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Abstract: Rooftop solar photovoltaics (PV) are accelerating the transition towards low carbon elec-
tricity systems in many countries, particularly in Australia. This review paper provides an overview
of the (1) technical, (2) economic, (3) socio-political, and (4) regulatory and institutional aspects that
should be considered concurrently when navigating the transition towards a rooftop PV-dominated
electricity system. We consider the suitability of two prominent long-range transitions theories for
understanding the importance and interaction of elements within these four aspects during the
transition. The multi-level perspective (MLP) of transitions theory is considered best suited for this
task as it addresses fundamental shifts in the socio-technical systems, rather than being weighted
towards technological and/or economic solutions. We find that relatively little research has been
undertaken where the renewable energy transition is being driven by the uptake of rooftop PV
within the distribution network of established islanded electricity systems. These islanded electricity
systems will be the first to experience system impacts from high levels of rooftop PV. This review
provides further analysis of important gaps in understanding the rooftop-PV-led energy transition
and the implications for policy makers in maintaining stable electricity supplies during the transition.

Keywords: rooftop PV; variable renewable energy (VER); energy transition; techno-economic
paradigm (TEP); multi-level perspective (MLP)

1. Introduction

Australia’s transition towards an electricity system dominated by renewable energy
sources is unfolding faster than many would have expected, particularly given the deep
political divide over the need to address climate change in the country. Blakers, et al. [1]
reported that Australia is installing wind and solar energy at a rate that is four to five
times faster on a per capita basis than is occurring in China, the United States, Japan or
the European Union. They further project that, at this rate, Australia would reach 50%
renewable electricity in 2024 and 100% in 2032. Rooftop photovoltaic (PV) systems are
now installed on over a third of homes in some Australian states [2,3]. The rapid uptake of
renewable energy is starting to redefine the way electricity systems and their associated
markets can operate in Australia and many places around the world [4–8].

Many of the effects of rooftop PV on centrally controlled electricity systems are similar
to those from utility scale wind and solar variable renewable energy (VRE) sources, such
as their limited dispatchability and inherent variability. There are, however, many effects
that are unique to rooftop PV, requiring specific measures and targeted research. Rooftop
PV is located within the distribution network, rather than the transmission system [9].
It is produced by parties that have traditionally been electricity customers rather than
energy wholesalers [10,11] and their output is neither directly visible to, nor controllable
by the integrated system operators (ISOs) [9,12]. The very low short-run marginal cost of
energy produced by rooftop PV reduces the prices that can be obtained in wholesale energy
markets by other generators, causing the merit order effect [13–18]. This effectively reduces
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the profitability of many coal- and gas-fuelled facilities, which then contributes to their
early retirement [19]. Whilst this may be viewed as the effective functioning of a market, it
has the potential to cause significant system security problems if the traditional thermal
generators exit the market quicker than the techno-economic, socio-political, regulatory and
institutional challenges can be addressed. Failure to make the timely policy adjustments
could result in the need to occasionally disconnect electricity users in some parts of the
distribution system to protect the broader electricity system from collapse or to severely
limit the numbers and locations of new rooftop PV connections [19,20]. Both are politically
and socially unpalatable outcomes.

The economic drivers for installing rooftop PV systems are also different to those
associated with other generation sources. Domestic and commercial premises installing
rooftop PV systems peg their pay-back period against higher retail energy prices rather than
the lower wholesale energy prices that utility scale energy projects need to compete with. As
a result, there is an acceleration in the uptake of rooftop PV and consequent early retirement
of traditional coal and gas generators occurring in some Australian electricity systems [19].
As these traditional generators exit the market, they take with them properties such as
inertia, system strength, load following and fault current that they inherently supplied to
stabilise the electricity system. Whilst many technical solutions exist to address the loss
of these properties from electricity systems, markets do not currently exist that allow for
many of these technical solutions to be monetised and therefore enabled. For example,
Australian markets do not have mechanisms by which batteries or other distributed energy
resources can participate in energy markets or be paid for their network stabilising services.
Other mechanisms, such as demand response (DR) programs, virtual power plant (VPP)
operators or peer to peer (P2P) trading schemes are also ineligible to bid into electricity
markets [21,22]. Managing the transition must therefore consider a number of technical
and economic aspects.

Making the market changes to introduce new system-stabilising services will in-
evitably influence the viability of existing participants and those intending to enter the
market. This introduces politically contested spaces that can rely on prior societal accep-
tance of the need to change if the transition is to be managed in a timely and effective
manner [23,24]. The scale of this challenge can be amplified with the new role of prosumers,
who effectively expand the number of market participants from tens of generators to the
millions of generators that will be directly affected by policy shifts. Socio-political factors
must also therefore be managed to allow for the rapid uptake of rooftop PV within the
distribution system to occur without compromising the security of the electricity system
during the transition.

Whilst industry and researchers know that significant electricity system change is
occurring and at an accelerating rate, the electricity sector does not have recent experience
in dealing with such rapid and significant change [25]. Electricity demand has historically
steadily risen, with increasing demand met through slow and well-planned additions of
generation and transmission capacity that could be safely implemented within five- to
ten-year time horizons [25]. In the case of rooftop PV, much of this change is being exerted
upon the incumbent regime by their traditional customers and is requiring substantial
infrastructure augmentation to be financed, designed, built and made operational within
time periods ranging from months to years [19]. Rooftop PV generation is also being built
in an unplanned manner across the distribution system, rather than through the centrally
controlled transmission system [26]. This duality combines to represent a fundamental re-
configuration of the relationship between markets, electricity consumption and production
patterns and electricity transportation.

With such a fundamental and transformational shift in the provision of energy as an
essential service, more knowledge is needed to allow policy makers to understand how the
transition can be managed under accelerating timeframes [27] and in a way that guarantees
continuity of supply, financial sustainability and supportive prosumer focused business
models. Managing the rapid uptake of rooftop PV within the distribution system must
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therefore also address the regulatory and institutional changes that can enable or hinder
the transition.

This paper uses a semi-systematic (S-SLR) literature review methodology to identify
the key enablers and blockers of a transition to a rooftop PV-dominated electricity system.
The primary purpose is to identify, at a high level, the factors that should be considered by
policy makers in electricity systems where the transition is being underpinned by rapid
adoption of rooftop PV. The primary themes uncovered through the review include the
need to consider (1) technical, (2) economic, (3) socio-political, and (4) regulatory and
institutional aspects that can either enable or block the transition process. Key factors
within each of these aspects are outlined in Section 5 of this paper.

The secondary purpose of this paper is to identify which theoretical frameworks are
best used to understand the relationships between the four key aspects identified through
the S-SLR and how these relationships inform and assist the transition towards electricity
systems dominated by rooftop PV. The objective is to aid policy makers and energy system
planners to develop roadmaps of key factors to be considered during the transition and
how they relate to each other.

This paper found that the literature uncovered by the search terms either explic-
itly or implicitly considered transition factors using techno-economic or socio-technical
perspectives. In Section 4, the merits of these two long-range analytical frameworks
for understanding and guiding policy in the current transition are discussed. Both the
techno-economic perspective (TEP) and multi-level perspective (MLP) of socio-technical
transitions theory are considered. The TEP has strengths in considering the technical and
market related drivers of transitions, whereas the MLP has strengths in integrating the
multi-dimensionality and multi-actors involved in spatial and temporal transitions [28].
A key difference between these theories lies in the TEP’s underlying philosophy that eco-
nomic decisions are fundamentally rational [29], whereas socio-technical transition theory
makes allowances for decision making processes that can include social, political and
other factors that are not necessarily rational [30]. Recommendations for future research
into which transition factors should be considered to ensure a stable electricity supply, as
brownfield electricity systems shift from traditional thermal coal and gas to systems being
dominated by solar PV, are then presented.

In the following section, the methods used to undertake the S-SLR are described.
This is followed by an overview of the results obtained from the review in Section 3.
Section 4 then investigates frameworks for considering the large amounts of information
and multiple aspects relevant to the transition. The aspects identified in the literature
that require resolution to enable very high rates of solar PV within electricity systems are
then discussed in Section 5. These are discussed as they relate to the technical, economic,
socio-political, and the regulatory and institutional aspects. The conclusions drawn from
this work and how the aspects are conceptualised within the MLP are then presented in
Section 6, along with recommendations for further research.

2. Methods

This paper is grounded in a positivist ontology based on an underlying assumption
that a transition is occurring within the electricity sector towards a lower carbon-emitting
generation profile. An inductive approach is used [31] within the literature review to
identify key themes and issues associated with this energy transition.

A S-SLR process was followed due to its suitability for studying topics that have been
conceptualized differently by researchers across diverse disciplines using predominantly
qualitative methodologies [32]. As described in Figure 1, this approach combines a system-
atic literature review (SLR) together with additional references obtained via a snowballing
approach using reference and citation tracking of the papers identified by the SLR. This
compares with the meta-analysis undertaken within SLRs, which are best employed to
quantitatively analyse comparisons of research paper findings that have each used similar
methodologies [32,33]. Sovacool, et al. [34] also reported that SLRs are suited to studies
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with relatively narrow research questions rather than multidimensional problems. The
S-SLR process, by contrast is useful for obtaining an overview of issues and analytical
frameworks used to interpret research problems [32].
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Figure 1. Semi-systematic literature review methodology used in this paper.

As described by Figure 1, the review was undertaken in three phases. The first phase
followed a SLR process using the search terms contained in Table 1. These terms were
formulated to answer the central research question of: what factors enable and/or hinder
the uptake of rooftop PV within brown field electricity systems and which analytical
frameworks have been used? The search criteria focused on identifying literature review
papers as these can assist in rapidly identifying key themes, research approaches and gaps
in a scientific field [35], which was a key aim of this exploratory research. Results were
limited to peer-reviewed literature published in the past five years. Key themes identified
through the SLR were coded into NVIVO 12 social science software in accordance with
themes that emerged through their review.

Table 1. Search terms used for the SLR, the number of returned results and the number of papers consequently selected for
further review and synthesis.

Database Search Terms Results * Selected for
Further Review

Scopus

“energy transition” AND “electricity” AND (“system stability”
OR “constraint*” OR integration OR “frequency regulation” OR

“ancillary services”) AND TITLE-ABS ((“systematic review” OR
“systematic literature review” OR “literature” OR “review
paper” OR “meta*analysis”) AND (“solar” OR “PV” OR
“distributed energy” OR photovoltaic OR “duck-curve” OR
“duck curve”)) AND (EXCLUDE (SUBJAREA, “MATE”) OR
EXCLUDE (SUBJAREA, “MEDI”) OR EXCLUDE
(SUBJAREA, “BIOC”) OR EXCLUDE (SUBJAREA, “AGRI”)
OR EXCLUDE (SUBJAREA, “ARTS”) OR EXCLUDE
(SUBJAREA, “CENG”) OR EXCLUDE (SUBJAREA,
“CHEM”) OR EXCLUDE (SUBJAREA, “PHYS”)) AND
(LIMIT-TO (PUBYEAR, 2020) OR LIMIT-TO (PUBYEAR,
2019) OR LIMIT-TO (PUBYEAR, 2018) OR LIMIT-TO
(PUBYEAR, 2017) OR LIMIT-TO (PUBYEAR, 2016))

88 50

Scopus

“energy transition” AND “electricity” AND (“system
stability” OR “constraint*” OR integration OR “frequency
regulation” OR “ancillary services”) AND TITLE-ABS
((“systematic review” OR “systematic literature review” OR
“literature” OR “meta*analysis”) AND (“solar” OR “PV” OR
“distributed energy” OR photovoltaic) AND (enable* OR
allow OR assist OR facilitate OR encourage OR hinder OR
discourage OR block* OR obstruct OR delay OR impede OR
deter)) AND (LIMIT-TO (PUBYEAR,2021) OR LIMIT-TO
(PUBYEAR,2020) OR LIMIT-TO (PUBYEAR,2019) OR
LIMIT-TO (PUBYEAR,2018) OR LIMIT-TO (PUBYEAR,2017)
OR LIMIT-TO (PUBYEAR,2016))

30 (11) 8
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Table 1. Cont.

Database Search Terms Results * Selected for
Further Review

Web of Science

ALL = (“energy transition” AND “electricity” AND
(“system stability” OR “constraint*” OR integration OR
“frequency regulation” OR “ancillary services”)) AND
AB = ((“systematic review” OR “systematic literature
review” OR “review paper” OR “literature” OR
“meta*analysis”) AND (“solar” OR “PV” OR “distributed
energy” OR photovoltaic))

5(1) 1

Papers excluded after detailed review 8

Total 51

* Unique results not uncovered in preceding search are listed in brackets.

References were limited to those relevant to the adoption of renewable energy in
brownfield electricity systems and excluded literature pertaining to the adoption of these
technologies in developing countries that did not have pre-established centralised energy
systems. As noted by Sareen and Kale [36], the issues facing developing and developed
countries can be markedly different from each other.

After analysis of the literature uncovered by the SLR, broader literature was then
identified via a snowballing technique using reference and citation tracking of the SLR
papers. This approach was used to further interrogate the specific enablers, blockers and
analytical frameworks identified through the SLR and to gain additional context on issues
uncovered through the initial literature search. Results from phases one and two were then
integrated for the final report write-up.

3. Overview of SLR Papers and Their Theoretical Framing of the Energy Transition

Of the 51 papers analysed via the SLR, only five were dedicated literature review
papers specific to the uptake of rooftop PV. This is not surprising given that rooftop PV is a
relatively new and developing area and is consistent with the literature reviews within the
remaining papers. These five papers analysed the energy transition by focusing on socio-
political factors [37], economic factors [38] or combined socio-technical issues including,
technical, economic, social, political, regulatory and institutional factors [39–41]. A further
22 of the papers were dedicated literature reviews, however these were generic to the
energy transition, rather than being specific to rooftop PV adoption. The remaining papers
contained literature reviews that were generic to various aspects of the energy transition.

The review of all papers uncovered by the SLR found that managing the energy
transition has been studied through the separate consideration of technical issues, eco-
nomic/financial factors, socio-political issues and/or regulatory and institutional issues.
These factors are defined in Table 2, along with an indication of the number of papers that
included those aspects within their analysis. A complete breakdown of which SLR papers
considered these aspects is presented in Appendix A.

The literature also, either implicitly or explicitly, presented analyses within either
socio-technical or techno-economic theoretical framings. These frameworks emphasise
the relative importance that the aspects identified within Table 2 provide in terms of
influencing the energy transition. Section 4 details the strengths and weaknesses of these
two theoretical frameworks. A summary of how the literature considers the four factors
in Table 2 that enable and/or hinder the uptake of very high levels of rooftop PV is then
summarised in Section 5.
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Table 2. Categorisation of aspects that influence the uptake of VRE and rooftop PV based on specific elements of the
socio-technical regime. The third column shows the number of papers uncovered in the SLR that addressed the respective
aspects (note that papers typically addressed more than one aspect).

Aspect Characteristic No. of Papers

Technical
Studies that investigate the operational characteristics of the
physical electricity production, conversion, distribution,
transmission and control infrastructures and systems.

30

Economic Studies that consider the financial drivers and investment
impediments associated with the electricity system 31

Socio-political

Consideration of the politics of energy together with its
intersection with electricity users and prosumers and their
adoption of new technologies and business models. It includes
ethical issues such as social justice.

25

Regulatory and Institutional
Primarily related to the policy and regulatory settings and the
ability of institutions to adapt to the changes related to the
niche innovations and business models.

16

Overall, articles were sourced from 25 different journals, reflecting the breadth of
journal disciplines that are providing coverage of the renewable energy transition and
the divergent factors that are relevant to the energy transition. The foci of the journals
were also broad, with the majority taking an extended triple bottom line sustainability
focus. Journals included those with a focus on the economic, policy, social sciences or
technical/applied aspects. Of the 52 articles selected for inclusion in the review, 10 were
sourced from Renewable and Sustainable Energy Reviews, 7 from Applied Energy (7) and 5 from
Energy Research & Social Science (5) (Figure 2). A further 17 articles were sourced from 17
different journals, with the balance coming from journals that supplied 2–3 articles.
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4. Analytical Frameworks for Understanding Renewable Energy Transitions

This section considers two prominent long-range theories used to consider energy
transitions—the techno-economic paradigm (TEP) and the multi-level perspective (MLP) of
socio-technical transitions. Understanding the energy transition requires the coordination
of multiple factors beyond technical and economic aspects [42,43]. This can be aided by
using theoretical frameworks, which are heuristic approaches that assist researchers to
order and make sense of large amounts of information [44]. The adoption of frameworks
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for ordering information is critical in understanding and managing the energy transition,
since any changes to its production and delivery will influence the institutions, political
spheres, and normative behaviours of those using it.

Sovacool and Hess [44], considered 96 different theories and conceptual approaches
that could be used for explaining the adoption, use, acceptance, diffusion or rejection of new
technology. The adoption and integration of rooftop PV into electricity systems can be
considered a new technology in this context. They found that the major theories integrate
multiple theoretical perspectives to make sense of the differing factors that influence the
diffusion or rejection of innovations such as solar PV adoption. The MLP was the most
popular theory amongst their interview respondents and is considered to be the dominant
framework used to assess transitions within the socio-technical transitions literature [28].
By comparison, the TEP is a dominant framework that gives pre-eminence to technological
and economic factors as drivers for a transition, which were the most regularly researched
aspects uncovered in this review.

4.1. Techno-Economic Paradigm (TEP)

The TEP is based on Schumpeter’s principles of creative destruction, where new
technologies, led by entrepreneurs enter the market and catalyse the shifts in supportive
technologies [45]. Shifts that occur under a TEP require the institutions, rules and social
norms that have locked in existing technologies to make way for clusters of new tech-
nologies to diffuse in a manner that ultimately shifts the economy [46]. The concept of
clusters of technologies that are required to support each other was originally introduced
by Freeman [47]. The waves of transition described under the TEP occur over several
decades and were characterised as relating to five separate waves (these waves started
with the industrial revolution (starting 1771), shifting to steam and railways (starting 1829),
the age of steel and electricity (starting 1875), the age of the automobile, oil and mass
production (starting 1908) and then the age of information technology and telecommunica-
tions (starting 1971) [46]). Whilst Schumpeter saw the institutions, technologies and social
organisations as external to the economy, Perez [46] viewed these as internal to the waves
of transitions that occur under TEPs.

The successful diffusion of an innovation is fundamentally underpinned by com-
plementary technological innovations that are cost competitive and have a market that
is willing to adopt and diffuse them, ultimately resulting in modifications to the socio-
institutional structures [46]. Use of the TEP to order information relevant to the energy
transition would therefore focus on how to foster supporting technologies and associated
markets, whilst acknowledging the need to modify supporting institutions.

Technological aspects were the focus of 30 of the 52 papers identified during the
SLR component of this review, whilst economic and financial aspects of renewable en-
ergy uptake was considered relevant within 31 of the papers. These were the most
consistently researched aspects of transitions towards higher rates of renewables within
electricity systems, which reflects the weighting towards these factors within the TEP’s
theoretical framing.

4.2. Multi-Level Perspective (MLP)

The MLP is derived from evolutionary economics, institutional theory and the so-
ciology of innovation [28,29]. It has often assessed the feasibility of low-carbon transi-
tion pathways through analysis of historical niche, regime and landscape developments.
Analysing historical transitions can inform our understanding of the enablers and blockers
to currently unfolding transitions and can provide insights into potential future transitions
pathways [29].

The premise of the MLP is based on sustainability transitions being influenced by
dynamics within and between the heuristic levels of the niche, landscape and regime [48].
In the context of the MLP, the niche is where technological innovations can grow and
emerge [49–51]. The ability of niches to expand into the regime is influenced by the forces
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at play within both the socio-technical regime and the overarching landscape. The socio-
technical regime is the structure that accounts for the dynamic stability of the socio-technical
system and is made up of the rules, actors and behavioural norms of the socio-technical sys-
tem [52]. This can include separate but intertwined policy, science, technological, user and
market and socio-cultural regimes [52,53]. The relationships between these socio-technical
regime elements can be self-reinforcing, which can lock-in existing technologies and block
the breakthrough and diffusion of emerging niche innovations unless there is an internal
regime requirement for the innovation or there are external landscape forces that force
a reorganisation of the socio-technical regime, thereby creating the space for the innova-
tion [54,55]. Examples of landscape forces include climate change, war, global pandemics
or recession, which drive social and political changes that encourage a reorganisation of the
socio-technical regime to adopt the innovation. The actors and groups within the heuristic
levels interact in accordance with cognitive, normative and regulative rules [48] and, in so
doing, they influence the transition pathways, which can unfold over a number of decades.

4.3. Strengths and Weaknesses of the MLP and TEP

Both the MLP and TEP are focused on change processes that occur over decades.
Rooftop PV was initially introduced in the late 1970’s [56] and as such, its study using
these frameworks can be considered appropriate. The system building role of users in
breaking down the existing regime during the energy transition has been proposed by
Schot, et al. [57]. However, these changes are focused on multi-decadal transition dynam-
ics and do not pay sufficient attention to the micro dynamics and agency of the users
associated with innovations at the local scale [58]. In situations where niche innovations
such as rooftop PV are breaking through into a phase of wide dispersion within the socio-
technical regime, further research should be undertaken into how long-range theories can
be augmented by shorter-range theories with finer granularity.

The strength of the MLP is in its recognition of the multi-dimensionality and multi-
actors involved in spatial and temporal transitions [28]. This is particularly relevant for
sustainability transitions, which require fundamental shifts in the socio-technical systems,
rather than just technological fixes [28]. However, the MLP has received criticism for
how it addresses geographical space [59–62], the boundaries between niche, regime and
landscape [63] and for its ambiguous methodology, weighted towards bottom-up change
models [44,52].

An important assumption of techno-economic transitions is that economic decisions
are fundamentally rational [29], which contrasts with socio-technical transition theory,
which makes allowances for multifaceted decision making processes that can include social,
political and other factors that are not necessarily rational [30]. The TEP has been criticised
for undervaluing the roles played by civil society, users, scientists, engineers, media and
other social groups, whilst placing most attention on financial institutions and governments
in creating the space for turning points or shifts to occur [64]. The need to consider these
additional factors is supported by this paper’s SLR, which identified the importance of
users, scientists, and civil society [40,65–67] in the transition to VRE. The TEP has also
been criticised for its lack of emphasis on political contexts and broad landscape factors
(such as wars and climate change), the over emphasis on the role of the state (assuming
that transitions emerge at the level of the state) and that it doesn’t provide details on what
happens to the existing paradigm of technologies [64]. Each of these factors have been
identified through the full S-SLR as being important in a VRE transition (refer to Table 3
for a weighting of how each of the MLP and TEP considers the factors that should be
considered during the transition).
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Table 3. Weighting of the MLP and TEP strengths in integrating the key aspects identified in this
literature review.

Aspects Multi-Level Perspective Techno Economic Paradigm

Technical High High

Economic and financial Medium High

Socio-political High Medium

Regulatory and Institutional High Medium

To summarise, key aspects that should be considered when making sense of a tran-
sition towards high rates of rooftop PV within an energy system include: technological
aspects; economics and markets; users and associated behaviours; global shifts together
with political, regulatory and institutional settings; and the interaction between all these
aspects. The two long range theories considered above, can frame these multi-dimensional
factors in the unfolding energy transition. However, the TEP’s emphasis on rational de-
cision making associated with economics and technology decisions make it a less well
nuanced framework than the MLP of socio-technical transitions theory. The MLP is well
suited for use by researchers and policy makers seeking to understand the multi-faceted
dynamics within an energy transition. The MLP may need augmenting by those researchers
and policy makers seeking to understand rapid change processes driven by emerging niche
technologies such as rooftop PV that can operate at the scale of sub-national electricity
systems or within those systems.

5. Challenges Associated with Transitioning to Very High Rates of Rooftop PV within
Electricity Systems

Very high rates of rooftop PV within electricity systems impose a series of challenges
to the operational reliability of electricity systems. Table 4 presents the broad range of
challenges, which have been grouped as technical, economic, socio-political and regulatory
and institutional. Managing the transition will require an understanding of each of these
challenges and their interrelationships within the socio-technical regime.

Table 4. Issues associated with high rates of rooftop PV in electricity systems.

Issue Type Challenge Cause

Technical

Mismatch between system load
and generation capabilities

More thermal generators (e.g., coal and gas) will fall below their
minimum generation level during midday hours, causing them to
either cycle on and off 1 or to pay other generators not to run. This may
result in generation being unavailable to support afternoon ramping
and/or evening peak loads whilst also removing the additional system
support services that they inherently supply (as summarised in the
remainder sub-section of this table).

Lack of visibility and control of
significant a portion of generation

As for the above challenge, a significant portion of midday demand
will be supplied via inverter-connected rooftop PV systems that are
neither visible nor controllable by the ISO. The ISO is only able to
dispatch utility scale generators (those greater than 10 MW) for
maintaining system security.

Reduced system inertia

Traditional thermal generators have high spinning inertia, which can
resist the rate of change in frequency [68,69]. Exit of these generators
results in a reduction in inertia, which makes systems more vulnerable
to frequency variation.

More rapid frequency fluctuations

Uncontrolled VRE without storage respond almost instantly to changes
in cloud cover (PV) and wind speed (wind turbines). As a result,
inter-interval generation can vary significantly pending changing
weather conditions, requiring additional frequency regulation
services [69].
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Table 4. Cont.

Issue Type Challenge Cause

Voltage regulation

As the minimum system load drops, there is expected to be insufficient
synchronous generation on-line to absorb the elevated reactive power
that results from rooftop PV systems exporting into the distribution
system [19] in some electricity systems.

System strength 2

Synchronous generators inherently supply system strength, which
contributes to system security and is needed most at the centre of the
system [70]. Inverter-connected VRE’s produce very low levels of
system strength and, in the case of rooftop PV are located on the
distribution network close to demand centres. Conversely, the existing
thermal generators, around which the existing system has been
designed, are located further out on the transmission network.

Ramp rate
The new system load profile characterised by the duck curve with low
midday demand and high evening peak requires substantially more
ramping than the historically flatter load profile.

Economic

Merit order effect

Near zero short run marginal cost renewables are reducing the clearing
prices in energy markets, which is pricing base-load generators out of
the market [13–18] and can exacerbate the technical issues identified
above.

Missing money

Renewable energy sources reduce the value and length of peak energy
price periods that, in turn, reduces the financial viability of mid-merit
and peaking plants [6,71–74] and can exacerbate the technical issues
identified above.

Markets do not exist for new
requirements

Many wholesale energy markets do not have rules that would allow
the following to monetise their services that could address many of the
technical issues identified above [4,75,76]:
Chemical energy storage batteries;
Distributed demand response programs (including via virtual power
plants (VPPs) and peer to peer (P2P) energy trading schemes);
Micro-grids.

Value of electricity

Electricity has become a societal right and politically must be available
to all at a minimal cost [15]. Low-cost electricity reduces the potential
effectiveness of tariffs that could change behaviours and therefore
flatten the system load.

Socio-political

Changing societal
roles/relationships with energy

Households have traditionally been electricity customers; however,
they are now suppliers of energy to the system and will increasingly be
called up to help manage and stabilise the electricity system in a role as
prosumer [77].

Energy justice Grid defection by those able to afford rooftop PV and/or batteries is
driving up costs for those that remain connected to the grid. [78–81].

Public versus private

With electricity becoming a societal right, renewed arguments arise
over the role of government provision requirements [15]. In many
systems, the government owns a significant portion of the existing
generation and/or transmission and distribution system. Any policy
changes allowing further development of renewable energy can
negatively impact government assets and revenues, which can lead to
inefficient decisions.

Balancing divergent interests Political decisions have been shown to be major determinants of the
form that energy transitions take [36,82,83].

Regulatory and
Institutional

Clarity of purpose Lack of climate and energy targets, resulting from lack of agreement on
the realities of climate change, creates investment and policy uncertainty.

Speed of change
Traditional generation and network planning and implementation
cycle of 5–10 years is too long to handle urgent challenges created by
high level PV penetration.
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Table 4. Cont.

Issue Type Challenge Cause

Strong network problems and
path-dependencies

Self-reinforcing constructs exist where firms have critical exchange
partners with whom they prefer to conduct business, that are closed to
outsiders. Their effective regime of suppliers, customers, funding
bodies, regulatory groups, trade associations and the general public
can create a lock-in mechanism that reduces the ability of organisations
to make rapid change [84].

Human resources As change is occurring at such a rapid pace, there is often not enough
appropriately skilled staff to resolve emergent issues [39].

1 Cold or warm re-starts cost in the order of AUD 350/MW or AUD 120/MW, respectively, for coal units. With units ranging in size from
120 MW to 330 MW, these restarts can cost AUD 14,000 to AUD 40,000 per warm restart and AUD 42,000 to AUD 115,000 per cold restart
depending on the individual unit sizes. [85] These costs do not include the increased maintenance costs associated with cycling these units.
2 System strength is the available fault current at a specified location in the power system, where higher fault current indicates higher
system strength [71]. It represents the ability of the power system to both remain stable under normal conditions and return to steady state
conditions following a disturbance [19].

The largest body of available literature was focused on the technical integration of
rooftop PV systems (30 of 51 articles) and the economic problems and/or opportunities
that this presented to the electricity system and its users (31 articles). The following
sections provide additional information on the technical, economic, socio-political and
regulatory and institutional challenges posed by high levels of rooftop PV specifically and
VRE generally.

5.1. Technical Aspects

In traditional centralised energy systems, electricity is transmitted across the network
in an alternating current that changes frequency at a rate of 50 or 60 hertz (dependent on
the jurisdiction). The frequency is used as a measure of the system’s balance and must be
maintained within a close band of approximately plus or minus 0.5 hertz to avoid system
collapse. The system’s frequency will drop when a generator trips off, or customers turn on
equipment that draws power. The centralised integrated system operator (ISO) responds
in these situations by dispatching generators up or down to bring the frequency back to a
safe level and thereby ensure that the instantaneous supply and demand for electricity is
balanced. To do so, the ISO has historically had visibility over the operating parameters
of all generators in the power system and the capacity to dispatch them up or down in
response to system requirements.

Rooftop PV, however, is not visible to ISOs and is also not controllable or dispatchable
by them [86,87]. This has not been a problem in power systems where rooftop PV con-
tributes relatively small amounts to the electricity system. This creates several problems
for ISOs where a significant proportion of instantaneous energy demand is coming from
self-generated rooftop PV systems during some trading intervals. It can push the midday
energy demand below the minimum operating levels of the larger coal and gas generators,
forcing some of them to switch off, leaving ISOs with fewer options to dispatch and control
for frequency variations. Some generators can cope with this fluctuation, such as gas
turbines, which can cycle on and off over the course of the day, but for large steam-driven
generators, such as coal and open cycle gas turbines, cycling on and off within a day may
not be a viable option. These generators have been required to meet the afternoon and
evening peak demand periods and therefore have been required to stay on during the
midday low demand periods to avoid cycling costs. To do so, they have increasingly been
forced to bid negative prices into the energy market, effectively paying to displace low
priced utility scale wind and solar facilities to discourage them from producing. The larger
steam generators have also introduced high levels of inertia into the power system, which
has further slowed the rate of change in frequency due to changes in load and/or gener-
ation. Displacement of these generators by rooftop PV from the energy system reduces
system inertia.
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Rooftop PV can fluctuate rapidly in response to cloud movements and the rising and
setting sun, giving rise to the term variable renewable energy (VRE) source. Whilst the
rising and falling of the sun is entirely predictable, it often occurs close to the system’s peak
demand periods, which accentuates the concurrent steep ramp rate and requiring market
participants to rapidly supply energy at those times. This becomes more challenging
when rooftop PV has displaced these generators from the market during the middle of
the day. The effects of cloud movements can largely be predicted and controlled with
accurate weather forecasting [74,88]. It does, however, introduce additional variability
that needs to be increasingly managed by ISOs and, if done poorly, can result in market
inefficiencies [74,88].

As the minimum system load drops with additional rooftop PV, there can be insuffi-
cient synchronous generation on-line to absorb the elevated reactive power and voltage
levels that result from rooftop PV systems exporting into the distribution system [19]. The
increasing proportion of inverter-connected devices together with the removal of tradi-
tional thermal generators reduces fault current and therefore system strength [89]. System
strength is the available fault current at a specified location in the power system, where
higher fault current indicates higher system strength [71]. It represents the ability of the
power system to both remain stable under normal conditions and to return to a steady
state condition following a disturbance [19]. Inverter-connected energy sources, such as
rooftop PV and utility scale wind and solar facilities effectively supply no fault current.

ISOs currently lack control systems that can deal with the shift from tens of generators
that were located on the transmission system towards one that has a very large number of
small inverter-connected rooftop PV systems generating significant portions of the energy
from within the distribution system. This will require improved coordination between
the distribution system and transmission system operation [26] and the development of
automated control mechanisms [90].

ISOs also lack technologies, such as improved inverter and metering technologies,
that can allow them to control the rooftop PV systems located across the distribution
system, [91,92]. The absence of these devices has also been identified as an issue that
impacts the ability to implement time of use tariffs, or to be externally controlled by third
parties via demand response (we have adopted the definition for demand response as used
by [93]: “Changes in electric usage by end-use customers from their normal consumption
patterns in response to changes in the price of electricity over time, or to incentive payments
designed to induce lower electricity use at times of high wholesale market prices or when
system reliability is jeopardized”) programs or to participate in distributed energy markets
such as VPPs and P2P schemes [94]. These programs and markets have been proposed as
mechanisms that could incentivise load shifting and reduce ramp-rate requirements [14,95].
These programs and markets may also be used to address short-term energy supply and
demand imbalances and to meet requirements for additional frequency response [7,76].

Much of the research into technical impacts and solutions to high VRE and rooftop PV
impacts on power systems is focused on electricity systems that have interconnections to
neighbouring power systems or in very small standalone micro-grids. Limited research
has been undertaken on electricity systems servicing several million customers that have
very high rates of VRE, including rooftop PV and that are islanded from any neighbouring
electricity system. These islanded systems are likely to demonstrate the impacts of rooftop
PV sooner than larger systems that can import support from neighbouring electricity
systems and therefore islanded systems warrant further research.

5.2. Economic Aspects

The costs of rooftop PV and other VRE sources have dropped dramatically over the
past decade, with the International Renewable Energy Agency reporting that 80% of PV
and wind projects commissioned from 2020 will produce electricity cheaper than fossil fuel
alternatives [96]. Similarly, the cost of lithium ion battery packs has fallen 87% between
2010 and 2019 [97], with rooftop PV prices falling 79% in the same period [98]. At the
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same time, electricity prices purchased from the grid have typically been increasing, which
further incentivises customers to invest in self-generation and the accelerated uptake of
associated batteries. The International Energy Agency projects that 80% of the growth in
energy demand will be met by solar PV over the next decade [99]. They also note that
PV is now cheaper than both gas and coal generation in most countries and that it is
producing electricity at the lowest costs ever recorded [99]. These landscape-level price
changes can be expected to accelerate rooftop PV uptake and intensify the need to address
the associated impacts.

Rooftop PV and utility scale VRE sources have been shown to suppress the clearing
price in energy markets, reducing the profitability of traditional base-load generation in
many energy markets around the world [13–18,100]. This phenomenon is referred to as the
merit order effect (MOE). In addition, these renewable energy sources reduce the value
and length of peak energy price periods causing the “missing money problem” which
reduces the financial viability of mid-merit and peaking plants [6,72–75]. Whilst this may
be viewed as the effective functioning of a market, it has the potential to cause significant
system security problems if the traditional thermal generators exit the market quicker than
the techno-economic, socio-political, regulatory and institutional aspects can be addressed.

Whilst many technical solutions exist to address the challenges introduced to system
operation by rooftop PV, energy markets do not currently exist that allow for many of
these technical solutions to be monetised. For example, many markets do not have a
mechanism by which distributed energy resources can participate in demand response
programs, nor for aggregators, VPP operators or P2P trading schemes to bid into a mar-
ket [21,22]. Similarly, batteries are excluded from participating in many energy markets.
Market rules in some jurisdictions were developed to only allow generators to provide
system support services, thereby excluding the use of batteries and other non-synchronous
technologies [101,102]. This is a legacy issue reflecting the times in which the rules were
originally written, but updating these rules introduces political and vested interest debates
that can take many years to resolve.

Tariff reforms aimed at flattening the load curve can be an effective mechanism for
reducing evening peak ramping requirements and raising the mid-day minimum system
load [14,103,104]. This can be helpful to slow the speed at which traditional coal and
gas generators need to exit the market due to a miss-match between their operating
characteristics and the new system load. This provides policy makers with additional
time to address the technical, economic, regulatory, institutional and socio-political factors
required to maintain a stable electricity supply with increasing rates of rooftop PV. However,
with electricity now considered an essential service and societal right, politicians must
ensure that it is available to all at a minimal cost [15]. By supplying electricity at a very
low cost, the potential effectiveness of tariffs as a mechanism for changing behaviours that
flatten system loads is diminished.

Managing the transition will therefore require market mechanisms that can value
potential solutions to the challenges posed by introducing new technologies and remov-
ing/reducing historical and legacy dominant technologies. Doing so requires an under-
standing of the interplay between the socio-political, techno-economic, technical, regulatory
and institutional mechanisms that have developed and locked in the legacy regime.

5.3. Socio-Political Aspects

Nearly half of the references within the SLR identified the importance of user accep-
tance of renewable energy technologies and/or enabling business models for a successful
transition. Socio-political acceptance relates to community acceptance at the broadest
level [24] and can be reflected in the decisions that politicians make within democratic
countries. Each of the technical and economic challenges identified in the preceding section
will need to be addressed to allow for a successful transition, which will be dependent
on prior political and social acceptance [23,24] to enable their introduction. This section
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presents the S-SLR findings related to how political and social acceptance are high-level
enablers and blockers to the adoption of significant rates of rooftop PV.

Low levels of rooftop PV uptake can be facilitated without many regulatory changes,
however, as penetration levels become significant, as is occurring in Australia, political
support to enable the required policy and regulatory changes becomes increasingly critical.
Hess and Lee [8] argued that there are often convoluted political policy logics in play,
which has allowed conflicting policy proposals to be argued for by both incumbent and
emergent technologies. This has the effect of slowing the transition process.

Policies to support technologies such as rooftop PV, batteries and electric vehicles
typically lag behind both the technological advancements and rates of implementation
currently experienced with these technologies [40]. This points to the importance of
political support for policy development, a factor supported by research into the adoption
of distributed energy resources in the United States [83], UK [78], as well as PV in India [36],
and Africa [105]. Huang [84] found that policy support in China was most effective when
it occurred consistently across each level of government.

Political decisions have been shown to be major determinants of the structural form
that energy transitions take on [36,83,84]. Sareen and Kale [36] noted that many political
decisions are made to promote certain renewable technologies without consideration of
their relationship to the broader electricity system and other renewable energy sources.
Lenhart, Chan, Forsberg, Grimley and Wilson [83] showed that political relationships were
the greatest determinant of the amount and type of renewable energy adopted within
municipal utilities in the United States.

Jurisdictions affected by rapid adoption and penetration rates of rooftop PV in their
electricity systems must therefore identify and implement mechanisms for empowering
politicians to lead the transition processes. Democratically elected politicians must be em-
powered by their voters and media to make the changes that can allow for a reconfiguration
of the socio-technical regime. This could be through the setting of carbon reduction targets
but must focus on allowing implementation of the enabling technologies, such as batteries,
control systems and infrastructure, together with supporting markets and tariffs to allow
for their successful implementation. The extent to which politicians are empowered to
make these changes will vary on a jurisdictional basis.

Despite being responsible for catalysing a potential re-configuration of the electricity
system, prosumers have limited avenues to interact with energy markets and/or assist in
managing their impacts on electricity systems. Many new business models to integrate
distributed energy resources (DER), including rooftop PV, into the electricity markets, such
as via VPPs, P2P trading and demand response programs, have been proposed. However
their implementation could require energy users to change their production, consumption
and purchasing behaviours [78] and little is known about their willingness to do so [21,78].

The literature review undertaken by Freitas Gomes, Perez and Suomalainen [40]
found that user acceptance was a key variable in determining whether people will invest in
rooftop PV systems. Kang, Wei, Liu, Han, Yu and Wang [66] identified that more research
is required to understand the roles played by individuals, businesses and communities in
the energy transition. Ahl, Yarime, Tanaka and Sagawa [21] also reported that relationships
between electricity users and blockchain-based P2P business models (and vice versa) have
not been empirically studied.

Whilst transitioning current consumers into becoming prosumers makes sense in
theory, actual behaviours may not conform to predictive models. Real-life trials have
shown that those with solar PV’s may use more energy during the day than prior to
PV installation, and therefore there will be less PV-generated energy available for load
shifting [38]. Behaviours may also vary for those with rooftop PV with batteries that are at
home during the day versus those working away from home. The energy use behaviours
of these households have the potential to influence the effectiveness of different policy
responses, and therefore needs to be better understood. The S-SLR has shown that, to
manage the transition to high rates of VRE, understanding the actual energy users, their
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acceptance of new technologies and enabling business models, together with users’ actual
responses to these, are all critical factors to be considered.

Another key theme emerging from the S-SLR was the need for an energy transition
to address social justice issues [36,83,106,107]. This is because rooftop PV is more readily
available to those users who own their own home. Energy consumers who rent or cannot
afford to install rooftop PV are left to pay increasing energy prices, particularly as those
installing rooftop solar start to add batteries and pay less towards the maintenance of the
distribution infrastructure. This can result in a phenomenon referred to as the death spiral,
where electricity supply prices rise as less energy is purchased from network providers,
who have already invested in their infrastructure, whilst those remaining on the grid are
left to pay for the grid infrastructure as the number of grid users diminish [79–82]. Some
utilities are starting to promote restrictions on the number of rooftop PV systems that can
be installed as a means to reduce social justice impacts [83]. Whereas some authors, such
as Sareen and Kale [36], consider that addressing social justice issues must be considered
in the early phases of transition planning by policy makers.

5.4. Regulatory and Institutional Aspects

The need for locally specific regulatory and policy support was identified in the S-
SLR [83]. The adoption of distributed energy resources and enabling markets can vary
between neighbouring countries, demonstrating the importance of regulatory, policy and
institutional factors in designing energy systems [78]. Policies that were consistently and
longitudinally applied were found to be most effective in supporting VRE uptake [65,108].
Research shows that policy affects innovations and the innovations then affect policy
settings in an iterative process [84].

Electricity provision has become a societal right in recent decades, which has renewed
arguments on the role of markets versus governments in supplying this essential ser-
vice [7,15]. As the list of services required to stabilise the electricity system grows with
the uptake of rooftop PV, further policy research will be required to define the changing
roles for governments, institutions and associated markets in electricity provision. This is
particularly the case where new approaches are required to replicate services such as inertia,
which was inherent to thermal generators but will be increasingly required throughout
the transition. The role of government is further complicated in many systems, given
that it often owns a significant portion of the existing generation and/or transmission
and distribution system. Any policy changes allowing further development of renewable
energy can negatively impact government assets and revenues, which can lead to inefficient
decisions and further complicate the transition process.

Theo, et al. [109] noted that many regulatory and institutional barriers exist that
preclude renewables from some market segments (such as providing ancillary services).
As mentioned in Section 5.2, market rules in Western Australia were written to only allow
generators to provide system support services, thereby excluding the use of batteries
and other non-synchronous technologies [101,102]. This is despite energy storage being
considered one of the most important mechanisms by which excess rooftop-PV-generated
energy can best be integrated into existing power systems [110–112], in a state which has
some of the highest daytime solar radiance in the world.

There are many factors that influence the speed at which enabling regulations and
policy can keep pace with the uptake of VRE generally and rooftop PV specifically. Elec-
tricity systems in the developed world have been continually adjusting since at least the
early 1900s to maintain reliable electricity supply as they have expanded to meet society’s
growing demand for electricity [25]. Society’s relationship with electricity has also changed
over this period from being a privilege, to an expected societal right [25]. The regulatory
structures and technologies have co-evolved to promote reliability and stability, which
has then reinforced a specific path-dependency. Whilst this has undoubtedly resulted in
societal benefits through the provision of safe reliable electricity supplies, it has contributed
to rigid regulative and normative practices that are ill equipped to respond to the current
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rapidly changing energy marketplace in Australia and elsewhere. In addition, as change
is occurring at such a rapid pace, there is often insufficient appropriately skilled staff to
resolve emergent issues [39].

6. Conclusions: Integrating the MLP with the Four Aspects Uncovered in the SLR

Electricity systems are changing with the installation of VRE sources. One form of VRE
includes rooftop PV systems, which have unique impacts and require specific responses to
manage their effects on the electricity system. The very high adoption rate of rooftop PV
in some systems is forcing regulators, system operators, market participants, customers,
technology providers, politicians and others associated with the electricity value chain
to change their systems, practices and technologies at a pace that the electricity sector
has not been exposed to since electricity was first introduced. To navigate the transition
and maintain security of supply, policy makers must not limit their focus to the technical
and/or economic parameters but must also consider the associated socio-political, policy
and institutional changes that must be managed concurrently.

Theoretical frameworks can assist researchers to order and make sense of large
amounts of multi-disciplinary information associated with an energy transition. Of the
two long-range transitions theories reviewed in this paper, MLP and TEP, we consider the
MLP to be more useful for policy makers with an interest in maintaining the security of
electricity supply during a transition to high rates of rooftop PV. In this regard we support
Schot and Kanger [64]’s criticism of the TEP for undervaluing the roles played by civil
society, users, scientists, engineers, media and other social groups, whilst placing most
attention on financial institutions and governments for creating the space for turning points
to occur. This paper has identified many of the major technical, economic, socio-political
and regulatory and institutional aspects that must be managed during a transition domi-
nated by rooftop PV systems. The MLP of transition theory provides a useful framework
in considering these multi-dimensional aspects.

Our research suggests that the transition frameworks must also be able to consider
the rapid rates of change that are being dictated by the accelerating uptake of rooftop PV
in some electricity systems. In systems where the transition is being led by rooftop PV
adoptionit, is occurring at a smaller scale and faster pace than was possible with large
electricity infrastructure associated with historical energy transitions. Whilst the MLP has
been particularly effective in considering multi-decadal transitions, the accelerating rate
of rooftop PV installations in some electricity systems may require a more time sensitive
approach to framing these change processes. The impacts of rooftop PV on electricity
systems will be, and is being, felt very soon in islanded networks with no interconnectors
to neighbouring electricity systems. Research into managing the transition should therefore
have a prioritised focus on islanded systems. Despite this, the literature reviewed in this
paper uncovered very limited research into managing transition in islanded electricity
systems with very high rates of rooftop PV uptake.

To assist policy makers in managing the transition, a deeper understanding of the
technical and economic impacts of rooftop PV on wholesale energy markets and the
associated physical electricity system will be required. Any policy changes made in
response to these improved understandings will be constrained by lock-in mechanisms
that have evolved as the incumbent energy systems have developed and should also be
understood by those intending to manage a transition. This will include gaining a deep
understanding of the political, social, regulatory and institutional aspects that can be
leveraged to enable a transition or that need addressing so they do not block the successful
change processes from occurring.

Whilst there has been significant research into the impacts of utility-scale renewable
energy projects on established electricity systems, very little research has been carried
out into systems where the transition is being driven by new supply from within the
distribution network due to prosumer uptake of rooftop PV. Consequently, more research
is required into the evolving roles of prosumers and how their participation can best be
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harnessed to assist in stabilising the newly developing electricity system. To do so could
require an improved understanding of the evolving role of prosumers, both in their capacity
to interact in energy markets, but also to facilitate change within the socio-technical regime
through their support for niche technologies and markets that will be required to stabilise
the effects of rooftop PV systems.
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