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Abstract

Human society is experiencing a rapidly changing environment in which energy short-
ages and an ongoing climate crisis have been identified as two of the major challenges
to the sustainable development of human civilization. In the face of these challenges, the
concept of a smart city is proposed which aims at achieving sustainable development,
increasing the quality of life, and improving the cost-effectiveness of existing and new
energy infrastructures. To this end, this study proposes a general framework with a three-
tier story chart for guiding the establishment of sustainability assessment models and the
selection of their indicators. In addition, a quantitative analysis method is developed for
assessing the sustainability of energy infrastructures in a smart city, which indicates how
the long-term sustainability of the energy infrastructure can be achieved. The proposed
method incorporates extensive environmental, economic, and social indicators, which go
beyond conventional facility-level criteria and seamlessly relate to the broader community
that benefits from the renewable energy transition (including energy construction, opet-
ations, and energy services). The proposed methodologies can be implemented through
collecting the corresponding history data of the indicators and following the analysis
procedures presented in this study. The proposed methodology can serve as a supporting
tool for decision-making on new infrastructure investment and policymaking toward sus-
tainable development. Case studies in Western Sydney were carried out to demonstrate
the feasibility and efficiency of the proposed methodologies.

finite planet. In the environmental domain, this means natural
resources should be used prudently and human influence on

Sustainability represents a state of equilibrium between the
social, environmental, and economic domains in the develop-
ment of human beings. Sustainable development enables human
beings to meet the needs of current generations without com-
promising the ability of future generations to fulfil their needs
[1] It has been widely recognized that sustainable development
benefits society as a whole. In this context, sustainability assess-
ment has become a significant task in guiding human activities
in recent years.

Sustainability aims to achieve a good life for all human beings
that is compatible with the ecological limits of living on a

natural ecosystems should be limited to the extent that plane-
tary boundaries (the safe operating space of Earth systems) are
not transgressed [2]. In the social domain, it means that basic
needs and decent living conditions should be achieved for all
individuals, poverty eliminated, inequality reduced in peaceful,
inclusive, and just societies [3]. In the economic domain, sus-
tainability means economic stability and financial security, inclu-
sive and sustainable economic growth, full and productive
employment, and decent work for all [4]. Economic growth
(usually measured in terms of GDP) is often seen as an indi-
cator of welfare, but this is being questioned by sustainability
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scientists who argue that health and subjective wellbeing are
more important [5]. The definition of what is good depends on
societal values and varies among countries over time.

In order to evaluate national or regional sustainability of
development, numerous methodologies of sustainability assess-
ment have been proposed in existing publications. In [6], an
urban sustainability evaluation model was constructed to eval-
uate and compare the sustainability of 13 cities in the Beijing-
Tianjin-Hebei region under different policy intervention sce-
narios. In [7], a hierarchical indicator system was established
to evaluate the environmental governance and sustainability of
urban industries in China. One of the main contributions in
both [6] and [7] was that the impact of policies on the sus-
tainability of regional development were measured in a quanti-
tative way. In [8], an integrated assessment index framework was
developed to address the aggregation of multiple key municipal
aspects in the sustainability assessment of megacities. Notably,
the United Nations sustainable development goals (SDGs) have
been widely recognized among most countries and provide the
best consensus to date of what a sustainable society should look
like, covering economic, social, and environmental long-term
aspirations. The annual SDG index and dashboard report pro-
vide national progress on SDG deliveries [9]. The high corre-
lation between the SDG index and other existing sustainability
indices was confirmed in [10]. Recent academic and expert liter-
ature as well as national experience in implementing the SDGs
in 26 countries was reviewed in [11]. It was found that while
progress has been made in some initial planning stages, key
gaps remain regarding the assessment of interlinkages, trade-
offs, and synergies between targets. Moreover, a multi-criteria
analysis decision framework which assesses and prioritizes SDG
targets in national implementation was proposed in [12].

Many frameworks and indices have been proposed at the city-
level as well. The World Bank and the Global Environment
Facility undertaken initiatives such as the Urban Sustainability
Framework, the Global Platform for Sustainable Cities, the City
Resilience Program, and the World Urban Forum. They have
proposed key urban sustainability challenges including fiscal
sustainability, social inclusiveness, economic competitiveness,
low carbon footprints, and resilience. In the UK, the Sheffield
Model adheres to the ‘inclusive economy’ principle and aims to
build a city that is climate resilient, with affordable and sustain-
able energy for all, and to create inclusive economic growth. The
US. Cities SDGs Index covers 49 indicators spanning 15 of the
17 SDGs across 100 of the most populated cities. Other influ-
ential city indices include the Global Power City index which
encompasses the economy, R&D, and cultural interaction func-
tions [13]. The Citizen Centric Cities 2018 focused on three pil-
lars of sustainability, namely people, planet, and profit [14]. The
City Momentum Index tracks a range of socioeconomic and
commercial real-estate indicators to identify the expansion of
business hubs [15]. In [10], a survey on schemes for sustainabil-
ity assessment of smart cities was carried out to provide a typol-
ogy of smart city assessment schemes. It should be noted that
the issue of context is of particular importance in the selection
of assessment methods and a scheme developed for a given city

will not necessarily be suitable for assessing other cities without
making essential adjustments.

In the sustainability assessment of energy systems, [17] stud-
ied the sustainability of diverse electricity generation technolo-
gies using multi-criteria decision analysis, and provided a rank
of these technologies based on their compatibility with the sus-
tainable development of the industry. However, there were only
ten sustainability indicators selected in the life-cycle analysis of
power plants. In particular, a life-cycle sustainability assessment
of electricity generation systems in Portugal, Tunisia, Greece,
Northeast England, and Turkey were studied by [18-22],
respectively.

Since sustainability is defined as a balance between the social,
environmental, and economic domains, the existing sustainabil-
ity assessment models for energy systems have been established
by integrating a comprehensive range of indicators selected
from environmental, economic, and social standpoints [23].
This has led to the multi-dimensional and complex nature of
sustainability assessments, which usually calls for multi-criteria
analyses (MCA) [24]. Sometimes, due to the incompleteness of
the information and data, as well as the uncertainty in the sus-
tainability evaluations, fuzzy logic has also been adopted [25].

Broad and comprehensive literature surveys on sustainabil-
ity assessment methods adopted in energy systems have been
carried out in [1,26, 27]. Comparative analysis of publications
was systematically conducted for existing assessment method-
ologies. It has been found that a large number of methods with
hundreds of sustainability indicators have already been devel-
oped. However, a general methodology to guide the establish-
ment of a sustainability assessment framework and instruct the
selection of sustainability indicators from the numerous candi-
date ones, is absent. Moreovert, since the development of human
society is featured by dynamic activities, sustainability assess-
ment itself is dynamic. Therefore, continuous improvement of
assessment indicators is needed considering the rapid develop-
ment of smart cities.

Limitations of existing sustainability assessment methods can
be observed in their practical application, including the ignot-
ing of data availability (qualitative analysis is usually adopted
when data is not available), the lack of general guidance on the
establishment of a sustainability assessment framework for
application in different regions, and insufficient correlation
analysis between selected indicators and energy infrastructure
development. As a result, the quantitative sustainability assess-
ment outcomes obtained using existing assessment methods are
less accurate and less credible when being used for the dynamic
monitoring and evaluation of energy infrastructure sustainabil-
ity. However, this study overcomes the above limitations of
existing methods by establishing a generalized guidance frame-
work for creating sustainability assessment models and con-
ducting indicator selections. Meanwhile, a quantitative analysis
method has been developed for dynamically monitoring and
assessing the sustainability of energy infrastructures in a smart
city. In particular, the proposed key index framework intro-
duces a variety of indicators which measure the smartness of
city development and this is a significant extension of existing
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FIGURE 1 Philosophy behind the proposed
three-tier story chart for indicator selection

General

sustainability assessment models. The main contributions of this
study are summarized below.

Firstly, a general framework with a three-tier story chart is
proposed for guiding the establishment of assessment models
and the selection of indicators. Under the proposed methodol-
ogy, indicator selection can be conducted using the same think-
ing process, which enables the proposed methodology to be
applicable and transferable for sustainability assessment in other
regions.

Secondly, a key index framework has been developed for the
sustainability assessment of energy infrastructures in a smart
city. The developed framework extends existing assessment
indicators by incorporating those that measure the smartness
of city development, such as the demand-side participation in
energy systems, distributed battery energy storage systems, and
the penetration level of electric transportation. The proposed
methodology can help provide scientific evidence for decision-
making on new infrastructure investment and policymaking
toward sustainable development.

The rest of the article is structured as follows. Section 2 intro-
duces details of the general methodology adopted in the pro-
posed key index framework for sustainability assessment. Next,
the rationale behind indicator selection is explained in Section 3.
Numerical experiments and their corresponding results analy-
sis are presented in Section 4. Finally, Section 5 concludes the
article.

2 | GENERAL METHODOLOGY

2.1 | Selection of indicators in key index
framework

Through the extensive survey of prevailing sustainability
assessment frameworks, it was found that a large number of
indicators have been developed through existing research for
assessing the sustainability of energy systems. Users can select
and customize a portfolio of these indicators based on the spe-
cific requirements of their application. However, general rules
and guidance are still needed to help users make decisions on

*General level: a basic
framework for connecting
conventional wisdom with
the context in energy
infrastructure.

«Intermediate level: sort out
the reason why an indicator
is selected and categorized
into a specific domain.

*Detail level: present
the detailed analysis
for each indicator.

Detail

their indicator selection. In order to implement and organize the
key indicators for practical application, a three-tier story chart
for indicator selection was developed in the proposed key index
framework.

The first tier of this chart is at a general level and is used
to provide a basic framework for connecting conventional wis-
dom with its context within the energy infrastructutre. The sec-
ond tier of the chart is at an intermediate level and is used to
sort out the reason why an indicator is selected and categorized
into a specific domain. The third tier of the chart is at a detailed
level and presents a comprehensive analysis of each indica-
tor. The logic behind the three-tier story chart is presented in
Figure 1.

Table 1 presents the details of the general level ideas for indi-
cator selection. In Table 1, the section of conventional wisdom
and general feeling is the first step to establish a rational story
for each indicator. It describes the broad and general context
in each domain and does not focus on the energy-related con-
text. The context in the energy infrastructure realm and energy-
related descriptions are involved in the second step, where the
energy-related context in each domain is elaborated upon to
connect conventional wisdom with the energy infrastructure.

Then, in the intermediate level of indicator selection, each
indicator can directly link with the general level analysis via a
keyword (see Figures 2—4), as it defines which domain is reason-
able for each indicator. Consequently, each indicator can be allo-
cated to each domain by keyword, and some indicators may fall
into multiple domains. The detailed rational of indicator selec-
tion and the meanings of each indicator are demonstrated in
Section 3.

At the detail level, in-depth analysis of each indicator can be
carried out. Notably, all indicators are used to assess the sustain-
ability of energy infrastructure in a smatt city during its develop-
ment toward a higher level of sustainability, and this is measured
by the penetration of renewable energy (RE). In order to ensure
the validity of the final sustainability assessment results, the cor-
relation between the selected indicators and the RE scenarios
should reach a certain level. If not, these indicators are unable
to effectively reflect the change of sustainability. Currently, there
are several commonly adopted correlation analysis methods,
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TABLE 1

General level: the basic framework for connecting conventional wisdom with the context in energy infrastructure

Conventional wisdom and general sense

General feeling from the perspective of economy,
environment and society

Context in the energy infrastructure

What is good? Impact by energy infrastructure
(sustainability How energy infrastructure can contribute to Put keyword in each impact
Domain criteria) Impact factor the specific aspect? Keyword
Economy Sustainable and (i) Economic stability (i) Cost-effectiveness in energy supply and related (i) New investment
stable economic (i) General welfare and prosperity investment (i) Cost-effectiveness
growth (ii) Cost-effective integration of renewables into (i) Stable economy
existing power system (iv) Effective energy usage
(iii) No disturb economy by sustainable and stable
enetgy resources and system operation
(@iv) Less cost fluctuation of electricity
Less inequality Energy price (i) Less cost to maintain energy supply and system (i) Decent living cost
(i) Less price fluctuation of electricity /Economic growth
(ii) Effective energy usage
Environment Protection of (i) Pollution emission (i) Less pollution against environment (i) Less pollutant and
natural (ii) Resource consumption (i) Less conventional fossil fuel based generation pollution
environment (iii) Ecosystem change and more renewables (ii) Effective resource usage
(iii) Effective and sustainable resource use with (iii) Support RE
integrating renewables (iv) Nature damage
(@iv) Less nature destruction and less impact on
ecosystem
Less risk against Greenhouse gas emission (@) Less greenhouse gas emission Less carbon emission
climate change (i) Less conventional fossil fuel based generation
and more renewables
Better living (i) Landscape (i) Less damage on landscape and area value (i) Better landscape
environment (i) Area value (ii) Effective land use to the development of (i) Effective land usage
renewables
Society Safe and healthy life (i) Safety of life (i) Stable energy supply and resilient system (i) Stable supply
’ ’ (ii) Health damage against disaster and accident (i) Safety and health
(iii) Resilience of energy systems (i) No occurrence in health damage and
dangerous event
(iii) Less pollutant emission damaging human
health
Convenient and (i) Living standard (i) Easy access and use to make life better (i) Quality of life
happy life (i) Equity (i) Job opportunity related to energy system (ii) Job opportunity
(iiiy Employment transition
(i) Market competition (i) Less dependency on monopolized companies (i) Energy self-sufficiency
(ii) Independence of energy supply and more independency in energy selection (ii) Energy independence
(ii) More energy independence from the
perspective of individuals and the whole
society
Respect in (i) Human rights  No energy data usage without permission of customers Security of energy data
freedom (i) Privacy

and privacy preservation

including the Pearson correlation, the Kendall rank correlation,
the Spearman correlation, and the Point-Biserial correlation.
Among these methods, the Pearson correlation is a measure
that investigates the linear relationship between two continu-
ous random variables. It does not assume normality although
it assumes finite variances and finite covariance. However, the
Kendall and Spearman methods are usually applied for ranking
correlation analysis to obtain a measure of a monotonic relation-
ship between two continuous random variables, while the Point-
Biserial method was designed for correlation analysis when one

variable is dichotomous. Thus, considering that there are nei-
ther ranking nor dichotomous factors in this analysis, the Peat-
son correlation model was employed. Let p; denote the correla-
tion coefficient for the /* indicator, and only indicators with a
|| > 0.4 are selected in the framework.

Furthermore, since it is unknown beforehand whether an
indicator is positively or negatively correlated with the RE sce-
natios, various combinations of development trends between an
indicator and the RE scenarios were considered in the correla-
tion analysis (see Table 2). The final correlation coefficient for
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Distributed BESS
Market value of distributed BESS in Australia ($); It combines the price
of BESS ($/MW) with its installed capacity (MW)

Installation capacity of rooftop PV

Investment in utility-scale PV, which combines utility-scale battery
price and installed battery capacity across Australia ($)

Total installed utility-scale battery storage capacity

Cost of rooftop PV installed in Australia ($), which combines the
installed capacity of rooftop PV systems (MW) and their cost ($/MW)

Subsidy to fuel and ener;

Economy ]

Annual subsidy to fuel and energy in Australia ($)

Utility-scale PV installed capacity

New investment in utility-scale PV, which combines the cost of rooftop
PV systems ($/W) and the installed capacity (GW)

Ancillary service payment

Ancillary service payment in Australia ($)

Cost Effective

Electricity generation cost
It combines the capital cost of each generation technology ($/kW) with

ratios of each generation technology (%)

Stable Economy

Fluctuation of wholesale electricity price
Australian national electricity market price ($/kWh)

—+Effcctivc Energy Usage l
Energy intensity measured in terms of GDP

Energy consumption quantity combined with direct GDP values
(GJ/$ million GDP)

Total energy consumption per capita

Annual electricity consumption per capita in NSW (GJ)

Tr . istributi ,

Annual transmission and distribution loss per capita in NSW (GJ)

Decent Living Cost

Wholesale electricity average price
Quantity weighted average wholesale electricity price ($/MWh)

Average representative residential electricity retail price
Quantity weighted average electricity retail price (c/kWh)

Economic Growth

Disposable personal income
Disposable personal income in Australia ($)

Annual growth rate of GDP per capita
Annual growth rate of GDP per capita (%)

FIGURE 2 Indicator selection under each key word in the economy

domain

each indicator was set as the average value of these results.

3 3

ol =,

m=1 n=

10l /9 )
1

In the developed three-tier story chart, indicator selection
was conducted using the same thinking process presented in a

_[

—+Safety and Health |
Total pm2.5 emission
Total annual pm2.5 emission in NSW (pg/m’)

Stable Supply

Average number of outages per customer

Society j

Unplanned system average interruption frequency index (SAIFI)

Job Opportunity

Electricity sector specific employment
It combines generation mix in the Australian NEM with the

employment coefficient of each generation technology (person/year)

Quality of Life
Disposable personal income
Disposable personal income in Australia ($)

Level of electrification of transportation

Market share of electric vehicle (% in total amount)
Subsidy to fuel and ener

Annual subsidy to fuel and energy in Australia ($)

—+Energy Independence |

Utility-scale PV installed capacit;

Penetration level of utility-scale PV in Australia (%)

—+Energy Self-sufficiency |
Demand-side participation in energy systems
Capacity of demand-side participation in NSW (MW)
Penetration of distributed generation (% in MW)

Installed capacity of rooftop PV
Ratio of rooftop PV systems in Australia (% in total MW)

FIGURE 3 Indicator selection under each key word in the society domain

summarized way. It can become a useful guideline when consid-
ering other areas which enable the proposed methodology to be
applicable and transferable in the assessment of the sustainabil-
ity of energy systems in other regions.

2.2 | Forecasting of indicator future values

With long-term sustainability analysis in mind, the forecasting
of indicators is necessary. Forecasting in engineering is a field
that attracts extensive research interests. In power systems, var-
ious methods and models have been proposed and applied in
the forecasting of electricity loads and prices. According to the
different forecast lead times, forecasting techniques can be gen-
erally categorized into short-term and long-term techniques.
For both the electricity load and price, the short-term approach
refers to forecasting with a lead time of up to several weeks and
is mainly conducted for short-term power system operations. By
contrast, the long-term approach aims to forecast future values
with a longer lead time of up to a few years and is mainly used
for long term system planning [28].

The majority of existing publications have been focusing
on short-term forecasting techniques (STF), and far fewer
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—+Less Pollutant Emission

Level of electrification of transportation

Environment j

Electricity consumption data of public transportation in Australia (GWh)

Total pm2.5 emission
Total annual pm2.5 emission in NSW (ug/m’)

—+Effective Resource Usage
Life-cycle water consumption for electricity

Lifecycle water consumption of generation (million gallons / year)

Fossil fuel consumption in the total electricity generation
It uses the future electricity-fuel ratio (%) to measure fossil fuel

consumption in electricity generation

Support RE

Distributed BESS
Capacity of total BESS across Australia (MWh)
Market size of BESS in Australia (MW)

_+Effective Land Usage/Nature Damage

Land use of PV and wind generation

Total area used by wind and PV generation in NSW (hectare)
—+Less Carbon Emission

Installed capacity of rooftop PV

Total installed capacity of rooftop PV in Australia (MW)

Life-cycle CO, emissions from electricity

Life-cycle CO, emissions from electricity (kt CO, equivalent)
Energy intensity measured in terms of GDP

Energy consumption combined with GDP values (GJ/$ million GDP)
Total quantity of RE

Total quantity of RE in Australia (GWh)

Total installed utility-scale battery storage capacity

Installed utility-scale battery capacity across Australia (GW)

Utility-scale PV installed capacity
Installed capacity of utility-scale solar PV in Australia (GW)

FIGURE 4 Indicator selection under each key word in the environment
domain

TABLE 2  Correlation analysis of indicators

Scenarios of RE

Low Medium High

Scenarios of Low lP11 | [p12] [o13 ]
indicator  Medium P21 | P22 P23
High [o31 | [32 ] [P35 |

research has been done on long-term forecasting (LTF). Arti-
ficial neural networks have been applied in many STF load
forecasting approaches, including the extreme learning machine
approach [29,30], the support vector regression [31], the time-
varying autoregressive model [32], as well as the semi-parametric
additive model [33]. Statistical time series models such as
autoregressive (AR), moving average (MA), and autoregressive
integrated moving average (ARIMA) can also be applied to
prediction, especially when the problems are modelled on dis-

crete time series [34]. In [9], a comprehensive review of the
evolution of energy forecasting practices was presented, starting
from the time when Edison founded his steam-powered power
station. Load forecasting approaches from the pre-PC era to the
current smart grid era were also summarized.

In the forecasting of indicator future values, it is often an LTF
problem rather than a STF one. Compared to STF problems,
LTF is more challenging since there are many more uncertain
factors over a long-term period. However, STF techniques can
still be employed to solve LTT problems with minor modifica-
tions. For example, through adding a macroeconomic indicator
which captures the long-term changing trend of electricity loads,
multiple linear regression analysis was used for LTF in [35]. In
addition, if there is no significant change in the evaluation pat-
tern of indicators over the coming years, the STF models can be
directly applied to LTE.

Furthermore, considering that there are usually tens of indi-
cators in a typical sustainability assessment model, the avail-
ability of historical data for each indicator is an essential issue.
Without sufficient historical data, some of the existing forecast-
ing techniques may fail to work, especially artificial-intelligence-
based methods. Therefore, in the proposed framework, the
annual-growth-rate (AGR) and confidence-interval (CI) based
methods were employed for indicator forecasting without suffi-
cient historical data.

As has been observed, for some indicators, there are forecast-
ing results released by official organizations, such as the AGR
of gross domestic product (GDP) forecast by the International
Monetary Fund. Consequently, for indicators with official fore-
casting AGR available from some or other agents, the AGR-
based method is adopted for indicator forecasting, as given
below.

I/jindicat()r — (1 + T}\GR) X I//h_jcllicat()r (2)

where T}\GR denotes the AGR of the indicator during year 7,

and Vji“dicamr is the indicator value at the end of year /.

For indicators without sufficient data to implement the above
mentioned sophisticated STF and LTF methods, the CI-based
method can be employed to estimate the upper and lower
bounds of TACR for the indicators. In statistics, CI is 2 method
that can be used to estimate the range of plausible values for an
unknown parameter from the statistics of observed data. It also
has an associated confidence level which represents the prob-
ability that the unknown parameter falls into that interval. For
a specific indicator, it can be assumed that its AGR in a cer-
tain year obeys a normal distribution N (i, %) where u and o
denote the mean and standard deviation of the AGR, respec-
tively. 4 and o can be derived using the limited historical data
of indicators. It follows then, that the CI method is employed to
estimate the range of indicator AGRs at a given confidence level,
namely:

P(TAGR,IOW < TAGR < TAGR,high) =1—-qa (3)

AGR, low

where 7/ AGR high

AGR

and T
and upper bounds of T

, respectively, indicate the lower
at a confidence level 1 — a.
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Consequently, values of 20ROV and £ACRiZh ca be calcu-
lated as follows:

TACRhigh — AGRmed 4 o, . gindicator )

TAGRlow — AGRmed _ o, . gindicator ®)

Ri-05a0 = P71 (1= 0.50) ©)

I./\GR,mcd =u (7)

where ®(-) is the cumulative distribution function of the stan-
dard normal distribution and ®~!(-) is its inverse function.
21—0.5¢ is the intermediate variable.

AGR,IOW/TAGR,mcd/TAGR,high as the

indicator AGR into (2), the indicator forecasting values corre-

Finally, after substituting T

sponding to the low, medium, and high scenarios can be derived,
respectively.

2.3 | Calculation of indicator score

Before introducing the calculation of indicator score, the con-
cept of the desired direction needs to be defined. The desired
direction can be set by the decision-makers for later quantitative
sustainability assessment, and it signifies the direction in which
the indicator should change to achieve a higher level of sustain-
ability. Under this method, when using indicators to assess the
development toward higher sustainability, a larger score always
implies supertiority over a smaller score. For example, inequality
should decrease to achieve higher economic sustainability, and
hence its desired direction is set as negative. Meanwhile, the par-
ticipation of demand-side response is expected to increase for a
more sustainable energy system in the future. Consequently, its
desired direction is positive. Therefore, an indicator with a neg-
ative desired direction will have a smaller score with a higher
indicator value, and vice versa. For indicators with negative and
positive directions, their indicator scores are calculated using (8)
and (9), respectively.

target
negative _— V—h S
e = ®
1/ actual
actual
rpositive — | (9)
1/ target

where 7% denotes the target value of the indicator and
12l represents the actual indicator value, €220V and Positive
are the scores of indicators with negative and positive directions,
respectively.

Under the above calculation method, when using indicators
to assess the development toward higher sustainability, a larger
score always implies superiority over a smaller score. As pre-
viously mentioned, various indicators belonging to the same
domain are used to comprehensively assess the sustainability

of energy infrastructures during the development of a smart
city toward a higher penetration of RE. In order to leverage
the impact of individual indicator scores on the overall score of
their sustainability domain, weighting factors have been applied
in this framework. The weighting factors for an indicator in a
specific domain can be derived with Equation (10).

1
Wi = \/domain

(10)
where »; indicates the assigned weighting factor for the M indi-
cator in a specific domain; and N3 is the number of indica-
tors in this domain.

Therefore, for each of the economy, environment, and soci-
ety domains, the score is calculated as follows:

,\rd()mmn

Rdomain — Z wr; (1 l)
=1

where RIOMain js the score of a specific domain; and 7, is the
score of indicator 7.

3 | RATIONALE OF INDICATOR
SELECTION

This section provides brief descriptions of why each indicator
in Figures 2—4 is of particular importance to constitute the pro-
posed key index framework, as well as the setup of indicator
desired directions for the aforementioned indicator score eval-
uation.

1. Demand-side participation (DSP) in energy systems:
With the establishment of electricity markets, the rise of
smart consumers, and the growth of distributed RE gener-
ation, demand-side is becoming a flexible power source in
power systems. DSP is a core component of demand-side
management (DSM) that refers broadly to the active change
of usual or baseline electricity consumption in response to
changing electricity industry conditions. Therefore, a grow-
ing DSP should be considered to increase the flexibility
of power grids, which will help improve the accommoda-
tion of renewable generation in power systems. The desired
direction for this indicator is POSITIVE.

2. Distributed battery energy storage system (BESS): A
BESS integrates energy production and consumption on
the user-side and has gradually become an indispensable
part of modern power systems. In this context, the increas-
ing penetration of distributed RE sources needs a corre-
sponding BESS to provide support because of its intet-
mittent characteristic. Additionally, the development of a
BESS also serves the utilities. For example, smart dispatch
of a virtual power plant can satisfy application requirements
such as frequency control, peak shaving, as well as energy
shifting, and voltage control. Therefore, the indicator of
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a distributed BESS should be considered when evaluating
energy systems. The desited direction for this indicator is
POSITIVE.

Wholesale electricity average price: Wholesale electric-
ity in eastern and southern Australia is traded through the
national electricity market (NEM), a spot market in which
supply and demand conditions determine prices in real
time. Over 200 large-scale power stations sell electricity
into the market, which is transported along 43,000 km of
transmission lines to almost 10 million energy consumers
[36]. The energy market is rapidly evolving with wind and
solar generation replacing retiring coal-fired power gen-
erators in the market. By January 2020, over 2 million
Australian energy customers had become energy produc-
ers by installing rooftop solar photovoltaic (PV) systems,
and many of them are sending surplus production back
into the grid. These systems accounted for approximately
5 per cent of the total energy requirements in the NEM in
2019. Moreover, the volatility of wholesale electricity prices
directly reflects the economic stability of the electricity mar-
ket. Therefore, the indicator of wholesale electricity average
price should be considered when evaluating energy systems.
The desired direction for this indicator is NEGATIVE.
Average representative residential electricity retail
prices: In the Australian NEM, the increasing rate of elec-
tricity and gas prices is expected to moderate in most states
and territories over the next few years, after a period of sig-
nificant increases. However, intergovernmental agreements
and action by the state and territory governments are the
most important policy levers to curb future price increases.
Thus, electricity retail prices will continue to increase. The
underlying cause of these increases is different for electric-
ity and gas, and the contribution of each factor is also dif-
ferent for each state and territory. Therefore, the indica-
tor of national average representative residential retail elec-
tricity prices should be considered when evaluating energy
systems. The desired direction for this indicator is NEGA-
TIVE.

Disposable personal income (DPI): DPI is one of
the economic indicators commonly used to reflect living
standards and general economic status. Considering the
progress in power systems, changes in electricity demand
and other uncertain factors cause the living costs (such
as the cost of electricity bills) of residents to fluctuate. In
some cases, the government intends to reduce the nega-
tive impacts of rising costs on residential living standards
by adopting corresponding measures such as subsidy poli-
cies. In this regard, the DPI can be referenced when for-
mulating measures. Therefore, the indicator of DPI should
be considered when evaluating energy systems. The desired
direction for this indicator is POSITIVE.

Electricity generation cost: The trajectories of electric-
ity generation costs indicate that the trends seen over the
last few years, whereby solar PV, wind, and battery stor-
age technologies have reduced their costs at a faster pace
than most other generation technologies, will continue [37].
These substantial and ongoing cost reductions have also

10.

11.

begun to impact the cost and adoption of other gener-
ation technologies. Consequently, the prediction of elec-
tricity generation costs is included in Australian electricity
modelling studies as a scenario input. Therefore, the indi-
cator of electricity generation costs should be considered
when evaluating energy systems. The desired direction for
this indicator is NEGATIVE.

Installed capacity of Rooftop PV: The installed PV
capacity in Australia increased 10-fold from 2009 to 2011,
quadrupled in 2016, and reached its highest growth period
in 2017-18 [38]. The largest share among the installations in
2018 was from grid-connected distributed systems, which
are rooftop systems in the residential, commercial, and
industrial sectors. Therefore, growing rooftop PV system
installations should be considered to comply with increas-
ing power demand and the realization of the RE target. The
desired direction for this indicator is POSITIVE.

Total energy consumption per capita: Energy plays a
crucial role in our daily lives and economic activities. There-
fore, the energy consumption per capita of a country is
regarded as an important indicator of economic develop-
ment. In the long-run, economic growth has a positive
effect on energy consumption, while technology devel-
opment or innovation can reduce it. Generally, electric-
ity consumption grows gradually during industrialization
and diminishes when industrialization is complete or near-
ing completion [39]. Considering the Australian industri-
alization level and the future investment in energy infras-
tructure, the desired direction for this indicator is a slight
NEGATIVE.

. Transmission and distribution loss per capita: The

increasing penetration of RE generation in the power sys-
tem will directly affect the transmission and distribution
loss. This indicator reflects the technical progress and oper-
ational efficiency of future power systems. Targeting higher
energy efficiency, the investment in energy infrastructure
should aim to reduce the total loss when integrating renew-
able power generation. The desired direction for this indi-
cator is NEGATIVE.

Annual growth rate (AGR) of teal GDP per capita: The
link between energy consumption and economic growth
is not always unidirectional. The dynamic characteristics
of each are complex and context dependent. Stable and
increasing access to electricity and other energy sources
may provide an initial increase in GDP which may in turn
lead to higher energy consumption (rebound effect). This is
often the case in a high-income country like Australia. Note
that progress in economic development outcomes can be
sophisticated: a number of parameters may be changing at
the same time. The desired direction for this indicator is
POSITIVE.

Life-cycle CO, emissions from electricity: The decar-
bonisation of the electricity infrastructure has been exten-
sively studied for years. The life-cycle assessment (LCA)
of CO, varies between different technologies, and sys-
tem designs, system operating assumptions, and technolog-
ical advancement can all contribute to its evaluation [40].
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12.

13.

14.

15.

16.

17.

The shift to high-quality RE infrastructure should take
life-cycle-based CO, emissions into account as the elec-
tricity sector exhibits significant emission reduction poten-
tial among other sectors, especially at the utility level. The
desired direction for this indicator is NEGATIVE.
Energy intensity measured in terms of GDP: Energy
intensity is a widely used indicator to reflect the energy pro-
ductivity of an economy. It is often measured as the total
primary energy demand per unit of GDP. It has been exten-
sively explored at national and industry levels. Drivers of
influence and consumption-based studies have been preva-
lent in academia. The desired direction for this indicator is
NEGATIVE.

Total quantity of RE: Existing federal emissions reduc-
tion policies require the reduction of Australia’s emissions
by 26-28% from 2005-2030, with a commensurate degree
of decarbonisation in the electricity sector [41]. To reduce
emissions of greenhouse gases, the Australian Government
designed the RE target scheme. In line with this scheme and
increasing power demand, a growing target of RE should
be considered. The desired direction for this indicator is
POSITIVE.

Total installed utility-scale battery storage capacity:
In line with the increasing uptake of PV systems and the
decreasing power system inertia, the capacity of BESSs in
all regions presents a rising trend, especially at utility-scale.
Similarly to PV systems, the increasing trend of BESSs
is inevitable considering the financial incentives, declin-
ing installation and system costs, changes in retail prices,
assumptions on the transition to a time-of-use tariff struc-
ture, and steady population growth. The desired direction
for this indicator is POSITIVE.

Life-cycle water consumption for electricity: The power
sector is vulnerable to water constraints and water scarcity.
Academic research regarding the energy-water nexus (water
embodied in energy commodities) has been carried out,
and its trade implications have been extensively studied at
national and regional levels [42-44]. Therefore, the shift
to high-quality RE infrastructure should consider a life-
cycle-based water consumption indicator at the infras-
tructure level to improve water use efficiency and visual-
ize water risk. The desired direction for this indicator is
NEGATIVE.

Fossil fuel consumption in the total electricity gener-
ation: The production of raw material and its extraction
processes often result in high environmental degradation.
However, the material requirements and associated envi-
ronmental impact on the low-carbon electricity system
are rarely modelled in conventional scenario-based energy
infrastructure models. Therefore, the shift to high-quality
sustainability infrastructure should take into account a
life-cycle-based material consumption indicator at the
infrastructure level to improve resource efficiency and sus-
tainable material consumption practices [45]. The desired
direction for this indicator is NEGATIVE.

Land use of PV and wind generation: Compared to
fossil fuel-based generation, RE generation requires much

18.

19.

20.

21.

more land use. This is usually accompanied by problems
that may limit the expansion of renewable generation,
including land costs, planning restrictions, environmental
impact assessments, visual impact, and other influential fac-
tors related to stakeholders. Therefore, the development
of RE generation should consider changes in land use.
Meanwhile, the desired direction of this indicator is detet-
mined by both the technical progress of RE generation
and increasing load demand. When the rate of development
rate RE installed capacity is faster than the rate of progress
of PV and wind generation efficiency, more land usage is
expected to occur. The indicator here refers to the total
occupation of land resources by PV and wind generation.
Considering the rapid growth of installed RE generation
capacity in recent years, the desired direction for this indi-
cator is POSITIVE.

Level of electrification of transportation: A report on
Australian energy in 2019 indicates that transport accounts
for approximately 28% of Australian energy consumption
in recent years [40]. The heavy reliance on fossil fuels
results in the transportation sector contributing approx-
imately 18% of Australia’s annual greenhouse gas emis-
sions [47]. However, the higher level of transport elec-
trification means higher reliance on the electricity supply,
which makes the electricity cost an influential factor to
electrification. The desired direction for this indicator is
POSITIVE.

Total PM2.5 emissions: This indicator is of great rel-
evance to the public health sector as the production
of fossil fuel electricity such as coal and gas can trig-
ger cardiovascular-disease-related mortality and reduce life
expectancy. Meanwhile, the closure of Australia’s major fos-
sil fuel electricity generators is on the move. Most major
producers have set out their policy to prepare for the grad-
ual decarbonisation of their electricity generation portfo-
lio. Decommissioned facilities are to be transformed into
energy recovery facilities, or the investments may be redi-
rected to RE. The desired direction for this indicator is
NEGATIVE.

Subsidies to fuel and energy: Fuel and energy taxes
and subsidies are essential parts of the Australian govern-
ment’s expenditure administered by the Australian taxa-
tion office. They cover fuel tax credits, product stewardship
waste schemes, as well as other expenses related to improv-
ing energy efficiency, resource-related initiatives, and
RE-related programs. In energy systems, changes to such
subsidies can offer direct and indirect support to energy
production and consumption activities. Therefore, this
indicator should be considered when evaluating the devel-
opment trends of future energy systems. The desired direc-
tion for this indicator is POSITIVE.

Electricity sector specific employment: The installa-
tion, construction, and operation of new renewable gen-
eration facilities helps to create new job opportunities.
Although a deep understanding and assessment of the
net job creation of a low-carbon electricity system may
vary, the shift to high-quality sustainable infrastructure
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should consider an electricity sector specific employ-
ment indicator. The desired direction for this indicator is
POSITIVE.

22. Utility-scale PV installed capacity: The Australian
Large-scale Renewable Energy Target scheme will expire
soon, without an explicit substitution policy promised.
Moreover, the aging energy infrastructure, especially the
transmission network, is holding back the development
of utility-scale PV systems due to capacity limitations,
voltage issues, lack of inertia, etc. This has resulted in
decreasing demand for utility-scale PV generation, espe-
cially after 2018. According to a recent repott, the invest-
ment in utility-scale PV systems fell to US$1.2 billion
in 2019 from US$3 billion in 2018 [48]. This changing
trend has impacted on the management costs of energy
transmission and generation systems. Therefore, the capac-
ity of newly installed utility-scale PV systems should be
taken into consideration when evaluating Australia’s future
energy system. The desired direction for this indicator is
NEGATIVE.

23. Average number of outages per customer: In Australia,
blackout events are typically triggered by vatious factors
including faulty equipment, human error, weather, falling
trees, and other incidents. Such unexpected power out-
age events not only directly reflect the problem of power
system reliability, but also affect people’s daily activities.
Therefore, an indicator related to the average number of
outages per customer should be considered when evaluat-
ing energy systems from a social sustainable development
perspective. In this regard, the unplanned system average
interruption frequency index (SAIFI), a commonly used
indicator to analyse power system reliability, is adopted as
the indicator. The desired direction for this indicator is
NEGATIVE.

24. Ancillary service payment: The Australian energy market
operator (AEMO) is in charge of the procurement of ancil-
lary services in the NEM, including network support and
control ancillary services INSCAS), system restart ancillary
services (SRAS), and eight types of frequency control ancil-
lary services (FCAS), from registered service providers.
With the increasing penetration level of RE, the demand
for auxiliary services in power systems will increase. From
an economic sustainability perspective, the development
of energy systems should consider an indicator related to
ancillary service payment. Under the current level of ancil-
lary service technology development, the desired direction
for this indicator is POSITIVE.

25. Fluctuation of wholesale electricity prices: In a com-
petitive market environment, the fluctuation of whole-
sale electricity prices reflects changes in the supply and
demand, to a large extent. Although the costs and ben-
efits of price fluctuations are borne by electricity suppli-
ers (retailers), the results will be reflected in the price
for consumers, from a long-term perspective. In the
short-term, a severe fluctuation of wholesale electricity
prices indicates insufficient reliability of the power sys-

tem, which requires setting a higher reliability standard.
However, the implementation of higher reliability stan-
dards in turn brings higher costs to consumers, accord-
ing to the Australian energy market commission (AEMC)
[49]. Hence, the volatility of wholesale electricity prices
directly reflects both the short-term and long-term stability
of electricity market economics, which is eventually linked
to general economic sustainability. Therefore, the fluctu-
ation of wholesale electricity prices should be regarded
as an economic indicator when evaluating the Australian
energy system. The desired direction for this indicator is
NEGATIVE.

The assessment of energy system intelligentisation is an
essential but challenging problem in the sustainability assess-
ment of energy infrastructure. Artificial intelligence (Al) is
regarded as one of the most revolutionary technologies in terms
of the decarbonisation of energy systems, energy consumption
reduction, the increased stability of power grids, the increasing
penetration of renewables, and the intelligent use of resources.
In [50], the current and potential impact of digital technologies
within cyber-physical systems (CPS) on the decarbonisation of
energy systems was assessed. The assessment shows that the
digitalization of energy systems using CPS completely alters the
marginal abatement cost curve (MACC) and creates novel path-
ways for the transition to a low-carbon energy system. The ben-
efits of adding intelligence to small-scale RE systems were stud-
ied in [51], and the evaluation of the management algorithms
was carried out using simulation data. In particular, the evalu-
ation of system intelligence of the intelligent building systems
was presented in [52]. Key intelligent indicators were identified
and analytical decision models wete developed to assess the sys-
tem intelligence of the intelligent building systems. Meanwhile,
the availability of historical data is also crucial when establishing
a framework for the quantitative sustainability assessment of
energy infrastructure. Therefore, only indicators with suffi-
cient data were selected for the key index framework of this
article.

4 | CASE STUDY AND DISCUSSIONS

The new vision for Greater Sydney’s future involves a major
shift in strategic planning focusing on the regional develop-
ment of Western Sydney. The planned investment for build-
ing a liveable and productive Western Sydney, particularly the
Western Sydney Aerotropolis project, is recognized as a game-
changer and transformational point in creating a polycentric
city metropolis [53]. The New South Wales (NSW) govern-
ment has also released a series of reports, including the “West-
ern Sydney City Deal’ [54], “Towards Our Greater Sydney 2056
[55] and ‘Towards a resilient Sydney-Socioeconomic profile’
[56], to guide the sustainable development of Western Syd-
ney. In this case study, Western Sydney is taken as an exam-
ple to test the proposed key index framework of sustainability
assessment.
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FIGURE 5 Radar diagram of indicators in the economy domain

4.1 |

Data specifications in the case study

In this case study, three scenarios regarding future energy sys-
tems were considered, including the current scenario, the future
scenario for the year 2030, and the target scenario which is
specified in the long-term development plan of Western Syd-
ney. Meanwhile, related datasets with respect to the energy
infrastructure in NSW were collected through a comprehen-
sive survey. However, due to the non-availability of local his-
torical data, some national-scale energy data were used instead.
Table 3 presents the selection of indicators in the case study. All
these indicators were finally selected after the correlation anal-
ysis between indicators and the growth of RE, and only indi-
cators with a correlation result o > 0.4 were finally selected in
the key index framework. Furthermore, three of the indicators
in Table 3, namely No. 9, No. 11, and No. 22, were re-used as
No. 16, No. 30, and No. 29. This was because each of these indi-
cators could be simultaneously assigned to multiple domains, as
long as they could contribute to a proper assessment of these
domains.

When setting indicator values under a target scenario, the
targets set by governmental development policies were directly
referred to, if available. If not available, the simulation of indica-
tor future values was carried out under low, medium, and high
development trends. Subsequently, the indicator simulation val-
ues under the medium trend were adopted as target values. Fur-
thermore, in the simulation of indicator future values, the AGR
and CI methods were adopted depending on the availability of
the indicator’s historical data. Details of these two methods are

Target Scenario

Wholesale electricity
average price in
Australia

National average
representative
residential retail
electricity prices

Electricity generation
cost

Capital cost of rooftop
PV installed in
Australia

Total energy
consumption per capita

=== Current Scenario

presented in Section 2.2. When there was sufficient data for
implementing either the AGR or the CI methods, one of these
two methods was randomly selected. The method adopted for
each indicator simulation is presented in Table 4. Furthermore,
the indicator values under current, future, and target scenat-
ios, as well as the calculation results of the indicator scores are
shown in Table 4. In addition, as for the weighting factors, each
indicator 7 that belongs to the same domain was assigned the
same weighting factor »; derived from Equation (10).

4.2 | Visualization of assessment results
and analysis

Scores of each indicator in the economy, environment
and society domains are presented in Figures 5-7, respec-
tively. In general, it can be seen that these indicators
respond to the development of energy systems in different
ways.

To be specific, in the economy domain, there needs to be a
decrease in the fuel and energy subsidies, market value of dis-
tributed BESSs, wholesale electricity prices, and residential retail
electricity prices in the future in order to achieve the sustainable
development target. However, attention should be paid to the
generation costs. Although its current value is within the tar-
get level, there will be an increase during future development,
and it could escalate beyond the target values without inter-
ventions. Regarding the capital cost of utility-scale BESS and
the AGR of real GDP per capita, efforts should be made to
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TABLE 3  Sclection of indicators in the case study
No. Domain Indicator title Unit Correlation Selection
1 Economy Market value of distributed BESS in Australia Million $ 0.802 Select
2 Economy Wholesale electricity average price in Australia $/MWh 0.916 Select
3 Economy National average representative residential retail electricity prices ¢/kWh 0.850 Select
4 Economy Electricity generation cost $/kW 0.957 Select
5 Economy Capital cost of rooftop PV installed in Australia Million $ 0.787 Select
6 Economy Total energy consumption per capita GJ 0.892 Select
7 Economy Transmission and Distribution loss per capita GJ 0.704 Select
8 Economy Annual growth rate of real GDP per capita % 0.903 Select
9 Economy Energy intensity measured in terms of GDP (koe/$) 0.894 Select
10 Economy Capital cost of total installed utility-scale BESS in Australia Million $ 0.626 Select
11 Economy Subsidy to fuel and energy in Australia Million $ 0.886 Select
12 Economy Capital cost of installed utility-scale PV in Australia Million $ 0.121 Delete
13 Economy Ancillary service payment Million $ 0.050 Delete
14 Economy Fluctuation of wholesale electricity prices Standard deviation 0.334 Delete
15 Environment Capacity of total installed distributed BESS in Australia GWh 0.911 Select
16 Environment Capacity of total installed distributed BESS in Australia MW 0.905 Select
17 Environment Capacity of total installed rooftop PV in Australia GW 0.974 Select
18 Environment Life-cycle CO, emissions from electricity generation 103 kt CO, eq. 0.912 Select
19 Environment Energy intensity measured in terms of GDP (koe/$) 0.894 Select
20 Environment Total quantity of RE in Australia GWh 0.916 Select
21 Environment Capacity of total installed utility-scale BESS in Australia GW 0.931 Select
22 Environment Life-cycle water consumption for electricity Million gallons /year 0.200 Delete
23 Environment Fossil fuel consumption in the total electricity generation Ratio 0.917 Select
(measured by electricity-fuel ratio: Tons of fuel / TWh of electricity)
24 Environment Land use of PV and Wind generation in NSW Hectares 0.739 Select
25 Environment Level of electrification of transportation GWh 0.931 Select
(measured by quantity of electricity consumption in transportation)
26 Environment Total PM2.5 emission ug/m? 0.990 Select
27 Environment Capacity of total installed utility-scale PV in Australia GW 0.959 Select
28 Society Capacity of demand-side participation in NSW MW 0.886 Select
29 Society Penetration level of distributed generation in NSW % 0.936 Select
30 Society Total amount of disposable personal income in Australia Million $ 0.958 Select
31 Society Ratio of rooftop PV systems installed in Australia % 0.957 Select
(measured by % in total generation capacity MW)
32 Society Market share of electric vehicles (measured by % in total amount) % 0.815 Select
33 Society Total PM2.5 emission ug/m’ 0.990 Select
34 Society Subsidy to fuel and energy in Australia Million $ 0.886 Select
35 Society Electricity sector specific employment in NSW Person years 0.298 Delete
36 Society Penetration level of utility-scale PV in Australia (measured by % in % 0.945 Select
total generation quantity GWh)
37 Society Average number of outages per customer (measured by unplanned Frequency 0.950 Select

system average interruption frequency index in Australia)

achieve a future increase in these areas, in order to meet the
final sustainable development target. Furthermore, as for the
other indicators including energy intensity measured in terms of
GDP, the transmission and distribution loss per capita, the total
energy consumption per capita, and the capital cost of rooftop

PV installed in Australia, their future values will need to be well
controlled around current levels during the petiod of sustainable
development.

As for the environmental indicators, sustainable develop-
ment requires a further increase in the capacity of installed
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TABLE 4  Scores of finally selected indicator in the case study
Target value in 2030 Indicator score
Method of

Original Desired  Weight Current Method of Target Simulation of indicator Current  Future Target
No. direction factor scenatio setting target  scenario future scenario  simulation  scenario  scenario  scenario
1 Negative  0.091 1.229 x 10> Simulation 188.291 355.334 AGR 0.139 0.048 0.091
2 Negative  0.091 84.590 Simulation 135.430 160.820 AGR 0.146 0.077 0.091
3 Negative  0.091 28.500 Simulation 43.874 66.451 AGR 0.140 0.060 0.091
4 Negative  0.091 2.622 % 10° Simulation 2.192x 10> 1.864 x 10° CI 0.076 0.110 0.091
5 Negative  0.091 7.301 x 10° Simulation 6.880 X 10°  7.125 % 10° CI 0.086 0.088 0.091
6 Negative  0.091 30.510 Simulation 28.154 29.148 CI 0.084 0.088 0.091
7 Negative  0.091 1.858 Simulation g 1.753 1.819 CI 0.086 0.087 0.091
8 Positive 0.091 0.948 Refer to [57] 2.640 0.721 CI 0.033 0.025 0.091
9 Negative  0.091 0.110 Simulation 0.104 0.103 CI 0.085 0.091 0.091
10 Negative  0.091 1.165 x 10 Refer to [58] 200 1,054 AGR 0.016 0.017 0.091
11 Negative  0.091 8.171 x 103 Simulation 1.285x 10*  2.004 x 10* AGR 0.143 0.058 0.091
15 Positive 0.083 0.286 Refer to [59] 5.580 4175 CI 0.004 0.062 0.083
16 Positive 0.083 40 Simulation 114.125 136.433 AGR 0.029 0.100 0.083
17 Positive 0.083 6.83 Refer to [60] 19.70 17.15 CI 0.029 0.073 0.083
18 Negative  0.083 174.707 Refer to [61] 155 138.311 CI 0.074 0.094 0.083
19 Negative  0.083 0.110 Simulation 0.104 0.103 CI 0.078 0.084 0.083
20 Positive 0.083 4.003 x 10* Simulation 4210 x 10*  4.214 x 10* AGR 0.079 0.084 0.083
21 Positive 0.083 0.375 Simulation 1.182 1.585 AGR 0.027 0.112 0.083
23 Negative  0.083 0.870 Simulation 0.825 0.346 CI 0.079 0.195 0.083
24 Negative  0.083 72.729 x 10° Simulation 1114 X 10° 1,948 X 10° CI 0.128 0.048 0.083
25 Positive 0.083 2210 x 10° Simulation 2.831x10°  3.027 X 10° AGR 0.065 0.089 0.083
26 Negative  0.083 7.434 Simulation 7.006 5.709 CI 0.079 0.102 0.083
27 Positive 0.083 3.100 Refer to [62] 15 11.870 CI 0.017 0.066 0.083
28 Positive 0.111 164 Simulation 382.057 263.051 AGR 0.048 0.076 0.111
29 Positive 0.111 13.500 Refer to [63] 44 52.596 AGR 0.034 0.133 0.111
30 Positive  0.111 3.203 X 10° Simulation 4.293X10°  4.492x 10° CI 0.083 0.116 0.111
31 Positive 0.111 16.010 Simulation 37.559 39.290 CI 0.047 0.116 0.111
32 Positive 0.111 0.481 Simulation 20.990 22.579 CI 0.003 0.120 0.111
33 Negative ~ 0.111 7.434 Simulation 7.006 5.709 CI 0.105 0.136 0.111
34 Positive 0.111 8.171 x 103 Simulation g 1.285%x 10*  2.004 x 10* AGR 0.071 0.173 0.111
36 Positive 0.111 4.816 Refer to [64] 30 23.301 CI 0.018 0.086 0.111
37 Negative  0.111 0.982 Simulation 0.404 0.459 CI 0.045 0.097 0.111

Note: The “Original No.” means the numbering of indicators appeared in Table 3; AGR represents the annual growth rate method and CI denotes the confidence interval methods as is

presented in Section 2.2.

utility-scale PV, the capacity of installed distributed BESS (in
terms of either GWh or MW), the capacity of installed rooftop
PV, the capacity of utility-scale BESS, and the level of electri-
fication of transportation. These indicators all need to be fur-
ther improved through new investment or incentive policies. On
the other hand, the land use of PV and wind generation should
be managed to improve usage efficiency. In addition, the cur-
rent indicator values of total PM2.5 emissions, the life-cycle of
CO, emission from generation, the energy intensity measured
in terms of GDP, the total quantity of RE, are all at an accept-

able level compared with the target scenario. Notably, although
the current fossil fuel consumption in the total generation is
within the target range, measutes should be prepared to prevent
its potential increase.

When assessing the sustainability of a smart city from the per-
spective of society, all social indicators, except the total PM2.5
emission, tend to increase with the increasing penetration of RE
in the energy system. In particular, the energy system operator
needs to guarantee system security and stability during future
development since the average number of outages per customer
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FIGURE 7 Radar diagram of indicators in the society domain

will negatively impact people’s daily activities. Moteover, from
the perspective of the economy, sustainable development means
a decrease in the subsidy to fuel and energy but in the social
domain, an increase of subsidy to fuel and energy is beneficial to

sustainability. Therefore, it is essential to ensure that each indi-
cator is assigned to a specific domain before being applied in
the sustainability assessment. As for the PM2.5 emission, sim-
ilar results have been observed in both the environment and
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FIGURE 8 Triangle diagram of the case study results

society domains. This means that its current indicator value is
at an acceptable level compared with the target scenatio, but it
could escalate beyond the target without interventions in fututre
scenarios.

The overall performance of indicators in these three domains
is shown in Figure 8. From the perspective of the economy,
the current scenario already has a similar score to the target
scenario. In the social and environmental domains, howevetr,
the scores in the current scenario are far smaller than those
in the target scenario. On the other hand, in the future sce-
nario, the social and environmental domains will have reached
target levels or more, while a smaller economic score is envis-
aged in the future. In other words, under the current develop-
ment trends in the case study, although sustainable development
can be achieved from a social and environmental perspective,
the impacts on economic sustainability should have increasing
importance attached to them by related authorities. To real-
ize balanced sustainable development, the authorities can fil-
ter out indicators with unexpected results, especially under the
unsatisfied domain, and then make improvements through
corresponding measures, such as project approval, the issue of
policies, budget allocation, and planning adjustments. Addition-
ally, the authorities can regularly forecast the indicators based
on new historical data to evaluate the effectiveness of their mea-
sures or decisions.

5 | CONCLUSIONS

Due to concerns regarding energy security and the ongoing
environmental crisis, the sustainable development of human
civilization has attracted significant attention from both indus-
try and academia. In this context, this study proposed a key
index framework for quantitatively assessing the sustainability
of energy infrastructure in a smart city. In order to guide

users on the selection of indicators, a three-tier story chart for
indicator selection was developed. Then, a detailed analysis of
indicator selection was presented. The established framework
incorporates extensive economic, environmental, and social
indicators into its design. Finally, a case study of the Western
Sydney area was conducted to demonstrate the feasibility
and efficiency of the proposed methodologies. It was found
that several indicators could be assigned to multiple domains,
such as the indicator of fuel and energy subsidies, and it was
essential to ensure that each indicator was assigned to the
desired domain(s) before conducting the sustainability assess-
ment. If not, it could cause disputes when interpreting the
results from different perspectives. Meanwhile, sustainability
assessment should cover all of the economy, environment, and
society domains to achieve balanced development. In terms
of future work, since data availability is essential for accurate
sustainability assessment, machine learning based methods
will be studied to overcome this problem. Furthermore, the
correlation between indicators will be investigated, and other
advanced indicator forecasting techniques will be considered to
further improve the proposed methodology.
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