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Introduction

Rapidly rising populations in cities, urbanization and economic development have
prompted the emergence of megacities, i.e., urban agglomerations with populations
exceeding 10 million inhabitants (Kennedy et al. 2015). Because of their sheer size
and complexity, megacities present epic social, economic, and environmental
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challenges. In the last three decades, major cities in the United States and Europe
have been prioritizing new forms of sustainable urban development, notably new
urbanism, compact city models and smart urban growth through transit-oriented
development to counteract these challenges (Ewing et al. 2017; Noland et al. 2017;
Kim and Larsen 2017; Chhetri et al. 2013). Although these models have different
origins and objectives, they generally seek to improve energy and material flows
toward reduced energy- and water-use intensity, increased adoption of mass transit
systems, controlled growth and expansion, mixed and diverse land-use development,
and stronger urban sensibility. In the global south such as in many African and
Asian cities like Cape Town, Bangalore, Bangkok, Beijing, Chennai, Guangzhou,
Hong Kong, Lagos, Mexico City, Nairobi, Nanjing, and Shanghai, however, a
variety of smart urban energy solutions have mainly focused on alleviating environ-
mental pollution and the decreasing density (or, alternatively, urbanized area per
capita), in part, owing to rapid population growth and rural-urban migration (Chiu
2012).

In 2014, China reported the largest urban population globally of 758 million as
well as six megacities, i.e., Shanghai, Beijing, Chongqing, Guangzhou, Tianjin, and
Shenzhen, and is projected to add one more megacity (Chengdu) and six more large
cities (i.e., Wuhan, Dongguan, Hong Kong, Nanjing, Foshan, and Shenyang) by
2030 (United Nations 2014). This remarkable rapid growth in the size and number of
megacities upends a range of social-technical transitions, institutional change, eco-
nomic innovations, and scientific inquiries. The frameworks adopted to understand
energy and material flows of cities, in particular, the nexus between urbanization,
resilience, and resource efficiency and related synergies between jurisdictions,
sectors, and technical solutions required to optimize resource management and
improve institutional frameworks for effective service delivery have focused on
top-bottom strategies. (Clark et al. 2019; Sircar et al. 2013). As a result, these
strategies have been criticized for being ineffective, inflexible, less transparent,
and inadequate in mediating the effects of socio-environmental inequalities in cit-
ies. For instance, unlike most American cities, Chinese cities are high-den-
sity areas integrated via transit-oriented development (TOD) (with high levels of
mixed-land use configurations around public transport stops), making them ideal for
the compact city model. The new urbanism concept thus is not ideal for the pro-
growth ethos of most Chinese megacities and other densely populated cities in the
developing world, but rather less populated European cities which tend to emphasize
a more compact urban form and smart growth as an antidote to the ills associated
with urban sprawl (Wey and Hsu 2014; MacLeod 2013).

Transit-oriented development model, however, is more suitable for cities like
Berlin, London, Madrid, Milan, New York, Paris and others, which have a long
history of implementing mass transit systems, because it maximizes integrated
access to residential, business and leisure activities within walking distance of
near-excellent public transport (Noland et al. 2017). Smart, networked cities increas-
ingly require polycentric governance of socio-technical systems that together form
the elements of their energy frameworks in order to foster smart growth, accelerate
low-carbon transitions, and lessen fragility concerns that emanate from a troika of
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rapid population growth, urbanization, and climate change challenges. With respect
to climate change, the cost of urban infrastructure damage is rapidly rising. For
instance, in August 2017, Hurricane Harvey cut a destructive path across Texas and
the Gulf of Mexico leaving thousands without electricity, while in 2012, Hurricane
Sandy caused extensive destruction and damage to energy infrastructure across
several northeastern states (Maryland, Delaware, New Jersey, New York, Connect-
icut, Massachusetts, and Rhode Island) due to high wind and coastal storm surge.
The U.S. National Oceanic and Atmospheric Administration (NOAA) estimates the
total damage from Harvey and the 2005 Hurricane Katrina at $130 billion and
US$168 billion (2019 consumer price index cost adjusted value), respectively,
making these two events the costliest U.S. weather and climate disasters on
record since 1980 (Smith 2019). As acknowledged by the Intergovernmental Panel
on Climate Change (IPCC), energy infrastructure (as well as other high-quality
urban infrastructure-based networked systems like transportation) is increasingly
confronted with a series of grand challenges – rapid population growth, urbaniza-
tion, and climate change (Revi et al. 2014). This situation is compounded by the fact
that these critical urban infrastructure systems constitute the backbone of a
networked city, are largely inflexible to changes in utilization and external condi-
tions due to the spatial alignment and coevolution of their elements, are underfunded
and often poorly maintained, and are increasingly complex and interconnected
across several functions. (The problem is particularly acute in urban areas, where
growing populations stress society’s support systems and natural disasters, acci-
dents, and terrorist attacks threaten infrastructure safety and security.) Diversifying
energy systems – through the interlinked mix of clean energy technologies, institu-
tional change, user-centered design practices, and market and regulatory innova-
tions – can help cities achieve their low-carbon objectives, promote greater energy
security and electric grid stability, and improve access to modern energy services as
new energy demand is projected to take place in rapidly urbanizing metropolitan
regions and megacities (Taminiau et al. 2019; Nyangon and Byrne 2018; Byrne and
Taminiau 2018; Taminiau et al. 2017). Therefore, the investment decisions cities
make today in high-growth intensive sectors especially infrastructure such as roads,
electrical power systems, sewers, and buildings will influence the evolution of urban
spatial structure and their socio-environmental dynamics for several decades.

Different types of urban systems, for example, compact, well-connected cities
versus sprawling, car-dependent urban locations, can act as straightjackets for smart
cities of the future by providing integrated and resilient energy frameworks and
metrics for addressing known and unknown challenges. Such efforts entail increas-
ing momentum of niche innovations, weakening existing legacy systems, and
strengthening exogenous trends and developments, which when aligned can desta-
bilize the existing system to create processes that yield breakthrough innovations
(Nyangon 2017). While the potential benefits of smart energy networked cities exist
in smart investments such as energy management services, energy storage, distrib-
uted energy resources, demand-side management, and automatic measurement and
verification, poorly managed urban growth does have social and economic costs.
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This chapter proposes reorienting the principles and tenets of energy busi-
ness models and frameworks toward a polycentric approach by focusing on six
key imperatives: (a) stakeholder-driven approach, (b) enhanced accountability and
legitimacy, (c) inclusivity and equitability, (d) adaptive management, (e) shared
learning, and (f) continuous improvement to promote integrated energy governance
and material flows in cities. Polycentricity can result from advanced planning or self-
organization. For instance, while polycentric cities like Singapore (Field 1999) and
Shanghai (Ziegler 2006) emerged from an advanced strategic planning, the urban
development around the greater Jakarta area is a result of gradual alignments
and modifications in planning to explore the potential of interactive technologies
and systems, toward the polycentric objective (Hudalah and Firman 2012). Con-
versely, Shenzhen and Guangzhou are a product of special urban policy (Wu 1998),
while London, Amsterdam, Paris, Frankfurt, and many European cities are a product
of both self-development and planning (Hall and Pain 2006).

Climate Change and Urban Energy Infrastructure

“How does a lively neighborhood [city] evolve out of a disconnected association
of shopkeepers, bartenders and real estate developers? How does a media event
take on a life of its own? How will new software programs create an intelligent
worldwide web?,” Steven Johnson writes in Emergence (Johnson 2001). According
to Mumford (1938), the city is “a point of maximum concentration for the power and
culture of a community.” Cities are shaped by policies, regulations, and formal
written development plans as well as spontaneous, unpredictable self-organizing
individual elements that give rise to intelligent and sophisticated systems working on
their own prescribed logic. Consider control processes such as traffic lights and
their control coordination mechanisms, or the socioeconomic characteristics and
attributes of heating and cooling in buildings which influence household energy
consumption, or even waste collection and management processes, every city model
falls somewhere along a continuum. These self-organization phenomena involve
large-scale systems where no single activity or individual exerts control over the
processes. It also provides a fruitful source of inspiration for understanding the
elements of smart networked cities: how they emerge, deliver societal functions
such as personal mobility, and implement niche technological innovations such as
piped water infrastructure, heated buildings, pedestrian streetscape facilities, as well
as cultural, political, economic and behavioural changes, in a manner often known as
“combinatorial innovation” – the ability to combine novel technologies together to
create a new wave of discoveries (Youn et al. 2015). (Combinatorial innovation
process exhibits two key characteristics: “exploitation” (i.e., continuous refinements
of existing combinations of technologies) and “exploration” (i.e., the development of
new technological combinations) (Youn et al. 2015).) Today, the narrative of the
low-carbon transition puzzle in cities, the ascent of energy-related infrastructure
challenges in metropolis, the demands for quality livability standards, and the entire
unfolding urban sensibility is fundamentally intertwined with climate change. It is
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also embedded in politics, urban policy, and polycentric governance efforts. The
rapid spread of the COVID-19 pandemic is a grim reminder of how global natural
disasters exacerbated by unsustainable resource and energy use practices like climate
change respect no boundaries.

The Nature of the Challenge

Dynamism is an abiding feature of smart cities. The dynamic nature of cities is
characterized by rising quest for accumulation, of creative destruction and of growth
and dislocation spurred on by technological advances which have become symbolic
with rapid urbanization and the ascent of megacities. However, climate change now
threatens this dynamism and its configurations of urban sensibility and urban
resilience. Often characterized as a “super wicked” problem, meaning that its
impacts are global, complex, and urgent, climate change is, in part, “driven by
policies and technologies that created a path-dependent reliance on high carbon
fossil fuels” paradigm, implying that a robust climate solution for governing smart
cities should nurture “countervailing policies that trigger path-dependent low-carbon
trajectories” (Levin et al. 2012). The impacts of current and anticipated climate
change on urban systems are substantial, disrupting energy provision, food distri-
bution, water supply, waste removal, financial markets, and increased susceptibility
to pandemics (Agbemabiese et al. 2018). For instance, solar photovoltaic (PV) cells
generally work optimally at low temperatures. Climate-induced temperature increase
affects the conversion efficiency of a PV cell (Emodi et al. 2019). Increased intensity
and frequency of storms disrupt wind power generation, with higher waves lessening
electricity production of offshore wind turbines (de Jong et al. 2019). Offshore oil
and natural gas facilities and low-lying coastal infrastructure in port cities are
equally vulnerable to climate-induced impacts as sea levels rise and wind storms
increase in severity and frequency (de Jong et al. 2019; Emodi et al. 2019; Cortekar
and Groth 2015). As urbanization spreads up, high unemployment and social unrests
in cities, rising competition for resources such as water and food, widening inequal-
ity gap, and environmental degradation also threaten urban development. Climate
change exacerbates these threats, forcing city authorities to explore explicit socio-
technical interventions to mitigate these threats as well as support economic growth
and sustainable low-carbon development.

Attention must thus be broadened toward interactions between climate, energy,
and other socio-technical systems. Aging urban infrastructure increases severity of
climate risks. Storm-related power outages and direct physical damages from cli-
mate-induced natural disasters increase operations and maintenance costs as well as
capital investment in energy infrastructure (Markolf et al. 2019; Miller and Hutchins
2017). Furthermore, increased frequency and duration of extreme weather and
storm-related power outages result in prohibitively expensive insurance premiums
for cities and utilities. A case in point is California’s PG&E bankruptcy filing in
2019, citing billions of dollars in liabilities stemming from wildfires in 2017 and
2018 (Blunt and Gold 2019). Due to these geophysical and climatic disasters, cities
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are increasingly exploring a host of adaptation and mitigation strategies, especially
adaptive smart policies, energy frameworks, user practices, programs, and technical
solutions to actively phase out existing technologies and systems that lock in
institutional and behavioral systems for decades (U.S. Department of Energy
2015). Table 1 summarizes direct physical impacts from extreme events on urban
infrastructure systems and potential smart grid solutions.

Smart Grid and the Future of Smart Cities

Given the centrality of technological innovations in supporting polycen-
tric energy governance efforts related to climate change, water and wastewater
management, mobility, economic competitiveness, and a range of other material
flows, it is not surprising that cities are expending considerable capital in develop-
ing evolutionary business models for explaining innovation, consumer acceptance,
and multi-level energy frameworks to better understand socio-technical regimes of
transitions and the momentum for renewable energy innovations such as solar PV,
wind, and bio-energy. In recent times, cities such as New York City, London,
Shanghai, Philadelphia, San Francisco, and Tokyo have adopted smart energy
roadmaps, including energy storage, demand response, and smart measurement
and reporting, to accelerate their transformation toward clean energy economies.
Besides climate-related concerns, energy systems are experiencing several chal-
lenges, including lagging investments, energy efficiency gap, diversification of
energy generation assets, optimal deployment of expensive assets, and demand-
side management. Yet, majority of the urban electricity infrastructure is outmoded,
stressed, aging, and incapable of responding to these critical issues (ASCE 2017; U.
S. Department of Energy 2015; Fox-Penner 2010). In addition, the existing grid is
unidirectional and hierarchical and consists of mostly centralized generation assets,
meaning it converts only half of the fuel input into electricity without recovering the
waste (heat). In this framework, transitioning to a smart grid system addresses this
major shortcoming of the power grid, as well as optimizes energy asset utilization
and operation efficiency while facilitating roll out of new energy products, services,
and platforms. A smart grid is an “intelligent” electrical grid – uses digital, multi-
directional communications; provides multiple customer choices to improve reli-
ability of electricity supply, system operating efficiency, and energy services; and
consists of mostly distributed generation assets which reduce operating costs while
maintaining power grid flexibility and use of pricing models applications.

The unfolding New York energy transition, for example, involved diversifying
energy generation mix, through solar PV, wind and bioenergy technologies. The goal
is to improve electricity choices for customers as well as enhance the resiliency and
flexibility of the electricity, transportation, heating, and industrial systems against
possible direct impacts from climate risks. Nyangon and Byrne (2018) used a
combination of business model innovation, simulation, and Gary Hamel’s business
concept innovation framework to study the ongoing reorganization of the New York
energy market under the Reforming the Energy Vision (REV) process. Expanding on
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these concepts of diversified power generation mix and intelligent grid infrastructure
solutions (DeRolph et al. 2019), this chapter proposes that incorporating elements of
smart energy business models such as strategic resource management, revenue
model, customer interface, and value propositions, in addition to flexibility and
agility, may help animate high levels of reliability and resiliency of urban infrastruc-
ture systems, as illustrated in Fig. 1. Furthermore, as the existing urban energy
infrastructure continues to age, a new window of opportunity for smart grid appli-
cations is emerging. Elements of this smart grid regime include technologies and
strategies such as distributed energy resources, energy storage, microgrids, demand
management technologies, smart measuring, harvesting, green technologies, and
resilience (or robustness).

Most cities in the developed world are already implementing a variation of these
smart grid systems, through an assortment of technological innovations, principally
by incorporating new technologies and assets into old operations and existing
infrastructure. First, at its core, the smart grid implementation is a lateral integration
and careful overhaul of the existing grid through information technology, circuit
infrastructure, and communication applications. However, because of the electric
power sector’s tangled economic and regulatory structure, the implementation of
smart grid in cities may take the form of “part destination” and “part vision” (U.S.
Department of Energy 2015). As such, evolution of the smart grids will be dependent
on several factors, notably innovation in technology, energy investment and market
structures, policy, regulatory jurisdictions, and a city’s needs and requirements.
Second, the rising demand for a decarbonized, distributed, and digitalized electricity
landscape creates technical and business process challenges for power operators.
These challenges include transitioning to a smart grid future, at the highest possible
return on investments, as soon as possible, at the minimum cost, without endanger-
ing critical energy services in their jurisdictions. Utilities in the developing world
have fewer legacy systems and have a clear advantage over their counterparts in the
developed world (Farhangi 2010). This is because most cities in developing counties
have minimal requirements for backward compactivity with their existing systems,
and moving forward investment can be directed toward cleaner, sustainable energy
alternatives. Furthermore, cities in the developed world make smart grid investments
in a highly regulated environment compared to their counterparts in developing
countries. As Fig. 2 demonstrates, a typical smart grid pyramid consists of several
technologies, with asset management occupying the base of smart grid development.

Decomposing smart energy systems into implementation components such as
energy efficiency, demand-side management programs, energy storage, and micro-
grids provides cost-effective solution to mitigation and adaptation (Pallonetto et al.
2019; Oprea et al. 2018). Accomplishing each task requires deployment and inte-
gration of various technologies to climate-proof the electric grid. Which style of
smart grid innovation is right for smart cities? Implementing the smart grid vision
involves weaving an array of technologies into the city infrastructure, including
predictive analytics, the Internet of Things, big data, and artificial intelligence.
In terms of specific projects, examples of smart grid milestones include advanced
metering infrastructure (AMI), advanced distribution operations (ADO), advanced
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transmission operations (ATO), and advanced asset management (AAM). The IBM
Smarter Cities Challenge program, for example, promotes a systematic data collec-
tion approach and strengthens sustainability planning and urban governance
(Alizadeh 2017). AMI comprises of smart meters, communications networks, and
information management systems for processing vast amounts of new data. AMI
networks enable utilities to collect meter data remotely, facilitate customer partici-
pation in demand response and energy-efficiency improvement, and support the
evolution of tools and grid management technology that will drive the smart grid
future, including outage restoration and integration of electric vehicles and distrib-
uted generation. Furthermore, AMI supports practical application of time-varying
rates, resulting in peak demand reduction in household energy consumption, in
certain cities, by almost 30% (Wang et al. 2019). While smart meters offer substan-
tial benefits to utilities and consumers, new challenges are being upended such as
the need for continuous improvement of interoperability and embedding of AMI
architecture systems to address cybersecurity and privacy concerns (Lightner and
Widergren 2010). In light of this, the AMI smart grid electricity infrastructure should
be scalable, be capable of adapting to changes, and include open-standard technol-
ogy architecture to enable interoperability among several applications in order to
support a wide array of city operations.

For distribution networks, implementing ADO, particularly distribution manage-
ment system; automated fault detection, isolation, and restoration (FDIR); and
distribution automation technologies – i.e., energy management system (EMS),
supervisory control and data acquisition (SCADA), distribution management system

Fig. 1 Common interconnections of critical urban infrastructure systems. (Source: Author’s
illustration)
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(DMS), and outage management system (OMS) – could provide increased granu-
larity of and access to smart control mechanisms needed for an adaptive and “self-
healing” distributed grid, improving reliability and climate resilience (Pérez-Arriaga
and Knittel 2016). On the other hand, ATO improves transmission reliability and
congestion management on the transmission system by integrating the distribution
system with regional transmission organizations (RTO) and market applications.
Finally, AAM improves the utilization of transmission and distribution assets at the
operational level and supports effective management of these assets from a life cycle
perspective. AAM includes equipment health monitors and synchrophasor systems –
consisting of phasor measurement units, communications networks, and data visu-
alization systems. On the grid network, a key distinction is that whereas transmission
and consumption are essentially passive elements of the power grid, generation is
dynamic.

For cities, identifying and addressing decarbonization, decentralization, and
digitalization challenges, require investment in a smart grid to facilitate systematic
deployment of energy assets from the outset. Furthermore, characterizing the
deployment challenges to establish if they are technological, behavioral, or structural

Fig. 2 Components of smart grid pyramid. (Source: Author’s illustration)
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provides a good starting point. In addition, integrated assessments, foresight, and
scenario facilitate imagination of urban innovation futures, including diversified
generation assets, economic transformation, and policy innovation. Therefore, the
sequence of knitting in smart energy solutions might vary significantly across cities
and regions, and utilities should approach this transition based on a holistic assess-
ment of their assets and the existing regulatory environment. For instance, to
advance decentralized energy governance approach, cities such as Songdo and
Masdar have adopted a sequence that follows the following strategy to improve
resilience and robustness: implement AMI to establish physical communication
infrastructure to the energy generation assets, followed by ADO to assure self-
healing of the distribution system, and then ATO systems to address congestion
concerns on the transmission system. Finally, implement AAM to support “smart”
real-time transactions, with predictive asset-modeling capabilities built on real-time
data (Lee et al. 2016).

As James et al. (2020) highlight in the introduction chapter, climate change
adaptation measures, including distributed energy resources, provide double divi-
dend benefits such as emission reduction, energy savings, and operational improve-
ment. In broader terms this enables cities to improve their energy security, grid
reliability, and demand-side management. To realize this goal, technology, market,
and policy-oriented strategies for smart grid such as energy storage, microgrids,
demand response, and distributed energy resources are discussed to explain their role
in optimizing existing energy assets and mitigate climatic extremes. In addition, the
modernization of the electric power grid policy framework is increasingly not an
optional add-on for utilities but an essential planning component of urban energy
infrastructure.

Emerging Models for Urban Energy Transformation

This section discusses some of the components and elements of a smart grid in
Fig. 2.

Distributed Energy Resources

Distributed energy resources (DERs) enable active participation by consumers in the
power grid. DERs include PVs, small wind power plants, small natural gas-fired
generation and combined heat and power (CHP) technologies, energy efficiency,
electricity and thermal storage, demand response (DR), heat pumps, and electric
vehicles (EVs). (While wind power systems are often connected at distribution
voltages, they are a mature technology and rarely deployed at customer sites.) All
of these technologies have unique characteristics and sometimes complex interac-
tions with the distribution grid. For example, while rooftop and ground-mounted
solar PVs and wind power systems are fueled by non-dispatchable sources of energy
and therefore have variable energy output, electricity and thermal storage and fuel
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cells provide more flexibility and reliability to the grid (Nyangon 2017). On the other
hand, energy efficiency, DR, EVs, and heat pumps are customer dependent and
therefore behavior- or participation-centric. In this regard, city planners could assess
the potential of the DERs from two main perspectives: accommodating DERs, which
implies that their implementation may create adverse impacts on the electric distri-
bution network, and integrating DERs, which means that they may mitigate grid
constraints such as limited hosting capacity and unbalanced power flow (Trencher
and van der Heijden 2019; Eid et al. 2016).

The transformation from consumers to prosumers – active energy market
participants who consume less bulk kilowatt-hours from the grid due to energy-
efficiency improvements while producing more through small-scale distributed
generation – is one of the most exciting research areas of DERs and grid service
development. (The term prosumer refers to energy consumers who are also pro-
ducers.) For urban areas where conventional CHP plants are available, DER instal-
lations can be used to improve power systems restoration after power outages,
improve frequency stability, and reduce blackouts. DER electricity development in
cities, particularly solar PV and wind power systems, can be traced to favorable
support policies and incentives by national and local governments, private sector
financial investments, and technology and market improvement (Nyangon et al.
2017b). DER can help cities lower and stabilize household electricity costs, which
are passed down to consumers, and improve grid flexibility because they are far
more flexible to site and operate than fossil-based technologies. At the transmission
level, flexible alternating current transmission system (FACTS), phasor measure-
ment unit (PMU), fault current limiters, and synchronous switching devices provide
instantaneous voltage support during extreme weather events and storms (Fox-
Penner 2010). In addition, they also enhance power quality, balance reactive
power, and improve reliability and efficiency of bulk power shipment over long
distances during power outages. At the distribution level, high-speed transfer
switches and dynamic volt-amperes reactive (DVAR) support load isolation,
improve grid reliability, and minimize power quality events. This makes a combi-
nation of DERs and smart grid investment a cost-effective strategy for improving
grid flexibility to mitigate against climate-induced impacts.

Furthermore, because DERs accommodate all generation sources particularly
intermittent, non-dispatchable renewable energy sources, storage options, and low-
carbon renewable natural gas-fired generation systems as well as cogeneration, they
sustain a clean energy economy and urban infrastructure development. DERs also
offer cities opportunities to reduce their near- and long-term greenhouse gas emis-
sions through “solar city” strategy and economics (Byrne and Taminiau 2018),
thereby mitigating climate impacts by reducing total GHG emissions. DERs perform
twin functions: (1) adaptation and (2) mitigation of climate impacts. For example,
combined cooling heat and power (CCHP) and cogeneration systems are a form of
an integrated DER energy system, which delivers both heat and electricity, as well as
improve system efficiency (Prinsloo et al. 2016; Eid et al. 2016). Such DER
technologies can be paired with information communication technologies (ICTs)
in cities to enable communication and control of the DER resource of interest.

Smart Energy Frameworks for Smart Cities: The Need for Polycentrism 13



ICTs can also improve local system signaling and reliability of electrically
constrained portions of the grid, thus providing critical system resiliency during
widespread outages caused by extreme weather events and other disruptions.

Energy Storage

Utility-sited energy storage provides the needed integration with variable renewable
energy sources to mitigate supply-demand imbalances. Previously, pumped hydro-
power plants had been the only known grid-integrated technology for delivering
significant flexibility to the power grid (Beires et al. 2018). Common electricity and
thermal storage technologies include electrochemical or physical (e.g., compressed
air) mediums, ice storage, molten salt storage, and others. In recent times, the growth
of large- and small-scale battery storage has supported stabilization of power grids
in cities. Electromobility is the main technology driver of the growth of battery
storage, and as Hoarau and Perez (2019) show solar PVs, lithium-ion batteries, and
electric vehicles (EVs) are emerging as the three disruptive innovations in power
grids. Lithium-ion battery technology has very good power and energy density at
high frequency and robustness which makes it suitable for consumer electronic
devices (Nykvist et al. 2019).

Another new factor is that advances in smart grid technologies make deployment
of energy storage to integrate high amounts of renewable electricity systems possi-
ble. This necessitates maximizing locational value of DERs to deliver reliability
services in locations where networks are frequently constrained (Burger et al. 2019).
To minimize network supply-demand imbalances and integrate a growing share of
variable power into the grid, investment in distribution network assets is necessary.
Additionally, to improve electric grid resilience in cities, on-site renewable energy
systems can be combined with energy storage (i.e., batteries, ultracapacitors, and
flywheel energy storage), as well as other auxiliary equipment and services. When
paired with energy storage, and facilitated by smart grids, these systems provide
a reliable backup power in the event of a blackout, as well as ultra-clean power
needed for sensitive industrial processes.

Apart from batteries, utilities can deploy vehicle-to-grid (V2G) distributed stor-
age devices to support grid balancing and enhance peak-shaving capability in cities.
Noel et al. (2019) analyzed willingness-to-pay attributes for EVs in Norway, Iceland,
Denmark, Sweden, and Finland and found that V2G capability is significantly
positive. With V2G and smart grids, municipal utilities can flatten their daily
consumption load curves, optimize grid management, and improve system flexibility
(Pérez-Arriaga and Knittel 2016) with significant benefits to the environment, urban
air quality, energy security, and ecological integrity.
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Microgrids

Microgrids are self-contained, self-sustaining grids, operating in a small geograph-
ical region, often powered by DERs, and can operate in both grid-tied and islanded
modes (Hussain et al. 2019; Farzan et al. 2013). They are a potential solution to
climate-induced power disruption events due to their islanding ability. Urban infra-
structure such as hospitals, schools and universities, data centers, and municipal
facilities and offices are examples of facilities that require unusually high levels of
reliable electricity and can benefit from microgrid deployment, operating either as a
stand-alone system or in conjunction with the municipal utility system, to guarantee
proactive scheduling, feasible islanding, and outage management and reduce the
impact of major disruptions. A notable microgrid project in the United States is a
Hurricane Sandy star, the Princeton University campus. The Princeton microgrid
consists of 15 MW CHP plant, a 5 MW PV array, and a load prioritization strategy
during islanding. (Two years after Hurricane Sandy, recognition of Princeton’s
microgrid still surges https://www.princeton.edu/news/2014/10/23/two-years-after-
hurricane-sandy-recognition-princetons-microgrid-still-surges) Microgrids provide
reliable onsite power supply with fewer outages, and self-healing power systems,
through the use of digital information, automated control, and autonomous systems
(Farzan et al. 2013). By enabling integration of multiple DERs with advanced
controls and communication platforms, Washom et al. (2013) explain that micro-
grids offer significant system operational benefits and ameliorate constraints associ-
ated with the centralized electric grid.

Demand Response and Energy Management Systems

Adaptation measures in the power sector, to implement climate change resilience,
are best done at supra-local level by county and regional governments, because of
their broad legislative powers. Near-term demand management measures (e.g., smart
meters, new tariffs, and intelligent load management) provide cost-effective mitiga-
tion strategies as well as enhance flexibility and grid management solutions for
reducing carbon intensity in the electricity sector. In this regard, demand manage-
ment and demand response offer two strategies to even outpeak power demand: (1)
load shedding and (2) load shifting. According to the Federal Energy Regulatory
Commission (FERC), demand response refers to “changes in electric usage by
demand-side resources 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.” (Federal Energy Regulatory Commission. Reports on
demand response and advanced metering http://www.ferc.gov/industries/electric/
indus-act/demand-response/dem-res-adv-metering.asp) Demand response is a subset
of end-use customer energy solutions known as demand-side management (DSM).
Besides demand response, DSM includes energy efficiency programs. Various
entities including transmission and distribution system operators, utility companies,
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and end-use consumers can all benefit from demand response, either in the form of
price-driven or incentive-based demand response programs.

Load shifting tries to smooth the power demand away from peak periods through
price incentives thereby improving power efficiency and optimizing resource allo-
cation to achieve efficient electricity use (Kuiken and Más 2019; Varma and Sushil
2019; Wang et al. 2018). Load shedding, on the other hand, is a form of targeted
blackout where utilities enter into agreement with large electricity consumers such as
industries or universities to reduce their consumption during peaking crises in return
for discounted rates. This is a form of incentive-based demand response program and
is triggered either by high electricity prices or a grid reliability problem. Dynamic
pricing can dramatically reduce energy demand swings and increase overall gener-
ating efficiency. Demand response as a proactive measure can be implemented both
manually and automatically. When fully automated, human intervention is removed
and demand response is initiated at a home, building, or facility through receipt of an
external communications signal that shifts the load, thus reducing peak and total
energy demand (Fox-Penner 2010). The manual demand response entails controlling
the use of certain appliances, for example, dishwashing machines, in different time
periods of the same day. Semi-automated demand response, on the other hand,
involves some form of human intervention whereby a pre-programmed demand
response strategy is initiated through a centralized control system.

The success of dynamic pricing methods nevertheless depends on consumer
behavior. The current price-driven demand response programs include time-of-use
(TOU) pricing, critical peak pricing (CPP), and real-time pricing (Yan et al. 2018;
Faruqui and Leyshon 2017). Besides dynamic pricing, cities are engaging investor-
owned utilities (IOUs) in their territories to implement smart building automation
and control solutions to improve provision of energy services. Advanced metering,
time-varying rates, dynamic market-based prices, and energy management systems
(EMSs) have the potential to reduce uncertainty in electricity prices than ever before.
Without these smart controls, the problems of the grid will worsen, and critical
operations in cities will be severely affected. Siemens has observed that investments
in smart grids – resulting in increased usage of load shedding and load shifting –
could reduce national electricity needs by nearly 10%. (Smart infrastructure business
update: https://assets.new.siemens.com/siemens/assets/public.1557934458.69c056d9-
2369-49ddba5e-1a519a71049e.dgcustomersummit2019.pdf)

Smart Measuring Systems

Significant progress has been made in improving measurement, reporting and
verification (MR&V) system for urban energy as well as other performances like
air, environment, water, waste management, transport and mobility. However, the
indicators used for measuring these performances and smartness rarely consider a
holistic approach that goes beyond one component (economy, environment, mobil-
ity, people, governance). Additionally, a lack of standardized common metrics for
MR&V adds complexity in governance and information management. Under these
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circumstances, energy performance measurement through data-driven powered
insights and peer-city benchmarking strategies have emerged as viable solutions
for improving the understanding of the complexity and dynamism of urban energy
transition – from fossil fuels to renewable power (Hiremath et al. 2013). As far as the
building energy dimension is concerned, polycentric frameworks based upon peo-
ple-centric and smart measuring strategies, particularly common indicator
approaches, could be deployed to improve both the measurement of energy supply
and demand metrics in cities. In this framework, these efforts could focus on the
linkages between multiple innovations and sociotechnical systems like inte-
grated district heating systems in which electricity grids are coupled with gas
networks, rooftop solar PV systems for electricifying residential buildings, V2G con-
figurations, integrated urban planning and transport systems via TOD, and inter-
modal transport to facilitate efficiency of transport links, nodes, and the provision of
services within and across cities (Pires et al. 2014).

By adopting a common indicators approach, cities can also improve reporting of
energy project performance on an ongoing basis. Smart, automated performance
measurement and control opportunities will arise in many ways:

• Intelligent monitoring and control of energy-consuming devices to reduce per-
formance variations, engage energy users in new decisions and action that reduce
energy, and improve energy savings guarantee.

• Foster better understanding of the drivers of energy-efficiency improvement and
changes in the social, natural, and built environments.

• Use targeted incentives and rewards to increase participation and commitment to
energy efficiency actions.

• Any governmental program providing a subsidy for clean energy projects can
require reporting as a condition.

• Leverage technology to promote smart metering of generation resources, trans-
portation system efficiency, appliance labeling, building codes, and energy sav-
ings performance contracts (ESPCs).

Standardization of ICT interfaces for smart cities will also support the New Urban
Agenda (Habitat 2019) and a specifically Urban Sustainable Development Goal
(USDG) as part of the United Nations 2030 Agenda for Sustainable Development,
encourage continuous learning and improvement, promote accountability, and iden-
tify performance gaps (d’Alençon et al. 2018). Under a common framework of
MR&V, learning, cooperation, and emulation among different cities with common
smart city objectives and characteristics can be enhanced to promote smart mobility,
smart urban infrastructure, smart economy, smart energy, and smart urban gover-
nance. An example of a comprehensive framework for measuring economic, envi-
ronmental, and social performance of cities is the release of the Sustainability Tools
for Assessing and Rating (STAR). The STAR framework offers a menu-based
system for enabling cities to build inclusive, equitable, and accountable development
(STAR Communities 2017). It is a leading framework for assessing and promoting
sustainability performance of cities at different scales. With the STAR framework,
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cities can evaluate their performance across different goal areas covering the built
environment and climate and energy (STAR Communities 2015), discover “best
practices” that move the needle toward the identified outcomes, and communicate
their progress to the stakeholders.

However, cities and their measurement metrics are network phenomena and
cannot be studied in isolation. If the measurement indicators fail to improve or
fully capture the resource and material flows in cities, the performance evaluation of
the city’s assets could be considered incomplete or undervalued (Pires et al. 2014). In
addition, without fully understanding the energy and material flows, systematic
evaluation of the measurement indicators could be problematic thus undermining
long-term planning and development goals. To address these concerns, a smart
measurement framework should incorporate three main guiding principles: bot-
tom-up stakeholder-driven approach, consensus-based process, and inclusivity.
Stakeholder-driven process fosters synergy among different city agencies and enti-
ties, thereby improving decision-making process. Consensus-based process pro-
motes transparency and accountability, offering immense opportunity for deeper
engagement on smart development. Stakeholder-driven and consensus-based
approaches together foster improved qualitative assessment of urban complexity
and dynamics. On the other hand, inclusivity refers to the balance between rigor and
comprehensiveness of the measurement metrics in order to address the full range of
measurement, reporting, and verification systems.

Harvesting

Rapid urbanization, population growth, climate change, and high cost of mainte-
nance of urban infrastructure projects have pushed city planners, engineers, and
scientists to look for alternative and sustainable methods of harvesting energy such
as solar, wind, hydropower, and geothermal. Solar PV panels absorb sunlight as
a source of energy to generate electricity in the form of direct current (DC). Solar
cells are made of semiconductors, such as wafer-based crystalline silicon cells or
thin-film silicon cells. Solar energy harvesting occurs when electrons in the PV cells
are freed upon after being struck and ionized by photons from the sun to power
electrical devices.

Examples of harvesting include the following projects:

• Solar and wind energy: harvesting both bulk and distributed solar and wind
power, from sparsely populated regions with low electrical demand outside the
city and transmitting it to urban areas where electricity is needed.

• Biofuel or bioenergy: sustainably harvesting bioenergy from crop residues, crops,
wood, or wood waste using methods that do not contribute to emissions.

• Stormwater mitigation: promoting green infrastructure such as green roofs and
urban rainwater harvesting for use in landscape irrigation or interior building
applications, which would reduce water consumption. Rainwater harvesting also
saves energy incurred in municipal networks for transportation and distribution.
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Green Technologies

Despite documented compelling benefits of green technologies – e.g., addresses
climate change adaptation and mitigation, sustains economic growth and investment,
improves energy utilization efficiency, and promotes substitution of fossil fuels with
clean energy in production – pragmatic investments in these technology solutions
remain limited, uncoordinated, and ineffectual relative to demand and the climate
challenge (Weina et al. 2016). A review of heterogeneous effects of green technol-
ogy innovations across cities with different income levels shows that these invest-
ments can stimulate total-factor carbon productivity as well as human capital (Du
and Li 2019) in several ways. First, the applications of green technology innovations
improve climate change adaptation and mitigation, thereby promoting health and
well-being of existing residents. Second, green technologies advance energy inno-
vations and utilization efficiency. Third, green technology innovations can promote
the substitution of fossil fuels with low-carbon energy in production, supporting
industry upgrade which in turn spurs economic growth. However, in practice,
investments in green technology applications face barriers such as financing obsta-
cles as well as market and institutional complexities. This is compounded by
uncertainty and risks associated with new green technologies – smart street lighting,
lithium-ion batteries for EVs, solar PVs, offshore wind power, biofuels and
bioethanol, and cost-effective green vehicles – with respect to regulatory structure,
financing barriers, and systemic institutional gaps (Kanger et al. 2019; Nykvist and
Nilsson 2015; Lam et al. 2010). Unfortunately, this affects the diffusion of these
technologies in cities. Second, difficulties in administering huge capital investments
due to legal and administrative challenges, complex investment instruments, and
lack of specialized expertise restrict the level of infrastructure-scale investments at
the city-level because of higher initial cost.

A key element of green technology innovations is that most investment decisions
target a specific sector (e.g., energy, utilities, manufacturing, etc.), a specific asset
class (e.g., fixed income, equities, infrastructure, etc.), or a specific city (e.g., cities in
the developed world or the developing world). While there is significant investment
potential in many of these areas – particularly in renewable energy, energy effi-
ciency, and decarbonization technology – the growing investment gaps and the
tightening of capital in the global banking sector mean that investors often weigh
investment decisions against risk profiles of a city, and not merely on the merits of
the green technology innovations alone. To generate new sources of revenues to fund
green technologies, cities should expand the share of green financing, issue munic-
ipal-backed “green bonds” to promote socially responsible investments, pursue new
international sources of climate funding, reduce taxes on green products, and
promote new cooperation on green technologies with other cities through forums
such as C40 Cities, Global Covenant of Mayors, Cities Alliance, and ICLEI – Local
Governments for Sustainability. Table 2 summarizes risk factors focusing on the
green technology aspects of a smart city programs.
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From Robustness to Resilience

Robustness and resilience are two complementary concepts applied in various
energy studies, including energy security assessment (Martišauskas et al. 2018),
building energy design and retrofits (Ascione et al. 2017), grading building energy
performance (e.g., energy use intensity, total energy, peak power) (Papadopoulos
and Kontokosta 2019), and energy installation (e.g., heating source, ventilation
system, status of refurbishment) (Pasichnyi et al. 2019), to deal with the increasing
uncertainties and meta-complexities that characterize energy systems in cities.
Resilience refers to the ability of a system to “rebound” or withstand initial shock
(interruptions) (Hughes 2015), while robustness is the capacity to maintain functions
of a system (policy, political system, organization, or institution) in spite of uncer-
tainty (Capano and Woo 2017). The nonlinearity and spillover effects associated
with the complexity of climate hazards, urbanization, and unforeseen population and
demographic shifts, combined with widespread and systemic environmental dam-
age, aging infrastructure, pollution, and mounting health costs in cities, require a
degree of flexibility in policy and governance systems. Indeed, it necessitates
combinatorial innovations in technological exploitation and exploration (Youn
et al. 2015). These adaptations also demand application of a resilience-based
approach rather than robustness per se to address these complex, emergent, and
evolving threats to urban energy systems (Nyangon et al. 2017b). Is robustness
synonymous with resilience? How can cities advance flexibility, agility, and overall
resilience to address technological and institutional “lock-in” effect inherent in our
urban infrastructure systems? These are vital questions for city authorities and can be
resolved by implementing incremental adaptations in public policy and policy
design to mitigate potential risk of system lock-in effects for new technological
solutions and corresponding institutional path dependency that can prevent these
transitions from taking place.

In addition to robustness, cities can address uncertainties and complexities of
energy networks by integrating complex adaptive systems, dynamic planning, flex-
ibility, and agility in order to advance greater resilience. As a result, contemporary
urban studies are increasingly emphasizing resilience of the socioeconomic and built
environment and technical functions of cities by including these additional elements
in urban policy formulation in order to strengthen and fortify city assets in the face of
increased risk of failure. As Spaans and Waterhout (2017) explain, “resilience
includes not only the shocks (such as earthquakes, fires, and floods), but also the
stresses that weaken the fabric of a city on a day-to-day or cyclical basis. By
addressing both these shocks and stresses, a city becomes more responsive to
adverse events, and is overall better equipped to deliver its functions in both good
times and bad, to all populations.” Similarly, Davoudi (2012) explains that “resil-
ience is defined not just according to how long it takes for the system to bounce back
after a shock, but also how much disturbance it can take and remain within critical
thresholds.” Notable methods for improving resilience in energy governance include
diversifying energy supply (e.g., solar PV, wind, biomass, if available + fossil
especially gas-fired generation and CHP) (Nyangon and Byrne 2018) and improving
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socioeconomic metrics through enhanced choices for electricity services for cus-
tomers and developing cost-efficient mini- and microgrid networks. Such diversity
allows smoothing of daily electricity load patterns and shifts electricity load to

Table 2 Risk factors associated with smart city solutions

Risk-tier Risk events Mitigation strategy Risk taker

Technical risk Performance of
technology, technical
availability, technical
lifetime, equipment
defect/degradation, grid
connection failure,
inability to fulfil
warranties and
guarantees,
technological change,
etc.

Proven technology
Quality components
correctly dimensioned
Manufacturer
warranties and
performance
guarantees
O&M guarantees
Take-and-pay power
purchase agreements
(PPA)

Manufacturer,
engineering
procurement, and
construction (EPC)
contractor, O&M
contractor

Energy
resource risk

Variability and quality
of technical potential, e.
g., solar irradiation data,
wind speed data,
simulation model

Use of proven
databases with well-
correlated theoretical
and empirical data
On-site measurements

Developer, consultants

Extreme
weather risk

Extreme wind
conditions, heatwaves,
flooding, thawing, and
snowstorm

Use of technical
protection measures
Site selection

Designer, EPC
contractor

Construction
risk

Cost overruns,
completion delay, non-
completion, project
quality, abandonment,
force majeure, natural
disasters, political risk,
land availability

Fixed time and budget
turnkey contract
(EPC) completion
guarantees
Monitoring reports
Performance reports
Penalty clauses
Cost contingency
funds

Manufacturer, EPC
contractor, sponsor

Offtake risk Credit risk, large level of
investment/long tenor of
return, additional equity
required later,
commitment,
misalignment of
investors’ objectives

Long-term offtake
agreement (PPA) take-
and-pay, credit
enhancement,
accelerated taxes,
regulations, etc.

Sponsor, offtaker

Environmental
risks

Risks related to the
location and
surrounding
environment of the
project, impact on local
residents, weather, and
environmental
opposition

Environmental impact
assessment
Risk of incurring fees,
fines, or withdrawal of
license

Developer, sponsor
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locations with greatest demand, thereby increasing cost-efficiency and network
management.

Bisello and Vettorato (2018) offer a seven-part multiple benefits approach as
a paradigm for evaluating smart urban energy transition – smart economy, smart
governance, smart built environment, smart mobility and connectivity, smart com-
munity, smart services, and smart natural environment – and its positive impacts on
resilience of energy infrastructures, well-being, health, indoor comfort, property
value increase, and competitive advantage on the smart city. Energy is the corner-
stone of these components. With the rapid progression of climate change, advances
in technological innovation, and urbanization shifts, energy systems, and by exten-
sion these components, will likely become more complex and interconnected. As
a result, a better understanding of interconnectedness and the resulting indirect
vulnerabilities of urban energy systems is necessary to mitigate increasing risks.
In doing so, cities ought to advance a nexus thinking and integrated urban design,
planning, and management rather than a sectoral line (“silos”) approach, meaning
municipalities can appropriate synergistic benefits of better integrated resource
management.

Finally, recourse to moving beyond robustness (toward resilience) is an essential
component of smart city energy networks. In particular, peer-city benchmarking
is vital for understanding when robustness is particularly suitable and when it is not
based on the complexity of smart cities. Regular peer-to-peer comparison and
evaluation of the foundational measurement metrics (e.g., smart growth, environ-
mental integrity, healthy communities, and social inclusion) are desired to gain a
better idea of specific actions that can enhance flexibility, agility, responsiveness, and
inclusive decision-making. Finally, quantitative and qualitative methods for
benchmarking energy strategies and energy protocols toward smart resource use
are needed to foster resilient urban energy frameworks for better decision-making in
cities.

A Polycentric Approach to Smart City Energy Governance

The above discussion highlights several key elements of the smart city energy
governance: (a) networks (e.g., the existence of networks for facilitating mutual
learning processes between cities to deliver quality urban services, promote effective
urban governance, and improve management structures); (b) scales (e.g., connecting
and aligning several scales, actors, and responsibilities rather than containing efforts
to one scale;) (c) polycentric energy systems (e.g., thinking of solutions in context,
notably developing numerous smaller, modular rooftop solar PV plants located
closer to consumers); and (d) the common pool issues of energy access, rebound
effects, energy justice, and inequality for greater acclimatization of the benefits of
electricity decarbonization in cities. Polycentricity refers to decentralized gover-
nance systems encompassing several independent centers of decision-making often
performing function in a coordinated fashion across sectors and scales (Aligica and
Tarko 2012; Ostrom 2010). The emerging “polycentricity” paradigm and thinking or
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“adaptive regulatory framework” in smart city governance enables a salient concep-
tualization of citywide transformations. Notably, governance for transformations,
governance of transformations, and transformations in governance (Burch et al.
2019) resulting in significant environmental improvements (such as waste reduction
and air-pollution abatement), social progress (e.g., social relations and growth of
green jobs), and economic benefits (e.g., reductions of energy costs).

The nonlinearity and complexity of smart grid challenges, especially climate
risks, urbanization, demographic shifts, systemic environmental change, and energy
infrastructure investment deficit facing many cities, can be addressed by a “poly-
centric” strategy that incorporates shared learning, adaptive management, civil
society strategies, and creative experimentation to support existing transformative
innovations and empower local energy development. Initially proposed in the 1960s
and 1970s (Aligica and Tarko 2012), polycentric strategy has been applied to
evaluate “solar city” economics (Byrne and Taminiau 2018), climate justice
(Fischedick et al. 2018; Martinez-Alier et al. 2016; Ostrom 2010), urban energy
planning for 100% renewability in Frankfurt and Munich cities (Radzi 2018),
alleviating urban traffic congestion (Li et al. 2019), assessing energy efficiency
gap (Zou et al. 2019), and evaluating new capacities for transformative climate
governance in New York City (the United States) and Rotterdam (the Netherlands)
(Hölscher et al. 2019). In terms of smart energy infrastructure governance, polycen-
tric policy underscores the elements summarized in Table 3 – transparency, inclu-
sivity, accountability, and responsive network practices.

Jones and Kammen (2014) posit that urban development and suburbanization
have created key questions: what is the degree of change of each urban energy
process, for example, in energy cost savings, mitigation of greenhouse gas emis-
sions, and material flows in cities? How are cities reshaped by governance processes
as they grow? Polycentricity offers a promising strategy for addressing these ques-
tions. It provides a viable strategy to rethink energy infrastructure investments with a
view to implementing smart energy systems for residential homes, smart buildings,
and increasing energy security through energy analytics and artificial intelligence
applications. It also resonates with the concepts of regime complexity (Keohane and
Victor 2011), institutional fragmentation (Zelli and Asselt 2013), and experimental-
ist governance (Jordan et al. 2015), allowing for flexibility, agility, social learning,
systems-oriented approach, and changing course when new information becomes
available. In essence, a polycentric approach engages multiple stakeholder groups in
the design, implementation, and management of smart energy future in cities. As a
result, a polycentric system spans across multiple scales. For example, both central-
ized and decentralized electricity networks serving a city’s jurisdiction such as the
New York City metropolitan area or London metropolitan belt are a part of city or
regional or national grids.

Many smart city developments already exhibit elements of a polycentric gover-
nance approach. For example, Ruhr in Germany, Stoke-on-Trent in the United
Kingdom, and the San Francisco Bay Area in the United States all have complex
coordination arrangements across sectors and scale, involving different stakeholders
at multiple levels. Additionally, a number of cities are already implementing
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decentralized and “smart” infrastructure solutions, including rooftop solar technol-
ogies which provide parties with multiple simultaneous roles as both producers and
consumers – prosumers of energy. In addition, these plans address unique challenges
of the city, for instance, by establishing “smart” solutions that support short- and
long-term operational risks, as well as incentives. Cities can formalize these require-
ments into (smart grid) technical standards in order to institutionalize the polycentric
smart energy framework. Together, these plans and strategies, supported by “orches-
tration” of cooperation involving diverse actors and technologies, could phase in an
integrated smart city framework (see Table 4) that is viewed much more as part of a
long-term solution to pervasive global changes in human societies, including urban-
ization, climate change, urban inequality, and digitization agendas.

Conclusions

What can a polycentric paradigm offer energy infrastructure governance in cities? In
this chapter, a polycentric strategy, which connects and align scales, responsibilities,
and actors, has been described and proposed as an alternative pathway for energy
governance in smart cities Historically, cities were mostly centrally governed, but
rising contemporary challenges highlighted in this chapter have upended the need
for multiple domains of authority governing. This new mode of governance is
characterized by adaptive management, new dynamics of techno-economic net-
works and multilevel, polycentric and multi-layered governance of energy decisions.

Table 3 Key elements of polycentric policy

Elements Polycentric discourse applications

Stakeholder-driven
approach

Polycentric policy designs emphasize community ties and
collaboration among various agencies and civil societies

Enhanced accountability
and legitimacy

Project sponsors of polycentric policy designs support internal and
external transparency and accountability, for instance, in the
planning and management of resources, to cater for the growing
urban complexity and dynamics

All-inclusive and more
equitability

Polycentric systems address a full range of environmental, social,
and economic issues as well as involve a diverse number of
stakeholders

Adaptive governance
system

“distributes decision-making powers across the system and ensures
coordination through an overarching system of norms and rules
that defines the logic of interactions between actors” (Biesbroek
and Lesnikowski 2018) to encourage polycentric innovation across
scale, place, and time

Shared learning Emphasize creative experimentation, trust building, and problem
resolution

More robust Ability to address grand challenges of governance in megacities
through continuous improvement and steady accumulation of
marginal changes across sectors and scale – if one approach or
domain fails, others can step in, hence, greater resiliency
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A key message of this chapter was to analyze the significance of socio-technical
systems for deep decarbonization in a way that simultaneously promotes polycentric
authority. This approach promotes accountability, inclusivity, innovation, trustwor-
thiness, bottom-up learning, adaptation, and multiple levels of cooperation across
sectors and scales. It also embeds flexibility, agility, cultural discourse and social
acceptance, systems-oriented design, and equity at multiple scales, all which are
fundamental to operationalizing socio-technical energy transitions.

While a polycentric perspective is a offered to rethink the governance of urban
energy infrastructure, the existing energy systems and utility business models are
changing simultaneously in several cities with respect to diversity, planning, and
customer choices. As a result, this requires careful political attention to the techno-
logical, regulatory, infrastructure, user-design practices and markets, maintenance
and supply networks, and social consequences of the energy transitions. Climate
change, demand for modern energy services, outmoded and aging power grid, and
rising cost of energy are some of the drivers of this transformation. As a major source
of carbon emissions, the electricity sector is also facing regulatory pressure to
transition in a manner that limits stranded assets and risk of locked-in technological
systems. A polycentric smart energy governance promotes a bottom-up continuous
incremental change, in which lock-in problems are reduced because outlived tech-
nologies are phased out in a manner that complements model-based analysis with
socio-technical policy-oriented solutions.

The approach to urban energy system governance described here acknowledges
the role of smart grids in fostering climate resilience and robustness in cities. This
strategy, in part, incorporates “hardening” of urban infrastructure to withstand
extreme weather events as well as in certain circumstances the option to relocate
certain infrastructure services to less vulnerable locations. Moreover, advances in
smart grid networks and energy infrastructure systems, including smart meters, DER
generation, EVs, demand response, energy storage, and V2G technologies as well as
integration of these solutions across urban sectors and scale, mean that the number of
actors involved is likely to increase, and so does the complexity of regulation and
governance system. Such complex systems call for shared learning, experimentation,
information sharing across scales and jurisdictions, greater accountability and trans-
parency, and flexibility in order to deal with uncertain, unpredictable, and nonlinear
forms of economic, social, and environmental interruptions. Additionally,
adapting and developing smart grid systems in cities require reliable and state-of-
the-art energy supply and demand datasets and related infrastructure services –
transportation, housing, water, mobility, and ICTservices. Although full adaptation is
an ongoing challenge for city management, public and private sector service pro-
viders, local businesses, residents, and other stakeholders, deepening and
aligning polycentrism across sectors and scales underpins the development and
implementation of smart energy frameworks that are sociopolitically acceptable,
cost-effective, and coevolutionary with technologies and societal development.
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