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10. Transformation to a polycentric grid
with distributed energy systems

Maarten Wolsink

INTRODUCTION

Access to affordable, reliable, and clean electricity systems is essential for the
sustainable development of any society. Conventional power systems face sig-
nificant stability and reliability challenges that involve far-reaching govern-
ance issues as well. These challenges are related to the increasing complexity
of societal and technical systems, as well as socio-political circumstances.
Notably, this includes the urgent need for climate change mitigation (car-
bon neutrality) and adaptation (vulnerability to increasing disturbances). To
address these challenges, power grids urgently need to transform their organi-
sational structures and infrastructures. With the growing importance of elec-
tricity in overall energy provision, these structural transformations represent a
major challenge in the energy transition.

The primary transformation of power supply systems involves the adapta-
tions necessary to make the grid sustainable and resilient. Transformations
are required for both climate change mitigation and adaptation. Standardised,
uniform, and hierarchically designed and governed electricity grids have
increasingly become fragile and vulnerable to instabilities. Rising internal
complexity—partly due to mitigation measures that introduce large-scale,
locally weather-dependent generation units—along with significant vulner-
ability to natural disasters and sudden changes, such as earthquakes, floods,
(thunder-)storms, heatwaves, wildfires, and more, induced by both natural and
human agency and including climate change and land clearance, are conditions
leading to an increase in malfunctions and blackouts. Moreover, large concen-
trated centralised infrastructures face serious threats from hostile activities,
including sabotage, cyberattacks, warfare, and terrorist attacks.
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Transformation to a polycentric grid 123
TRANSFORMING TO SMART GRIDS

Using the metaphor of developing a highly complex system, akin to a sophis-
ticated jet aeroplane with many self-monitoring, self-healing, and self-con-
trolling accessories and subsystems, Amin (2001) proposed a similar design
approach for the electricity grid, which he termed “Smart Grid” (Amin 2013).
This term has since been widely embraced and is envisioned as transformative
technologies that will evolve power grids into networks of clustered self-heal-
ing microgrids. Resilience is achieved by clustering physically connected and
functionally interoperable microgrids, enabled by new management models,
new roles for and involvement from new stakeholders, and the unprecedented
deployment of smart grid technologies (Chen et al. 2021).

Information and communication technology (ICT) is the primary tool ena-
bling smart grids, but the emergence of information technology alone does not
make power supply intelligent. It serves more as a common denominator than
the primary determinant of the transformation into complex and resilient sys-
tems. Smart grids focus on integrating variable streaming energy sources—
renewables—while leveraging them alongside flexible demand and storage.

The distinguishing features of smart grids involve implementing essential
qualities that current electricity grid monocultures cannot deliver (Dileep
2020, Wolsink 2024a). However, smart grids also face significant obstacles
due to conflicting paradigms among experts. Key contradictions include the
acceptance of distributed electricity systems (DES), internal control by micro-
grid communities, and the empowerment of active end users versus traditional
demand-side management. These issues are crucial for grids to become resil-
ient, as they pertain to four vital smart grid features:

e The integration of streaming variable renewable sources, such as solar,
wind, hydro, tidal, and wave energy.

* Introducing flexibility in all energy flows and deployment of capacities,
including real-time demand response (DR).

* Recognising the socio-technical system character of electricity grids.
Transforming the organisational model of electricity grids is required for
interconnecting DES, moving away from traditional hierarchical control
and mono-centrality.

* The perspective of introducing ICT to the grid, not just as a tool, but as a
fundamental shift in real-time energy management systems that replaces
centralised control.
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124 Are low-carbon futures decentralised?

According to Amin (2013, p. 145), “a smart grid consists of a series of inde-
pendent small power systems, or ‘microgrids,” linked by a stronger, smarter
high-voltage power grid backbone”.

MICROGRIDS

Microgrids consist of interconnected small-scale power generation, storage,
and internal distribution systems that function as a unified and controllable
entity (Hatziargyriou et al. 2007). The energy management systems of micro-
grids integrate several DES, including generation systems that convert distrib-
uted renewable resources, distributed energy storage, distribution transmission
infrastructures, and end-users’ demand loads. Microgrids offer flexibility,
efficiency, and reliability, making them essential for expanding global energy
access. They can operate independently, thereby increasing electricity access,
while also coordinating with the main grid and other local energy demands
(heat, electric vehicles, hydrogen production). Their islanding capability allows
critical facilities to maintain power during outages, enhancing resilience.

The main contribution of microgrids to overall grid resilience lies in break-
ing the ecological structure of the current grid’s monoculture. They introduce
significant diversity and variation, both between microgrids—each tailored
to specific social and geographical conditions—and within microgrids, with
varying energy flows from different sources, buffering systems, and demand
patterns from diverse end users. Even the strongest pillar of large-scale central-
ised state-controlled public grids, nuclear power, is undergoing unprecedented
transformation. Innovations in nuclear technology include small modular reac-
tor (SMR) designs, with 63 currently under development and five under con-
struction (International Energy Agency 2024). These designs feature a range
of reactor concepts and new nuclear fuels, such as tri-structural isotropic par-
ticle fuel and thorium. Furthermore, SMRs are expected to be implemented
in various configurations, including land-based, multi-module, marine-based,
and transportable designs. Although largely conceptual at this stage, SMRs are
anticipated to be more flexible, smaller, dispatchable, and geographically dis-
persed than existing inflexible nuclear reactors. Potential applications include
combined power and heat in hard-to-abate sectors. Current projects aim to
replace fossil-generated power in data centres—including rapidly growing
artificial intelligence (AI) servers—and cogeneration for industries, all with
significant geographical dispersion and the potential to integrate with other
distributed systems. Community acceptance will likely be a major implemen-
tation issue (Tuler & Webler 2024), making the integration of SMRs into com-
munity microgrids with significant industrial loads a favourable condition for
implementation.
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Transformation to a polycentric grid 125

Microgrids utilise various energy storage technologies, including batteries,
pumped hydro storage, and thermal storage, partly for other types of energy
demand, to facilitate the integration of renewable energy sources. Advanced
energy management systems monitor and control these resources, ensuring
efficient operation and maximising renewable energy utilisation (Sezgin & Gol
2025). The management of microgrids involves multiple stakeholders, includ-
ing prosumers, microgrid operators, energy service providers, utility or grid
operators, and local authorities. By leveraging distributed systems that emerge
from the material participation of these stakeholders, particularly prosumers,
microgrids become a manifestation of community participation. They provide
concrete form to broad, vaguely defined policy concepts, such as “commu-
nity energy”, as described in the European Union (EU) Renewable Energy
Directive II (RED 1II), and the EU definition of renewable energy communities
(RECs).

Material participation in distributed systems can also concretise “energy
democracy”, with prosumers as ideal participants (Szulecki 2018). This par-
ticipation can take many forms, but the crucial factor is collaboration among
community actors to create shared components of the network. Various forms
of such shared commitment include:

* Co-investments: Collectively investing resources in renewable DES.
Financial co-funding is often emphasised, but equally important is the
common investment of the most scarce resource for renewables, space
(Wolsink 2024b).

* Co-creation: Involving end users not only as objects but as partners in grid
design, acting as prosumers and co-investors in collective infrastructures
such as storage capacity.

* Co-production: Enabling material participation of prosumers in the pro-
duction of infrastructures and in generating and mutually distributing
electricity.

* Co-management: Involving cooperating prosumers in the energy manage-
ment of their microgrid.

In this sense, emerging DES in microgrids become manifestations of the
sharing economy. Peer-to-peer (P2P) delivery is essential for energy manage-
ment, as is the shared use of capacities—generation, storage, transmission,
and energy absorption—within the systems (Figure 10.1, part B). P2P implies
physical energy flows among prosumers and their storage systems in micro-
grids. The effectiveness of P2P in benefiting both prosumers and the grid has
been demonstrated in numerous studies and pilot projects, making it a key ele-
ment in the internal energy management system and positioning the microgrid
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Figure 10.1 Schematic representation of end users and renewables con-
nected to the public grid (A), or distributed generation, P2P
delivery, and storage within a community DES microgrid
with a single connection to other grids (B)

as an ideal digitally controllable and coordinated load. This requires advanced
digital meters that can communicate with one another (AMD in Figure 10.1),
far beyond the currently installed remotely readable meters, for which the term
“smart meter” is a perfect example of framing by incumbents in the existing
centralised grid (Wolsink 2020a).

Microgrids empower communities, industries, and all types of end users. They
integrate broad or monodisciplinary concepts from the literature, such as “com-
munity energy”, “positive energy districts”, “transactive energy”, “local energy
markets”, or “energy hubs”, with the concrete physical and technical design or
the entire line from generation to consumption. The shift toward DES signifi-
cantly enhances grid resilience, stability, and reliability for several reasons:

* Integration of distributed resources: Microgrids excel at integrating vari-
ous distributed generation and storage systems, optimising their combined
use.

* Redundancy: By incorporating multiple geographically dispersed sources,
distributed systems create redundancy, minimising the risk of widespread
outages.

e Grid flexibility: Microgrid energy management systems, tailored to their
specific composition and conditions, enable better management of supply
and demand, including excess stored in heat, hydrogen, and other non-
electric energy demands, thereby stabilising the grid.
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Transformation to a polycentric grid 127

e Proximity of energy production: Producing energy closer to consump-
tion reduces reliance on long-distance transmission and enhances overall
efficiency.

* Geographical adaptation: The design of DES is adapted to local geo-
graphical conditions, making them more resilient to different types of
disturbances.

DECENTRAL VERSUS DISTRIBUTED

In this volume, the structural transformation of electricity supply is described
and analysed in various ways, often under the term ‘“decentralisation”.
However, this concept is increasingly confusing. In the literature, the terms
“decentralised” and “distributed” are often used interchangeably (Judson et al.
2000). It is important to distinguish between them, particularly in the context
of socio-technical systems, where the socio-economic structure is intertwined
with the technical structure. The terminology should reflect both the techni-
cal control of the system and the governance and control in socio-economic
terms. Fuzzy concepts can hinder progress in conceptualisation and develop-
ment, making clear definitions and distinctions essential for understanding the
transformation.

Sometimes the term “distributed” is used as “distributed resources”, refer-
ring to the geographical dispersion of renewables. However, this natural
dispersion should not be conflated with distribution that arises from human
actions, which, as defined in the original concept of distributed generation
(Ackermann et al. 2001), is associated with constructed infrastructures for
electricity conversion. Similar to adjacent infrastructures for storage, trans-
mission, and management, these systems are human-made constructs; there-
fore: “distributed energy systems”.

According to the dictionary, “decentralisation” primarily refers to a gov-
ernance manoeuvre: the act or process of transferring control in an organisa-
tion or government “from a single place to several smaller ones” (Cambridge
Dictionary n.d.). If “decentralisation” is used to label the process of transfer-
ring decision-making authority to lower levels of the organisational hierarchy,
it indicates a move away from the centralised governance and control of the
public grid, representing a fundamental institutional transformation. However,
the variability in the use of the term “decentralisation”, as noted by Judson et
al. (2020), implies that it is often used interchangeably to refer to both pro-
cesses and end goals—a new structure. This latter interpretation refers to a
certain decentralised configuration or structure, which is a problematic label
for the future hybrid system. Judson et al. describe energy decentralisation
as an “energy fable” among other energy “terms, ideas, and stories”. Thus,
in fact, “decentral” as simply the opposite of “central” is part of a dominant
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128 Are low-carbon futures decentralised?

discourse that treats centralisation as a sort of “natural state” of power supply
systems. The oft-proposed preference for bottom-up approaches in renewable
energy projects still assumes a certain hierarchy in energy planning, failing to
associate it with material participation in those projects.

Pollitt describes in this volume how economies of scale have served as a
rational foundation for highly centralised systems, supported by strong gov-
ernmental institutions that shape market structures. In technical terms, current
centralised electricity systems already feature decentralised primary control,
followed by secondary and tertiary central control. This order relates to techni-
cal control and inspection, but from a governance perspective it reflects stand-
ardisation stemming from a strong hierarchy of authority and management.
In terms of ecosystems, this structure resembles large-scale uniform mono-
cultures, which are increasingly vulnerable to sudden disturbances. There are
no decentralised objectives, nor is there any organisational deconcentration
regarding the autonomous energy management of DES.

The centralisation framework encompasses not only hardware structures
but also strong hierarchical tendencies in governance, which persist in policies
on renewables (Wolsink 2020a). This framework suggests that the large-scale
buildout of renewable energy would likely require highly active, intervention-
ist state policies to secure sufficient land for renewable plants, subsidise the
transition, and coordinate investments in large-scale structures. For a true
transition, the move away from “central” must also involve the abandonment
of central control and governance of the system.

“NOT CENTRAL” # “DECENTRAL”

Power supply based on renewables requires significantly more space, as it is
geographically dispersed and relies on flowing sources with lower energy den-
sities. Thus, a shift toward distributed ownership and decision-making, along
with greater autonomy for local societal actors investing in their systems, is
needed (Wolsink 2024b). The dominant paradigm, which positions national
monopolies and large private enterprises as energy providers, also implies all
the usual efforts to implement technical elements of decentralisation “over the
heads” of affected communities. Research into the social acceptance of renew-
able energy sources shows the problems with this approach, which is once
again a major concern with the rapid rise of SMRs (Tuler & Webler 2024).
Traditionally, electricity companies have focused on developing large, cen-
tral power plants and transmitting generated power across extensive transmis-
sion and distribution lines to consumers. Decentralised energy systems aim
to position power sources closer to end users. This emphasis on proximity is
a primary driver of resistance to renewable energy projects, particularly when
project design and framing do not align with the motivations of local actors.
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Transformation to a polycentric grid 129

The most favourable conditions for acceptance occur when the community
of interest largely overlaps with the community of affected, which is particu-
larly the case with material participation in DES, local ownership, and early
involvement in project planning and development of local infrastructure that
provides tangible benefits.

Therefore, moving away from centralised systems does not necessarily
equate to decentralisation (Figure 10.2). In the context of existing national
public power grids, which are centrally controlled and heavily influenced
by central government, this shift away from central often resembles limited
“deconcentration”. The critical question concerns the extent of delegation of
power and control to smaller parts of the system. In the case of full devolution,
authority would be entirely delegated to autonomous units, but the future elec-
tricity supply system will likely only partially reflect this model. A preferable
definition of deconcentration should recognise the concept of “distributed” as
distinct from “decentral” in describing system configurations. This important
distinction between decentralised and distributed systems is not rigidly main-
tained across the chapters in this volume.

In the original concept by Ackermann et al. (2001), “distributed generation”
was defined by the location of devices: they are geographically close to and
feed into the distribution network or provide energy directly to the actor behind
the meter. In other words, distributed systems are not primarily connected to
the bulk power system—the central grid where power is generated in power
plants for all connected end users. In a microgrid community that cooperates
in co-production and P2P delivery connected with one meter—a really smart
one this time, primarily serving the microgrid community—to the public grid

Central power plant
Central control

Renew feed-i

el

Distribution Distribution Y] Energy
SO -V Renow feed iy SO- LV D Transmission _—
el issi DSO
T Control
<L —05
End End End End
user @ user user @ user

Source: Author’s own.

Figure 10.2 Schematic examples of centralised (left) versus polycentric
grids
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130 Are low-carbon futures decentralised?

or other microgrids, “distributed” as a feature implies both geographical dis-
persion and the transfer of control to the distributed energy communities. In
this context, end users can no longer be considered mere customers.

POLYCENTRIC INTEGRATION OF MICROGRIDS

Given the problematic terminology surrounding the decentralised structure
of power supply systems, we need fundamentally different terms to address
the issues of transformation. The socio-technical nature of electricity supply
systems suggests strong similarities between DES in microgrids and concepts
of natural or human-made social-ecological systems (Ostrom 2009a, Wolsink
2020b). These concepts are foundational to Common Pool Resource (CPR)
theory, which addresses the sustainable and optimal use of natural resources,
specifically renewables.

CPR theory incorporates ecological, natural, socio-economic, and govern-
ance elements, explaining why these systems are inherently complex and mul-
tilayered, necessitating complex multi-level governance (Ostrom 2015). This
idea resonates with the multi-level analysis of the energy transition (Geels
2024). A key finding from CPR studies is that sustainability and resilience are
enhanced by embracing diversity and adaptive capacity, ecologically as well as
socially, including adaptive governance and self-governance, thereby avoiding
uniformity and monocultures (Ostrom 2015).

Moreover, an important aspect of moving away from centrality and hierar-
chy involves challenging the dominant framing within the existing centralised
grid paradigm. This paradigm operates under the presumption that electric-
ity is a private good provided by private companies, while distribution ser-
vices are managed by commercial trading companies using monopolistic grid
infrastructure, with the distribution system operator (DSO) acting as a state-
controlled provider of public goods. The classification of electricity as either
a public good (state-controlled) or a private good (commercially provided) is
challenged by the CPR typology of goods and services. In addition to public
and private goods, there are also common co-produced goods, including “club
goods”, which restrict access to resources, and “‘common goods”, which are co-
produced by prosumers with open access (Ostrom 2009b, p. 24). This dynamic
is evident in DES within each microgrid that serves as a node in the smart grid.
While these nodes may be technically described as decentralised, CPR theory
emphasises that the governance of any social-ecological system is not decen-
tralised but rather multilayered and polycentric (Ostrom 2010). Such systems
are governed by multiple centres simultaneously at different non-hierarchical
levels. When looking at the technical side, only the geographical dispersion of
installations may be considered decentralised, but “distributed” also implies
completely different control, ownership and management characteristics. The
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Transformation to a polycentric grid 131

entire grid becomes highly hybrid. Moreover, viewed from the electricity per-
spective, elements like cogeneration, storage in heat or cooling, or balancing
electricity demand by generating hydrogen or using excess power for water
desalination, are all storage or balancing elements. Indeed, the trend toward
electricity is increasingly important for all energy supply, but eventually the
hybrid polycentric system will be entangled with other energy demands, in
particular industrial and domestic heating, and transport (Lund 2024).

From a technical perspective, as Pollitt observes in this volume, although
the backbone infrastructure of public networks is changing significantly, it is
not disappearing. Some infrastructures will be added or expanded, such as
large-scale offshore wind farms. These backbone infrastructures are crucial
components of integrated smart microgrids, which must also be managed and
controlled. Existing actors, including DSOs, transmission system managers,
and both private and public electricity producers operating large-scale renew-
able energy plants, will become part of this polycentric structure (Figure 10.2),
albeit with changed functions, adjusted authorities, and possibly different
scales and ownership structures. They will focus on supplementing, support-
ing, coordinating, and connecting more independently operating micro-net-
works, each with its own internal governance and management structure.

Many chapters in this volume describe how the high diffusion of DES leads
to polycentricity, in terms of decentralisation as the process of abandoning and
replacing central hierarchy, whether by introducing new elements in the grid
or highlighting the improved resilience these systems are expected to deliver.
Drawing more explicitly on polycentric governance of the socio-technical sys-
tems of integrated microgrids can advance discussions of decentralisation by
building upon a related line of research that opens fertile lines of inquiry and
can enhance clarity and consistency in future conceptual development.
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