The approximate position of each trend on the 
uncertainty-importance coordinate system reflects the position of the 
individual forces pertaining to that group. The grouping was done in an 
iterative process together with the experts after the workshop. 

Fig. 8. The scenario planning process [66].  
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It should be noted that there remains a possibility of an unexpected, 
contrary outcome. Some of these contrary outcomes might have 
fundamental impacts on the scenarios. For example, assume that it turns 
out that Trend T2 “Economic situation in Finland will be similar or 
slightly better” is not valid. This would indicate that the Finnish econ-
omy will considerably struggle during the 15-year period, which would 
most likely impact the uncertainty 2U5 “Citizens in a position or willing 
to finance the required investments?” and potentially also 3U1 “Attitude 
towards climate change actions staying positive?” 

Even though the trends are by definition present in all scenarios, they 
have different weights in different scenarios. Trends 1T2, 1T5, 2T1, 4T1, 
4T2, and 4T5, at least, would indicate a major change to the past. The 
weight of these change trends is discussed along with the scenarios in 
Section 6. 

Table 2 lists the identified uncertainties. The uncertainties are 
designated by acronyms, in which the first number indicates the PEST 
category and the last number after the letter U (denoting “Uncertainty”) 
indicates the relative importance, with the number 1 being evaluated 
the most important. As discussed in Section 4, uncertainties are forces 
for which the experts are either uncertain or disagree about the outcome 
of the force. Similar to the trends, the grouping was done in an iterative 
process together with the experts after the workshop. 

Some of the uncertainties are incidents, which can be highly 
disruptive. These include:  

• Consistent implementation of legislation targeting carbon 
neutrality? (1U1)  

• Attitude towards climate change actions remain positive? (3U1)  
• Increased complexity causing major disturbances? (4U1)  
• Cybersecurity breaches causing major disturbances? (4U2) 

Regarding the two first uncertainties, it can be expected that there 
will be multiple elections in Finland and other European Union countries 
by 2035. The sentiment which currently sees global warning as a severe, 
human-made problem might change. There are political forces and 
parties which dispute this, and new ones might emerge. The two latter 
uncertainties are related to the increasing amount of communications 
and information technology in power grids. This complexity makes grid 
management more vulnerable to technical problems and cybersecurity 
attacks. A long-lasting blackout covering major urban areas could lead 
both the electorate and politicians to re-assess power grid development 
directions. Due to the disruptive nature of these uncertainties, they are 
excluded from the scenarios presented in Section 6, though their po-
tential impact on the likelihood of the scenarios will be discussed. 

To understand the interrelationships between the uncertainties and 
to ensure the consistency of the scenarios, a dependency matrix [66] was 
constructed from the uncertainties, as shown in Table 3. A plus sign in 
the cross-section between two uncertainties indicates that answering 
“yes” to one of the uncertainties, increases the likelihood of a “yes” 
answer to the other uncertainty. Conversely, a minus sign (-) decreases 
the probability, while a zero (0) indicates no relationship, and a question 
mark (?) indicates an indeterminate relationship between the un-
certainties. For example, the cross-section of 1U2 and 1U3 shows a plus 
sign, indicating that energy communities are likely to be more popular if 
electricity prices were at higher levels for a longer period. One of the 
fundamental reasons for establishing energy communities would be to 
become more self-sufficient, to maintain affordable electricity prices, 
and to introduce new technologies and services. The latter is indicated 
by a plus sign in the cross-section of 1U2 and 2U1 “Essential new 
innovative services and service platforms emerging?”. On the other 

Table 1 
Trends.   

POLITICAL AND 
REGULATORY TRENDS  

SOCIAL TRENDS 

1T1 Capex based distribution 
system operator (DSO) 
regulation will continue during 
the 2020s, after which the 
regulation model is open but 
will likely emphasize opex 
more 

3T1 Increasing interest in service- 
based models 

1T2 The amount of renewable 
generation will increase 

3T2 Urbanization (rural areas losing 
people) 

1T3 Increased focus and 
requirements on cybersecurity 

3T3 Ease of use and convenience are 
essential to customers 

1T4 Distribution system operators 
will remain responsible for 
power quality (voltage levels) 
in distribution networks  

TECHNOLOGICAL TRENDS 

1T5 Regulated distribution 
networks evolve towards being 
a market platform for non- 
regulated, competitive 
services. One pays for 
existence. 

4T1 The role of different flexibilities 
(e.g., consumer demand response) 
will increase 

1T6 Some increase in the role of 
capacity (power) pricing to 
improve cost-relatedness. 

4T2 The role of sector integration (or 
sector coupling, e.g. electricity 
and district heating) becomes 
more significant 

1T7 Electrification of heating and 
transportation sectors proceeds 

4T3 Requirements for supply 
reliability will increase  

ECONOMIC AND INDUSTRY 
TRENDS 

4T4 The amount of data will increase 
(e.g., sensoring) and will become 
more extensively used for power 
grid management 

2T1 Use of electricity will increase 4T5 Role of small-scale entities in 
power grid management increases 

2T2 The economic situation in 
Finland will be similar or 
slightly better 

4T6 Usage of communications 
solutions increases rapidly 

2T3 Consolidation will occur 
among distribution system 
operators 

4T7 Decentralized production units 
better controlled through mobile 
solutions (e.g., 5G) 

2T4 People are increasingly willing 
to pay more for sustainable 
solutions    

Table 2 
Uncertainties.   

POLITICAL AND 
REGULATORY 
UNCERTAINTIES  

SOCIAL UNCERTAINTIES 

1U1 Consistent implementation of 
legislation targeting carbon 
neutrality? 

3U1 Attitude towards efforts to mitigate 
climate change staying positive? 

1U2 Energy communities gaining 
system-level significance?  

TECHNOLOGICAL 
UNCERTAINTIES 

1U3 Electricity price increasing 
from its current relatively low 
level? 

4U1 Increased complexity causing 
major disturbances?  

ECONOMIC AND 
INDUSTRY 
UNCERTAINTIES 

4U2 Cybersecurity breaches causing 
major disturbances? 

2U1 Essential new innovative 
services and service 
platforms emerging? 

4U3 Essential evolution towards 
networks of automatized, 
distributed entities? 

2U2 New disruptive entrants 
entering the market? 

4U4 Essential development of feasible 
large-scale electricity storage 
solutions (e.g., power-to-x)? 

2U3 Controllable bulk generation 
capacity increasing? 

4U5 Grid supporting capabilities 
required from renewable 
generation (e.g., batteries in 
combination with solar panels)? 

2U4 A new, cost-effective large- 
scale balancing power 
solution emerging? 

4U6 Cost of electricity production 
continues to decrease (e.g., solar 
panels in combination with 
batteries)? 

2U5 Citizens are able or willing to 
finance required 
investments?   

2U6 Electricity use by industry 
increasing?    
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hand, the cross-section of 1U2 and 2U5 is marked with a minus sign, 
indicating that energy communities would become more popular if cit-
izens were not able or willing to finance required investments in the 
power grid. 

6. Scenarios 

After several iterations together with the experts, scenarios were 
created using two methods: (1) clustering important dependent un-
certainties, and (2) crossing the outcomes of two important reasonably 
independent uncertainties [66]. The first method resulted in three sce-
narios designated as the “Service leapfrog” perspective (Fig. 9), while 
the second method resulted in four scenarios, classified as the “Grid--
level generation capacity and balancing power” perspective (Fig. 10). 

6.1. The service leapfrog perspective 

The “Service leapfrog” perspective is comprised of three scenarios: 
Scenario A1 Current grid with technically mandatory enhancements, 
Scenario A2 Current grid with some essential, new innovative services, 
and Scenario A3 New holistic service experience. In Scenario A3, the 
outcome of the following uncertainties is assumed to be “yes”:  

• Energy communities gaining system-level significance? (1U2)  
• Electricity price increasing from its current relatively low level? 

(1U3)  
• Essential new innovative services and service platforms emerging? 

(2U1)  
• New disruptive entrants entering the market? (2U2)  
• Essential evolution towards networks of automatized, distributed 

entities? (4U3) 
• Essential development of feasible large-scale electricity storage so-

lutions (e.g. power-to-x)? (4U4)  
• Cost of electricity production continues to decrease (e.g., solar panels 

in combination with batteries)? (4U6). 

In Scenario A3 New holistic service experience, the users would have an 
easy-to-use application to manage the temperature and lighting of their 
apartments and houses, thus enabling them to buy these as services or 
“circumstances” instead of electricity. The application would holistically 
optimize, based on user preferences and electricity price, the circum-
stances inside all the premises owned by the user. It would also seam-
lessly integrate charging and discharging of the user’s electric vehicles 
and manage local generation and storage on all the user’s properties. 
The application could include a mobile app user interface for providing a 
superior end-user experience. Development towards Scenario A3 could 
be accelerated by new, major entrants emerging onto the Finnish elec-
tricity market. These entrants could include major European energy 
companies (e.g., E.ON, EDF) or entrants originating from outside the 
established electricity business. Currently, European energy companies 
are showing interest in expanding their portfolios [68,69], while global 
giants, such as Google, Amazon, and Tesla, are likewise showing interest 
in introducing housing and transportation solutions [70,71,72]. In 
urban areas, since most of the residents live in apartment buildings as 
opposed to detached houses, apartment buildings could become natural 
energy communities in the future. On the other hand, it is difficult for a 
community living in an apartment building to acquire and maintain the 
competence to establish the required technical solutions and operate the 
energy community. Instead, it would be more credible and effective to 
buy the service from a major service provider. These service providers 
could also be active in balancing power markets and providing flexi-
bilities to the transmission system operator. Furthermore, increasing 
electricity prices could be one factor driving customers to seek more 
innovative and holistic solutions. 

Scenario A1 Current grid with technically mandatory enhancements is 
the other extreme: the outcome of the above-listed uncertainties is “no”. 
In this scenario, the current grid and its existing business models would 
remain relatively unchanged with only mandatory technical enhance-
ments to cope with the increased use of intermittent energy resources 

Table 3 
Dependencies between uncertainties.   

1U2 1U3 2U1 2U2 2U3 2U4 2U5 2U6 4U3 4U4 4U5 4U6 

1U2 1 ++ ++ ++ ? ? - ? ++ ++ - ++

1U3  1 ++ ++ - - - - ? ? ? – 
2U1   1 ++ ? ? - ? ? ? ? ? 
2U2    1 ? ? - ? ? ? ? ? 
2U3     1 + ? + ? ? - ? 
2U4      1 ? + ? + – ? 
2U5       1 + ? ? ? ++

2U6        1 ? ? ? +

4U3         1 ? + ? 
4U4          1 – ? 
4U5           1 - 
4U6            1  

Fig. 9. Scenarios comprising the Service leapfrog perspective.  

Fig. 10. Scenarios comprising the Grid-level generation capacity and balancing 
power perspective. 

S. Borenius et al.                                                                                                                                                                                                                                



Electric Power Systems Research 199 (2021) 107367

9

and decreased inertia. Finally, Scenario A2 Current grid with some 
essential, new innovative services is a middle-of-the-road scenario between 
the two extremes. 

Section 5 identified major change trends, such as 1T2 “Amount of 
renewable generation will increase”. Even though all trends are by 
definition present in all scenarios, change trends appear strongest in 
Scenario A3 New holistic service experience. If Trend 3T1 “Increasing in-
terest in service-based models” is strong, the likelihood of Scenarios A2 
and A3 would increase. On the other hand, the relatively short time 
frame of 15 years might limit large-scale deployment of fundamentally 
new service solutions. Section 4 listed some highly disruptive un-
certainties, such as 4U1 “Increased complexity causing major distur-
bances?”. If disruptive outcomes materialize, they would probably 
increase the preference for maintaining the status quo, thus leading to 
only very limited, mandatory changes. In the case of the “Service leap-
frog” perspective, this would lead to A1 Current grid with technically 
mandatory enhancements. 

6.2. The “Grid-level generation capacity and balancing power” 
perspective 

The “Grid-level generation capacity and balancing power” perspec-
tive was created by crossing Uncertainties 2U3 “Controllable bulk gen-
eration capacity increasing?” and 2U4 “A new, cost-effective large-scale 
balancing power solution emerging?”. This resulted in four scenarios 
(Fig. 10): Scenario B1 Top-down grid, Scenario B2 Decentrally balanced 
grid, Scenario B3 Centrally balanced grid, and Scenario B4 Highly distrib-
uted grid. 

In Finland, controllable bulk generation could potentially be 
increased based on nuclear power, small modular nuclear power plants, 
or Power-to-x/x-to-power technologies. Given current plans and 
ongoing construction, nuclear power would seem to be one obvious 
choice, as nuclear power can also be considered carbon neutral. Teol-
lisuuden Voima’s Olkiluoto 3 reactor is under construction and Fenno-
voima’s Hanhikivi 1 is in the planning phase [25]. Olkiluoto 3 would 
have a capacity of 1.6 GW and Hanhikivi 1 a capacity of 1.2 GW. During 
the 15-year scenario planning period, small modular nuclear power 
plants (SMRs) or even fusion power might also have some early 
proof-of-concept deployments [73,74]. A third option might be to 
implement large-scale power-to-x/x-to-power in combination with large 
wind farms in high voltage networks [75]. 

Power-to-x/x-to-power might also enable longer-term storage of 
electric energy, which could potentially form the basis for a new large- 
scale balancing power solution. Another large-scale balancing power 
option would involve increasing bulk generation capacity, as well as 
sector integration between district heating and electric power system 
(Trend 4T2). In case of sufficient bulk generation, one could operate 
larger generators on constant, high levels and utilize heat storage in the 
district heating systems to accommodate fluctuations in electricity de-
mand. Extensive electrification of the industry (Uncertainty 2U6) could 
create new opportunities to utilize large industrial loads as a balancing 
solution. 

Import capacity, applicable for both bulk generation and balancing 
power, will increase to 5.5 GW by 2025 [28]. As mentioned in Section 2, 
by that time, the third AC transmission connection, with a capacity of 
800 MW, would be operational between Sweden and Finland [25]. 
Simultaneously, the transmission networks to and from Central Europe 
will be strengthened and the European electricity market will become 
further integrated [28,76]. This is an opportunity, as it alleviates the 
challenge caused by a lack of domestic bulk and balancing power ca-
pacity. On the other hand, Central Europe is certainly interested in 
Nordic hydropower as a balancing power solution. Thus, the political 
question concerning the importance of self-sufficiency remains under 
discussion. 

In Scenario B1 Top-down grid, both controllable bulk domestic gen-
eration and domestic balancing power capacity would be roughly 

adequate. Consequently, one would not have a technical need to 
implement complicated and costly large-scale demand response solu-
tions for maintaining grid stability. 

In Scenario B2 Decentrally balanced grid, domestic controllable bulk 
generation would be roughly adequate. Thus, the grid would be less 
strained than in Scenario B4. Distributed balancing solutions in the form 
of demand response would be extensively implemented to replace those 
condensing power plants that can be expected to be closed down. Many 
of these demand response solutions would be based on aggregating 
numerous small resources. Imports would also play a role in maintaining 
a power balance. In this scenario, the need to import electricity would be 
less than that in scenario B4. Consequently, this would increase the 
overall reliability of the grid. In Scenario B3 Centrally balanced grid, the 
domestic balancing power would be roughly adequate, though domestic 
bulk generation would be expected to be insufficient. Compared to 
Scenario B2, the balancing solution in Scenario B3 would be relatively 
easy to manage, as one would not need to aggregate the balancing power 
from numerous very small resources. On the other hand, balancing ac-
tions would be needed relatively frequently due to the lack of control-
lable bulk generation capacity. The driver for the flexibility needed in 
Scenarios B2 and B3 is slightly different. In Scenario B2, flexibilities are 
needed to address a shorter-term imbalance caused by intermittent 
generation, while Scenario B3 would require these flexibilities to 
address a temporary shortage in bulk generation. 

Scenario B4 Highly distributed grid presents challenges in terms of the 
adequacy of both domestic controllable bulk generation capacity and 
domestic balancing power. To ensure power balance and grid stability, 
extensive imports of both bulk and balancing power would be needed. 
On the coldest winter days, the whole Nordic grid might be strained 
[28], potentially requiring imports from Central Europe and extensive 
demand response solutions. The question remains whether market 
mechanisms would be sufficient to establish the demand response so-
lutions or whether this would require command-and-control or regula-
tion measures. In this scenario, consumers might seek more 
independence from the grid to ensure service reliability and more 
affordable prices by implementing local generation solutions, combined 
with storage capabilities or by establishing energy communities. 

Change trends, such as 1T2 “Amount of renewable generation will 
increase”, are strongly present in Scenarios B2 Decentrally balanced grid 
and B3 Centrally balanced grid, and even more strongly in Scenario B4 
Highly distributed grid. If ongoing and planned nuclear power in-
vestments materialize as planned, and possibly some new ones are 
initiated, this would increase the likelihood of Scenarios B1 and B2. If 
there is a breakthrough in large-scale commercial power-to-x and x-to- 
power deployments within the 15-year time frame of this study, that 
would increase the likelihood of Scenarios B1 and B3. Such a break-
through, in combination with large-scale wind turbine deployments, 
would increase the likelihood of Scenarios B1 and B2, as it could also 
comprise a source of controllable bulk generation capacity. The likeli-
hood of Scenario B1 would also increase in the case of additional nuclear 
bulk generation capacity in combination with district heating as a 
flexibility to provide a large-scale balancing solution. 

As in the case of the “Service leapfrog” perspective, if some of the 
disruptive uncertainty outcomes listed in Section 5 materialize, they 
would probably increase willingness to rely on proven solutions and a 
high level of self-sufficiency. In the case of the “Grid-level generation 
capacity and balancing power” perspective, this would indicate Scenario 
B1 Top-down grid. 

7. Role of mobile networks in the scenarios 

Following the creation of the scenarios, the role of mobile commu-
nications networks was assessed in each of the scenarios. Table 4 sum-
marizes the role of mobile communications networks in the scenarios. As 
shown in the table, mobile communications are a crucial key enabler in 
some of the scenarios, since these scenarios would be difficult to 
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implement without extensive use of mobile communications. Depending 
on the scenarios, either the connectivity or the cloud computing aspect 
of mobile communications is emphasized, while other scenarios utilize 
mobile communications just to provide an additional connectivity op-
tion, which is particularly convenient for cases involving retrofitting. 

Scenario A3 is enabled by extensive use of communications and in-
formation technologies in a disruptive manner, while Scenarios A1 and 
A2 are based on gradual evolution from both the technical and business 
perspectives. Scenario A3 requires mobile networks in combination with 
cloud technologies. Cloud technologies would enable the creation of 
energy applications for consumers. In Scenario A3, the cloud is likely to 
be the dominant component potentially disrupting existing business 
models. Major cloud service providers are repositioning themselves with 
regards to mobile networks by integrating “5G as a feature” to their 
offering or looking at close co-operation with telecom operators. This 
poses a challenge, particularly for mobile network suppliers, who are 
investing heavily in their cloud services. [77–80] 

In Scenario B1, communications technologies would be moderately 
used in a relatively straightforward manner to replace point-to-point 
connections and to increase visibility and controllability. Security 
would be addressed through dedicated communications channels, such 
as Virtual Private Networks (VPNs) and network slicing, as well as 
strong authentication provided by 5G end devices. Typical communi-
cation architecture solutions would consist of two domains: packet- 
switched networks and mobile networks. Packet-switched networks, 
such as IP/MLPS networks, are used to connect operation centers and 
primary substations. Mobile networks are used both for providing a 
communications channel to the required distribution network automa-
tion, which is relatively limited compared to Scenarios B2-B4, as well as 
for reading smart meters. In Scenario B1, mobile communications would 
provide connectivity for essential secondary substations or distribution 
transformer stations enabling monitoring and non-real-time control. 
Mobile networks could potentially also provide backup connections for 
primary substations. Well-established point-to-point connection solu-
tions, such as Optical Ground Wires (OPGWs) in high voltage lines, 
would continue to play an essential role, for example, in line differential 
relay applications. The same would apply to Power Line Communica-
tions (PLC) as a last-mile solution for smart meter reading. Furthermore, 
cloud technologies would be used to a limited extent for extending the 
computing capacity of central operation centers. 

Compared to Scenario B1, Scenarios B2 and B3 have a greater need 
for communications and information technology support for grid oper-
ations, both to improve the visibility needed to address the increased 
vulnerability and to manage the flexibilities. Scenario B2 would utilize 
mobile communications as a means to aggregate the extensive and 

numerous flexibilities. Mobile networks are particularly suitable for 
such retrofit cases due to their straightforward deployment without 
fixed cabling. Cloud networking would be used to address the distrib-
uted computing needs caused by aggregation of the flexibilities. 
Compared to Scenario B2, Scenario B3 has more consolidated flexibility 
sources. Although these must be used more frequently due to insufficient 
bulk generation, the required communications solutions would not be as 
extensive as in Scenario B2. 

Scenario B4 Highly distributed grid very much differs from the current 
Finnish power grid, which is still predominantly top-down and relies on 
large synchronous generators and Nordic hydro-based balancing power. 
Scenario B4 extensively utilizes communications and information 
technologies to maintain oversight, supervision, and management ca-
pabilities, as well as to interconnect all distributed entities. In Scenario 
B4, large-scale sensoring is widely deployed to enable situational 
awareness, control capabilities are extended deep into the distribution 
network, and automatization of the distribution grid accelerates and 
includes new solutions. Some of these, such as line differential protec-
tion, require very low latencies and high reliability. Being agnostic to the 
power flow direction, line differential relays are suited for addressing 
the complex and varying fault current introduced by extensive distrib-
uted generation. Thus, Scenario B4 would clearly benefit from all three 
5G generic service categories: eMBB and mMTC for monitoring, eMBB 
for close-to-real-time grid control, and URLLC for real-time grid control. 
Potential communications solutions could include (a) power grid spe-
cific mobile network slices for covering extensive geographical areas, 
and (b) substation-specific private mobile network deployments. These 
network slices would be parameterized to provide required service 
levels for very different service needs: large-scale monitoring and su-
pervision, close-to-real-time control, and real-time control. Network 
slicing could also utilize Time-Sensitive Communications services and 
provide accurate timing for power grid devices, such as Phasor Mea-
surement Units (PMUs). In contrast, substation-specific private mobile 
networks would enable extensive retrofit instrumentation within a 
limited geographical area. These wireless solutions, similar to factory 
installations, would provide deterministic communications and supply 
accurate timing to all active devices. Cloud-based data storage would 
allow all applications to operate based on the latest status information. 
Cloud edge would be deployed locally (e.g., at substation sites) to enable 
local processing for providing extremely low round trip times, while still 
being integrated into the overall cloud. All these mobile technologies 
would also be applicable in Scenarios B2 and B3, albeit to a lesser extent. 

Fig. 11 outlines a potential high-level architecture for Scenario B4 
Highly distributed grid. In this architecture, substations evolve into 
interacting computing platforms comprising a mesh network. They 
utilize commoditized computing hardware to run control and moni-
toring functions. These control and monitoring functions interact with 
power grid devices, such as merging units and switches. This arrange-
ment is similar to the Software-Defined Networking (SDN) principle 
utilized, for example, in 5G networks [9]. Such an arrangement enables 
efficient management, as new functionality can be more readily added 
or existing updated. These “software-defined substations” form part of 
the edge cloud and interact with other substations over the mobile cloud 
to implement grid-level functionality. Each of the “software defined 
substations” utilizes a private mobile network for interconnectivity 
within the substation, as well as a wider mobile cloud to monitor and 
control the distribution grid. 

Table 5 summarizes the extent of digitalization, as well as main 
communication and information technology capabilities envisioned in 
Scenarios B1-B4. 

Scenarios A3 New holistic service experience and B4 Highly distributed 
grid utilize communication and information technology capabilities 
most intensively but for different reasons and to some extent with an 
emphasis on different technologies. Scenario A3 is consumer-centric, as 
it provides consumers with an easy way to manage and optimize their 
services related to heat, light, and transportation. Thus, the consumer 

Table 4 
Summary of the role of mobile networks.   

SCENARIO ROLE OF MOBILE NETWORKS 

A1 Current grid with technically 
mandatory enhancements 

An additional communications channel 
option 

A2 Current grid with some 
essential, new innovative 
services 

An important enabler. This scenario is 
supported by the use of mobile cloud 
communications. 

A3 New holistic service experience A key enabler. This scenario requires 
extensive use of mobile cloud 
communications. Promotes disruption of 
business models. 

B1 Top-down grid An additional communications channel 
option 

B2 Decentrally balanced grid An important enabler. This scenario requires 
extensive use of mobile communications. 

B3 Centrally balanced grid An important enabler. This scenario requires 
extensive use of mobile communications. 

B4 Highly distributed grid A key enabler. This scenario requires 
extensive use of mobile communications, 
including the use in the most critical 
applications, such as protection.  
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can utilize the same means as they use in other daily activities, such as 
the managing of their finances or entertainment needs. Cloud and mo-
bile app technologies are the key technologies for implementing such 
services. Furthermore, intensive, customer-focused digitalization paves 
the way for new entrants to introduce totally new business models. In 
contrast, Scenario B4 is grid management-centric, since it uses auto-
mation extensively for real-time grid balance management and for 
providing an overview of a highly complex system. For managing this 
complexity, proactive real-time system state forecasting would be 
extensively used to identify upcoming grid stability issues and to pro-
pose solutions to address these. The required communications infra-
structure investment and operational costs in Scenario B4 would be 
significant due to the size of the distribution grids. Consequently, the 
outcome of the uncertainty 2U5 “Citizens are able or willing to finance 
required investments?” impacts essentially Scenario B4. As stated in 
Section 3, the research on 6G networks is in the very early stages. Some 
of the themes of that research, such as the possibility of combining 
functionality from different service categories in a flexible manner, cell- 
less access and grant-free access, are potentially very relevant to power 
grids. For example, combining URLLC and mMTC functionality could 
enable ultra-low latency access to numerous sensoring devices for real- 
time control. Cell-less access could enable flexible usage of different 
access networks, such as satellite links, while grant-free access could 
enable efficient, large-scale low-power sensoring. Unlike Scenarios A3 
and B4, Scenarios A1 Current grid with technically mandatory enhance-
ments and B1 Top-down grid exploit communication and information 
technology capabilities the least. Mobile communications offer an 
alternative communications channel, which is particularly compelling 
in cases requiring retrofitting. Again, the reasons are different: Scenario 
A1 envisions no consumer demand for new services, while Scenario B1 
would require no additional complex management capabilities, nor 
would it introduce any increased costs as well. 

8. Concluding remarks 

8.1. Discussion 

In all scenarios identified in this paper, power grids and 

communications can be expected to become more tightly integrated. 
Digitalization in industrial applications is progressing, but at an uneven 
pace in different industries [81]. A digitalization index was introduced 
by McKinsey&Company [81]for industries in the United States. The 
index shows that the electric power industry is one of the industries that 
could benefit most from digitalization. This would apply both in terms of 
(a) managing the physical grid and its assets and (b) engaging more 
deeply with the customers. This resonates well with the scenarios B2-B4 
(Grid level generation capacity and balancing power perspective) and 
scenarios A2-A3 (Service leapfrog perspective), respectively. 

The power grid and communications industries both deal with net-
worked infrastructures. Thus, going forward, similarities could also be 
expected in the business model evolution of these two industries. Power 
grids and communications both include operations that are regulated 
natural monopolies. Power grid distribution and transmission is an even 
stricter natural monopoly, since communications often includes a viable 
choice, particularly in the access network. In the communications in-
dustry, the EU’s net neutrality rules introduced in 2015 stipulate the 
separation between (1) regulated, monopolistic bit transmission and (2) 
content, application, and services carried on top of transmission [82]. In 
power grids, the EU’s Energy Packages have, since 1996, started to 
separate regulated electricity transmission and distribution from energy 
sales [83]. 

In the communications industry, one could say that the liberalization 
took place “despite the regulator” during the 1990s and early 2000s, due 
to the wide deployment of the TCP/IP protocol and the advent of the 
Internet. This was followed by innovative start-ups providing new ser-
vices and applications. Gradually, these start-ups grew to be giants. 
Subsequently, cloud-based, virtualized applications emerged. Despite 
their efforts, the role of traditional telecom operators was mostly limited 
to being “bit pipes”. In the electricity industry, the evolution has been 
the other way around. The separation was enforced by regulation. Even 
though the electric energy sector has made efforts to develop new 
business models and service concepts, so far we have not seen a similar 
breakthrough as has occurred in the communications industry. Never-
theless, virtual energy storage offered by some energy companies is an 
example of a new, innovative service concept. This new concept allows 
the consumer to “store“ electricity produced, for example, by solar 
panels in the grid and to use it later. This could be seen as conceptually 
analogous to the Internet’s cloud storage. Another analogy could be 
found in the evolution of network architecture. The electric power grid 
is becoming more meshed and dynamic, a phenomenon closely resem-
bling the emergence of the Internet more than twenty years ago. 

8.2. Summary 

The novelty and contribution of this paper is to analyze the current 
and potential convergence between power grids and mobile communi-
cations in multiple, different power grid evolution scenarios created by 

Fig. 11. Potential architecture for Scenario B4 Highly distributed grid.  

Table 5 
The extent of digitalization and communication technologies in the “grid-level 
generation capacity and balancing power” perspective.   

B1 B2 B3 B4 

Wireless solutions used in grid monitoring 
applications 

++ +++ ++ ++++

Wireless solutions used in non-real-time grid 
control applications 

+ +++ ++ ++++

Wireless solutions used in the most critical real- 
time grid control applications 

0 + + +++
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using a formal scenario planning process. This process resulted in two 
scenario perspectives: (1) the service or customer-centric perspective 
and (2) grid management perspective. One aspect impacting the service 
and customer-centric scenarios (A1-A3) is the strategy adopted by global 
giants, or to-be-giants, and their interest in the Finnish electricity mar-
ket. Evolution of controllable bulk generation capabilities and a possible 
breakthrough in large-scale power-to-x/x-to-power deployments could 
influence the likelihood of grid management related scenarios (B1-B4) 
and the nature of the grid management challenge. Furthermore, the 
scenario planning process revealed some highly disruptive, black swan 
type of developments. If some of these materialize, they will make some 
scenarios more likely than others. Possible disruptive developments 
could include radically decreasing support for climate change actions 
due to unpredicted events, such as long-term financial difficulties, or 
blackouts caused by the increased grid management challenge or 
cybersecurity attacks. 

Mobile communications and cloud computing are important en-
ablers in evolutionary scenarios A2, B2 and B3, and key enablers in the 
two most transformative scenarios A3 (The new holistic service experience) 
and B4 (The highly distributed grid). In these scenarios, mobile commu-
nications offer a flexible, cost-effective way to rapidly increase and 
improve connectivity within the power grid. If mobile network product 
implementations can meet the challenging reliability targets required in 
current and future 3GPP specifications, mobile communications can be 
used even for the most critical applications, such as grid protection. In 
the customer-centric scenarios A2-A3, cloud computing offers the 
framework for providing new services. In the grid management sce-
narios B2-B4, cloud computing offers the framework for distributed 
computing solutions needed to address both heavily increasing 
computing needs and low latencies. The scenarios revealed important 
directions for further research, such as evaluating the scenarios in terms 
of the increased costs and the potential opportunities to create more 
focused applications for power grids by merging functionality from 
currently specified 5G service categories. Furthermore, upcoming het-
erogeneous access technologies, such as WiFi and satellite links, open up 
new possibilities to power grids that have both large geographical 
coverage in often remote places, as well as a high concentration of active 
devices, as is the case with major substations. 

These scenarios and their likelihood are dependent on country- 
specific issues. Currently, it appears that the controllable bulk genera-
tion capacity in Finland could be increasing due to the addition of new 
nuclear power plants. Furthermore, it seems there will be an essential 
expansion in wind power capacity. Due to ongoing investments in 
transmission and distribution infrastructure, the grid can be expected to 
remain strong. In terms of the balancing power, increasing integration of 
European power grids can result in increased competition for nearby 
Nordic hydropower. Finland’s small market size might impact the in-
terest of global giants to introduce new services. If mobile communi-
cations networks in Finland continue to evolve and remain strong, it 
would also pave the way for more extensive use of mobile communi-
cations, even in the most critical applications reflected in the evolu-
tionary (A2, B2, and B3) and the most transformative (A3 and B4) 
scenarios. 
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