
Academic Editor: Bowen Zhou

Received: 15 February 2025

Revised: 11 March 2025

Accepted: 25 March 2025

Published: 26 March 2025

Citation: Boateng, N.S.; Liscio, M.C.;

Sospiro, P.; Talluri, G. Economic

Cost–Benefit Analysis on Smart Grid

Implementation in China.

Sustainability 2025, 17, 2946. https://

doi.org/10.3390/su17072946

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Economic Cost–Benefit Analysis on Smart Grid Implementation
in China †

Newell Sarpong Boateng 1, Marco Ciro Liscio 1,2,* , Paolo Sospiro 1,2,3,4 and Giacomo Talluri 5

1 EUAbout, 1000 Brussels, Belgium; paolo.sospiro@uniecampus.it (P.S.)
2 Department of Information, Polytechnic University of Marche, 60121 Ancona, Italy
3 Department of Industrial Engineering, University of Florence, 50121 Florence, Italy
4 Dipartimento di Scienze Teoriche e Applicate (DiSTA), eCampus University, 22060 Novedrate, Italy
5 Department of Energy “Galileo Ferraris”, Polytechnic of Turin, 10129 Turin, Italy; talluri.giacomo@gmail.com
* Correspondence: m.c.liscio@pm.univpm.it
† This article is a revised and expanded version of a paper entitled “Smart Grid implementation in China: A

Cost-Benefit Analysis” presented at the ICAE2023 Conference, Doha, Qatar, 3–7 December 2023.

Abstract: The last Five-Year Plans (2016–2025) in China emphasise economic modernisation,
focusing on boosting the services sector, urbanisation, and the expansion of the social safety
net. China’s net-zero strategy targets achieving climate neutrality by 2060, necessitating a
transition away from coal toward cleaner energy sources, which accounted for 60.6% of
total energy consumption in 2023, to Variable Renewable Energy Sources (VRES). By 2021,
VRES contributed 23.4% of power generation. To integrate VRES, Smart Grids are critical,
as they autonomously manage energy production, distribution, and consumption. These
grids support industrial and residential smart devices, electric vehicle charging, and battery
storage. This paper applies a cost–benefit analysis using a customised version of the Electric
Power Research Institute US methodology to assess Smart Grid investment in China from
2020 to 2050. The results show a benefit-to-cost ratio of 6.1:1, demonstrating substantial
economic benefits. The focus on China serves as a valuable case study for Smart Grid
implementation worldwide, with the methodology adaptable for use in other countries
and across different scales. These findings can assist global decision-makers in evaluating
the advancement in technology, policies, and potential economic impact of Smart Grids
and also in comparisons with other players such as the US.

Keywords: Smart Grid; sustainable energy management; cost–benefit analysis; Variable
Renewable Energy Sources; China; digitalisation; sustainability

1. Introduction
The Smart Grid (SG) is an upgraded electricity network that leverages advanced

technologies to enhance the efficiency, reliability, and sustainability of power generation,
distribution, and consumption. This intricate system incorporates cutting-edge sensors,
communication networks, and control mechanisms to facilitate two-way communication
and real-time monitoring of the electrical grid. Additionally, it integrates automation
technologies to optimise power generation, transmission, and distribution, ensuring im-
proved operational performance and sustainability. The traditional electricity grid was
designed to be a one-way system, with power flowing from large, centralised power plants
to consumers via transmission and distribution lines. This model has limitations in terms
of efficiency, reliability, and sustainability. The growing electricity demand, coupled with
the increasing use of renewable and distributed energy sources, has highlighted the need
for a more flexible and intelligent electricity network.
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The benefits of SGs are numerous, including improved energy efficiency, enhanced
public safety, reduced greenhouse gas emissions, and economic benefits such as job creation
and reduced energy costs for consumers. However, the implementation of SGs is not
without its challenges. It requires significant upfront investment; complex technical and
regulatory requirements; and collaboration among stakeholders, including policymakers,
utilities, and consumers. Aside from these challenges, the potential benefits of SG make it a
worthwhile pursuit as the world moves towards a more sustainable and low-carbon future.

The implementation of Smart Grid (SG) technology differs across countries due to
various influencing factors. Technical aspects are crucial in this variation, encompassing
elements such as cybersecurity, energy storage capacity, data and energy management,
communication hurdles, grid stability, interoperability, system incompatibilities, and con-
gestion challenges related to energy transfer capabilities. Moreover, economic, and societal
challenges arise from the substantial capital investments needed and the necessity for
strong stakeholder engagement, including final users, due to sensitive data-related aspects,
as SGs rely on big data to track, monitor, and increase efficiency of the electrical grids [1]. It
plays a crucial role in the development of Smart Cities [2], not only in the efficiency of the
energy management but also favouring connectivity and communication between infras-
tructures is several aspects of cities, such as mobility and waste management, particularly
improving performances in waste management practices due to a better coordination and
communication [3].

Although China has substantial potential for renewable energy production, coal re-
mains the dominant primary energy source, followed by natural gas, hydropower, wind,
solar, biofuels, oil, and nuclear power. According to the International Energy Agency’s
(IEA’s) net-zero emissions by 2050 scenario, wind and solar power are expected to con-
tribute 90% of the total energy expansion. Achieving this goal will necessitate upgrading
distribution grids and developing new transmission networks to support the transition [4].

Nevertheless, China has appeared as one of the global leaders in the adoption of SGs.
The country has ambitious goals to modernise and expand its power grids, allocating a total
investment of USD 442 billion for the period 2021–2025, as detailed in its 14th Five-Year
Plan. Major stakeholders driving these initiatives include the State Grid Corporation of
China, China Southern Power Grid, and several regional energy companies [5].

The 14th Five-Year Plan for Renewable Energy Development seeks to accelerate the
country’s shift towards sustainable power sources. The plan aims to boost renewable
electricity generation by 50%, increasing from 2.2 trillion kWh in 2020 to 3.3 trillion kWh
by 2025. Additionally, it sets a target for renewables to contribute 33% of total electricity
consumption by 2025 compared to 28.8% in 2020. More than half of the new energy demand
during this period is expected to be met through renewables, potentially cutting carbon
emissions by up to 2.6 gigatons annually [6].

The plan emphasises integrating renewable energy into China’s energy framework,
enhancing supply security while meeting climate commitments. Key initiatives include
boosting solar and wind power generation in resource-rich areas, expanding offshore wind,
and optimising energy layouts. This strategic shift from previous pollution-focused goals
reflects a commitment to a sustainable energy transition.

In the United States, the Grid Resilience and Innovation Partnerships Program, facili-
tated by the Grid Deployment Office, plays a crucial role in enhancing the grid’s resilience
and adaptability. This initiative provides approximately USD 10 billion in incentives to
support advancements in grid modernisation and strengthen energy infrastructure against
potential disruptions. Furthermore, the SG Investment Grant (SGIG) under the Recovery
Act has played a crucial role in financing ninety-nine projects, offering federal financial
support that covers up to 50% of eligible expenses. The deployment of Smart Grid tech-
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nology is vital for national development, as it enhances energy efficiency, improves grid
reliability, and fosters the integration of renewable energy sources. From a social per-
spective, it enhances reliability and outage management, increases safety, and empowers
consumers. The SG also plays a vital role in reducing greenhouse gas emissions, enhancing
energy efficiency, and helping energy storage. Therefore, quantifying the costs and bene-
fits of SG implementation is crucial, serving as a reference for governments to assess its
practicality [7].

According to the study of the state of implementation of SGs in China, conducted by
the authors of this research [8], the SG overall state of play for China, as for 2021, is at 18%
against a state of progress for the US and EU, respectively, of 15% and 13%; investments
in power grid infrastructure are steadily increasing in advanced economies and China,
accompanied by a growing allocation of funds towards the advancement of digitalisation.

China is a global leader in SG implementation, driven by urbanisation, industrial
growth, environmental concerns, and advancements in deploying and using renewable
sources, particularly hydropower [9,10]. China’s State Grid Corporation plans an added
USD 350 billion investment by 2025 [11]. The US is also supporting SG initiatives through
federal funding and regulatory incentives and has distributed a USD 5 billion fund through
the Grid Innovation Program (GRIP) for innovative transmission, storage, and distribution
infrastructure projects from 2022 to 2026. The EU is promoting SG technology, aiming
to invest around EUR 500 billion by 2050 in the existing electricity grid, with over EUR
1 billion already distributed and EUR 860 million standing for EU support [12]. The
REPower EU Plan aims to generate an additional EUR 29 billion in investments for power
grid infrastructure by 2030. The adoption of SG technology in China has significant social
and environmental benefits, as shown by a cost–benefit analysis based on baseline data
and past forecasts, calculating the absolute benefit of the technology [8].

A review of the scientific literature has been conducted to delve into the topic analysing
works conducted on SGs in the last fifteen years, especially in China, and with a similar
approach towards cost–benefits analysis, to have an overview of what scholars previ-
ously analysed.

Information Communication Technologies (ICT) play a fundamental role in the de-
velopment of SGs for efficient data exchange, entailing a reliable and fast communication
infrastructure connecting various distributed elements. SG technology brings significant
transformations in diverse ways. Renewable energy using SGs outweighs traditional energy
using information flow and the standardisation of SGs [13]. Demand Side Management
(DSM) consists of various strategies aimed at optimising the energy system by managing
consumption more efficiently. These measures range from enhancing energy efficiency
through the use of advanced materials to implementing real-time control mechanisms
for distributed energy resources [14]. The next-generation electricity grid is designed to
overcome the key limitations of the current infrastructure. The Smart Grid (SG) will en-
able utility companies to achieve greater control through digital technologies, two-way
communication, distributed energy generation, and autonomous remote monitoring [15].
Moreover, machine learning-based techniques applied to smart meter data have demon-
strated significant effectiveness in detecting anomalies. These models not only strengthen
security and privacy but also improve centralised training performance. Additionally,
federated learning (FL)-based anomaly detection models have proven to be highly efficient
in terms of memory utilisation, CPU load, and power consumption, particularly when
deployed on edge computing devices [16].

Other studies have been conducted using the cost–benefit analysis approach on the SG
topic. The installation of smart metering enables two-way communication between energy
suppliers and consumers, facilitating the implementation of demand response strategies.
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This interactive approach helps optimise energy consumption by adjusting demand based
on real-time grid conditions [17], and a comparative analysis of three configuration modes
in a case study demonstrates the economic and environmental advantages of demand
response initiatives [18]. Additionally, research on grid-scale electrical energy storage (EES)
projects in Great Britain highlights the social costs and benefits associated with energy
storage systems. A key example is the Smarter Network Storage project, which features
a 6 MW/10 MWh lithium-ion battery designed to accommodate the rising local peak de-
mand. The study underscores how strategic investments in energy storage solutions can
support the transition toward a reliable, cost-effective, and sustainable power system [19].
Integrating energy storage systems (ESS) with Demand Side Management (DSM) enhances
the self-consumption of photovoltaic (PV) electricity, helping to balance supply and de-
mand more effectively within the grid. Furthermore, research has been conducted to
evaluate and compare the technical and economic feasibility of both Household Energy
Storage (HES) and Community Energy Storage (CES), assessing their potential benefits
in modern energy management, resulting in self-consumption of PV power as the largest
contributor to the savings obtained when using ESS. Ref. [20] provided a comprehensive
overview of various tools and characteristics that are applicable in SGs, covering both the
communication and associated ICT infrastructure. They explained and compared three
types of simulators: power system simulators, communication network simulators, and
combined power and communication simulators. A related study, ref. [21] analysed the
benefit of energy management control actions, evaluating their performance across three
different scenarios. The findings suggest that, from an economic perspective, the system
does not provide direct financial benefits to end users. However, integrating energy man-
agement systems with renewable energy sources and utilising on-site energy production
can lead to cost-effective energy savings, making the system more financially viable in
the long run. Another study [22] explored the advantages of smart network control and
demand response technologies in improving grid operation management, resource effi-
ciency, and the integration of emerging energy loads. Projections indicate that the adoption
of electric heating systems and electric vehicles will experience significant growth up to
2050, highlighting the need for enhanced grid adaptability. Ref. [23] estimated the cost and
benefits of installing smart readers in the EU. The adoption of dynamic tariffs is crucial, and
innovative strategies from policymakers and suppliers could increase customer adoption
from below 20% to 80%.

Particularly, papers that analysed the topic in the context of China have also been con-
sidered. First, it has to be mentioned that the work implemented by Deutsche Gesellschaft
für Internationale Zusammenarbeit—GIZ published in [24] offers insights for designing
regulatory policies in China to support Smart Grid development, establish electricity mar-
kets, and expand RES generation. It also gives recommendations focus on the regulatory
framework for Smart Grids, aiming to enhance the understanding of institutional interde-
pendencies in the electric power sector. Moreover, the study by [25] compared innovation
policies in SGs across the Pacific—in particular, China and the US. They outlined the pol-
icy tools employed by both countries and presented findings that highlighted national
preferences for innovation policies, which vary based on the state of the power system. It
emphasised China’s inclination towards a “supply-side policy” approach, which prioritises
public enterprise, scientific and technological development, and legal regulation. From a
power source perspective, a case study in ref. [26] illustrated how inter-regional power
transmission can impact the regional deployment of technologies under various policy
scenarios in China. The findings indicate that energy subsidies and national targets will
continue to play a crucial role in the expansion of renewable energy, both in the short and
long term. Ref. [27] examined the technical, environmental, socio-economic, and intangible



Sustainability 2025, 17, 2946 5 of 21

benefits linked to Smart Grids (SGs), emphasising their interactive, real-time capabilities
in addressing challenges related to the future power system infrastructure. It explores the
development of Smart Grids in China and India, along with efforts to establish a Smart
Grid roadmap for Kentucky and the United States. The study highlights how different
policy approaches in these regions reflect the varied strategies used to support Smart Grid
integration. Meanwhile, ref. [28] investigated how the United States (US) and the Euro-
pean Union (EU) have introduced policies to encourage microgeneration and Smart Grid
initiatives. Despite ongoing advancements, the sector is still in its early stages. To speed up
adoption and increase private sector involvement, both regions have implemented policy
measures that promote sustainable and cost-effective energy production. These policies
offer long-term financial incentives for private investors and tax benefits for individuals to
encourage participation. The study also highlights that China, Brazil, Canada, and India
have made significant investments in renewable energy, further supporting the global
shift toward clean energy. The paper by [29] used a survey-based approach to analyse the
social perspective of Smart Grid implementation. Through a survey conducted in Hong
Kong, complemented by the literature findings, the study provides insights into public
perceptions and behaviours regarding Smart Grid adoption. The results indicate a positive
reception of Smart Grid technologies, with strong support for energy efficiency, energy
conservation, and renewable energy expansion. However, respondents expressed notable
resistance to nuclear power. From a technical perspective, ref. [30] explored the application
of power line communication (PLC) technology within low-voltage (LV) distribution net-
works in China. With the country moving towards Smart Grid development, PLC is being
considered as a potential solution for enabling seamless communication between end users
and electricity providers, ultimately enhancing grid efficiency and operational effectiveness.
This paper presents the measurement results of low-voltage PLC systems after giving
a general overview of the topologies for the typical LV distribution networks in China.
The testing results show that the main reason influencing the reliable communication of
high-speed data of the power line is the attenuation of the high-frequency signal, which is
more obvious in the branch of the power line.

Additionally, several studies have applied the cost–benefit approach to assess Smart
Grid (SG) implementation in China. One such study [31] introduced an optimised design
framework for hybrid microgrid systems, integrating solar, wind, and tidal energy to
ensure a reliable power supply for a remote rural location in the Fuxin region of Northeast
China over a 20-year operational period. To measure the system’s overall efficiency, the
study incorporated a cost–benefit index, evaluating the economic viability of the proposed
microgrid model. Meanwhile, ref. [32] examined the impact of demand response (DR)
events on power demand reduction and indoor building temperature. The findings indicate
that both factors can be accurately predicted, allowing for better grid management. The
study highlights that power demand reduction remains stable and predictable, making
it a reliable tool for energy balancing. Moreover, the research suggests that, during DR
events, indoor temperature fluctuations are minimised, and thermal comfort is enhanced
through the use of small-scale active storage systems. The research by [33] revealed
that, within China’s renewable energy strategy, concentrating solar thermal (CST) electric
power generation was significantly underemphasised. Despite the potential of CST to
provide substantial environmental and economic benefits, it has not been prioritised in
national plans. The study highlighted the need for greater emphasis on CST to enhance
the effectiveness of China’s renewable energy policies and to diversify its energy portfolio,
contributing to a more sustainable and resilient energy system.

To the best of the authors’ knowledge, no prior analysis similar to the one outlined
in this manuscript has been conducted. Consequently, this study seeks to address this
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gap by offering both qualitative and quantitative assessments of the benefits associated
with SG implementation, particularly within the context of China, the foremost global
leader in terms of energy production and consumption. The methodology is based on the
only other similar work, in terms of scale considered, conducted by the Electric Power
Research Institute US [34] in a United States context, by maintaining the same approach
while adapting it to the data available and the principal aspect to take into consideration,
as explained in the next section. The preliminary results were presented in [35]. The
aim of conducting this study in the context of China is to potentially replicate the same
approach to analyse, and then compare, other contexts such as India, Brazil, South Africa,
and more. The approach underlines and will stimulate the analysis on technology and
policy advancements, particularly on renewable and clean energy, decarbonisation, circular
economy, carbon emissions, etc. In fact, the literature shows a gap in providing holistic
cost–benefits analysis on this matter, especially in transitioning countries, while present
in contexts like the EU [36] and US [34]. Another gap individuated is related to the lack
of data, which appears to be particularly difficult to obtain for contexts like China, while
more data were available for the EU and US (e.g., [37,38]). The paper aims at covering these
gaps, by providing a methodology that can be replicated and updated in future works and
stimulate other academics to collect and share data to apply it.

2. Materials and Methods
To define the economic benefits of the SG deployment, a control scenario has been

set, the so-called baseline (BL). Such a scenario defines the current trends of the attribute
considered without full implementation of SG-related systems. The method is based on the
study conducted by EPRI US [34], considering most of the attributes they analysed. In the
SG Baseline (BLSG), a full implementation of SG is forecasted up to 2050 and including the
estimated implementation costs for each of the following analysed attributes (thoroughly
described in the following sections):

1. Generation mix
2. Generation capacity investments
3. Transmission and distribution capacity investments
4. Transmission and distribution equipment maintenance and operations cost
5. Reduced congestion cost
6. AT&C losses
7. Meter reading cost
8. Reduced equipment failures
9. Outages

The total benefit from SG implementation is therefore calculated as in Equation (1):

Bj = BLj − BLSGj (1)

where Bj represents the benefit function for each different attribute, and i represents the
year, ranging between 2020 and 2050.

In accordance with the type of data and the final purpose of this article, the “Simple
exponential smoothing” was chosen as a forecasting method. This was implemented to fill
in the gaps among data to obtain a full year-to-year forecast.

Exponential smoothing is a method used to renew a forecast by using more recent
observations. Exponential smoothing assigns exponentially decreasing weights as the
observation becomes older. Thus, it gives more relevance to the latest observations.
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This method is one of the most widely used when the data do not show any type of
trend or seasonality. In this model, it is assumed that the time series is

y1, y2, . . . yn

Thus, the forecast for the next period according to the simple exponential smoothing
method is Equation (2)

ŷt+1 = αyt + (1 − α)ŷt (2)

where:

yt is the actual known series value for time period t;
ŷt is the forecast value of the variable Y for time period t;
ŷt+1 is the forecast value for time period t + 1;
α is the smoothing constant, a selected number, such that 0 < α < 1.

The forecasting process is based on weighting the most recent observation yt with α

and the most recent forecast ŷt with 1 − α.
The analysis focuses on the Average Price of Electricity in China, measured over the

years 2015 to 2020. The goal is to forecast future price trends and assess their uncertainty
over a 30-year horizon (until 2050). The selected model parameter α = 0.7 (smoothing
factor) lends more weight to recent observations.

This choice reflects the assumption that recent electricity prices in China contain more
relevant information for forecasting future values than older prices. Since the time series
is quite short, it is crucial to prioritise the most recent patterns, as they are likely to better
capture the current dynamics of the electricity market. A high value of α (close to 1) ensures
that the model responds quickly to changes in the data, making it more sensitive to recent
trends or fluctuations. At the same time, although emphasis is placed on newer data, the
model still retains some influence from past observations, which helps avoid overreacting
to random short-term variations.

To start this process, three values are needed: a first forecast, a contemporary value of
the time series, and the smoothing constant.

Since the initial forecast is not available, it is possible to substitute it using two
different methods:

• Equal it to the initial value of the time series.
• Use the average of the first five observations for the first smoothed value.

The general equation of this forecasting method is (3):

ŷt+1 = α∑t−1
k=0 (1 − α)kyt−k (3)

This analysis relies on the ETS (Error, Trend, and Seasonal) framework, which, under
the chosen parameter configuration, reduces to the simple exponential smoothing (SES)
method. Specifically, an AAN (Additive Error, Additive Trend, and No Seasonality) model
was selected, as it appropriately captures the underlying trend dynamics in the electricity
price data without including a seasonal component, which would not be meaningful given
the annual frequency of the observations. The additive form of both error and trend
components allows for modelling changes over time as linear increments or decrements,
making this specification particularly suitable for small datasets, where more complex
nonlinear patterns cannot be reliably identified.

As for the costs, the EPRI [34] provided the summary cost indicators for the deploy-
ment of SG in the United States. The costs here considered regards the deployment of the
assets (both physical assets, such as, i.e., power transformers, power lines, smart meters,
and others, and intangible ones such as software and skilled workforce) needed to enable
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the SG functionalities underlying the considered benefits. To do so, the assets were iden-
tified based on the EPRI report [34], as well as their market prices. By recalculating the
specific values of each item identified according to the EPRI approach, the costs obtained
were combined with the EPRI data to assess the variance, resulting in a small value and,
therefore, were in line with the EPRI results.

2.1. Generation Mix

As for the attributes, the first one is related to the benefit that the implementation of
SGs could contribute to the generation mix of the country, allowing a higher implementation
of VRES instead of fossil fuels energy sources.

The implementation of Smart Grids (SGs) provides numerous advantages for the
integration and optimisation of Variable Renewable Energy Sources (VRES) due to its high
adaptability and ability to facilitate bi-directional energy flows. Furthermore, it allows
the connection of, for example, plug-in electric vehicles, energy storage systems, and
consequently helps to promote energy trading. For China, the energy generation mix is
dominated by coal, followed by gas, nuclear power, hydropower, wind, and solar energy.
New disruptive advancements in load and generation forecasting and grid management
are brought in by the implementation of Artificial Intelligence techniques [39,40] and
blockchain-based transactions [41].

First, data on the price of energy from the main generation sources (as LCOE) were
collected. Historical data from 2015 to 2020 were collected from the following reports:
Ref. [42] reported the prices for coal, natural gas, wind, nuclear, hydropower, and solar as
for 2015, while data for 2020 were assumed from [43] for coal, natural gas, wind, nuclear,
and solar and from [44] for hydropower. The forecasts up to 2050 were obtained considering
the values expected in 2050 from [45], based on BloombergNEF’s reports about energy
sources such as coal, gas, solar, and wind, while ref. [46] was considered for nuclear power
and, due to the unavailability of data, hydroelectricity price was considered almost constant,
according to its linear trend. The data are available at the sources indicated under the
LCOE table per each source. The generation mix considered in the BL scenario was the
one envisaged by the EIA in [47,48] in percentage terms and then compared to the forecast
on energy generation retrieved from an earlier study from the authors [49], filling in the
gaps between every five years linearly. Multiplying by the expected energy prices, based
on historical data, and forecasted up to 2050 gives the baseline as the cost of generating
power due to the basic energy mix, assumed as the sum of the various power sources
(PS i). Particularly, the PSs considered were coal, natural gas, solar, wind, hydropower,
and nuclear.

BL1 = ∑n
i PSi × LCOEi (4)

For the BLSG, the scenario of the report was considered [50] that forecast for an increase
in renewables in favour of a reduction of fossils thanks to the use of SG technologies,
changing the power sources composition (PSSG i). This scenario was also converted into
percentage terms and adjusted for each year’s forecast to make BL and BLSG comparable.
The difference between the two scenarios represents the benefit.

BLSG1 = ∑n
i PSSGi × LCOEi (5)

2.2. Generation Capacity Investments

For generation capacity investments, it is intended for the need for investments
in infrastructure and systems to increase the generation capacity of the country. The
implementation of SG should decrease the need for these investments due to the higher
efficiency of grid management.
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From the IEA [51], report data on global investment (GI) in the energy sector were
taken, from 2010 to 2019, then forecasted up to 2050. It is assumed, also in accordance
with [52], that China attracts 28% of the total. This percentage refers only to the renewable
sector, but it was used as a proxy for the entire sector; therefore, BL is calculated as (6).

BL2 = ∑n
i (GIi × 28%) (6)

For the BLSG (7) and the benefit, the data from EPRI US on this topic [34] has been
assumed, which estimates the benefit for deferred capacity investments in 20 years between
USD 192 and 242 billion. Based on the implementation costs of the SG in China, which
resulted as 8.4% more than the US average scenario (BEPRI_US), after replicating the EPRI
US study for the implementation costs, a resulting average of USD 235.23 billion was
considered and spread out over 30 years (2020–2050), and it can be considered a benefit
equal to about USD 7.84 billion per year of investments deferred.

BLSG2 = ∑n
i BL2 −

[
µ
(

BEPRIUS

)
× (1 + 8.4%)

]
(7)

2.3. Transmission and Distribution Capacity Investments

This attribute refers to the need for improvement of the capacity of the transmission
and distribution (T&D) lines. From the IEA [53], energy consumption data in China were
assumed, and an exponential smoothing forecast was adopted to fill in the gaps in the
years while adjusted according to the forecast of [50] related to energy consumption up to
2050. Based on [51], transmission and distribution capacity investments between 2016 and
2019 were considered, and the linear fit equation applied to the yearly increase in energy
consumption was used to forecast the values up to 2050, identifying the BL (8).

BL3 = ∑n
i (CCCTi + CCCDi) (8)

where CCCT stands for Capital Carrying Charge of Transmission Upgrade and CCCD for
Capital Carrying Charge of Distribution Upgrade.

CCCT (9) and CCCD (10) are both calculated through a linear fit of the available data
from 2016 to 2019:

CCCT = 0.0378x + 18.281 (9)

CCCD = −0.0315x + 59.7 (10)

To calculate the BLSG (11), the value proposed by the EPRI report [34] for this attribute
(BEPRI_US) was used and adapted to a Chinese context. Specifically, an average value
between USD 8.26 billion and USD 21.42 billion was assumed. This average was then
increased by 8.4% to account for China’s implementation cost assumption, as explained in
the previous section. Using this adjusted value, the benefit over 30 years was forecasted,
which allowed it to obtain the BLSG. This value will be 16% attributable to transmission and
84% to distribution, according to the incidence of costs attributed from the cost analysis part.

BLSG3 = ∑n
i

(
BL3 −

[
µ
(

BEPRIUSi

)
× (1 + 8.4%)

]
(11)

2.4. Transmission and Distribution Equipment Maintenance and Operations Cost

Other than the investments in the capacity of the transmission and distribution lines,
SGs can lower the costs for maintenance and operations due to better management and
individuation of issues on the grid. The support of Artificial Intelligence-based techniques
allows to further enhance predictive management operations [40] and SG security [54].
The average unit Operation and Maintenance (O&M) cost per T&D was assumed by the
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average value reported in [55] and forecasted, as for the previous attribute, through the
application of the linear fit equation based on the yearly increase of energy consumption
(EC), obtaining the BL (12).

BL4 = ∑n
i (ECi + O&Mi) (12)

where:

EC is the total electric consumption which is a forecasted dimension;
(O&M) is the average cost calculated for transmission and distribution O&M.

For the BLSG (13), a 10% O&M cost reduction per T&D was considered, according to
the [56] report.

BLSG4 =
(
∑n

i (ECi + O&Mi)
)
× (1 − 10%) (13)

2.5. Congestion Cost

Congestion cost is considered to calculate the amount of energy produced by coal-fired
plants to compensate for curtailed renewable power. Particularly, due to the unavailability
of data, only wind curtailment has been considered for this attribute. VRES are usually
curtailed due to their variable nature and non-constant availability, which lead to congestion
on the grid. Therefore, coal plants are used to fill in the gap of the VRES. The SG can
manage better this aspect and therefore reduce the use of coal-fired plants in the avoidance
of congestion. From [57], the trend of wind energy curtailment (Wcurt) was taken to define
the baseline and the consequent forecast, combining them with IEA data, applying the
forecast and making the product with total wind generation (WG) and coal price have
the curtailed wind energy baseline replaced with power generation from coal-fired plants,
which represents the congestion cost, with the BL calculated as (14).

BL5 = ∑n
i (Wcurti × Wgeni × Coal_pricei) (14)

For the BLSG (15), according to the [58] scenarios that assume potentially zero curtail-
ment with the SG full development within 2050, non-curtailed energy is therefore produced
by wind turbines, with a cost equal to the price of wind energy (W_price), which tends to
decrease over the years. This reduces the curtailed percentage, giving the BLSG.

The differences between the two baselines, assumed considering the data from [57,58],
represent the benefit deriving from the application of SG as an avoided cost of the non-
curtailed percentage of wind energy that, in the baseline scenario, is entirely paid with the
cost of generating coal. The costs of wind and coal were assumed by the calculation for the
generation mix attribute. Moreover, due to a lack of availability of data, other renewable
sources have not been considered, so the benefit of non-curtailed energy would be even
greater considering the other RES. The authors are not aware of intensive hydropower
curtailment; PV curtailment is reported to being strongly reduced in the last years, due to
specific policy measures [59].

BLSG5 = ∑n
i (Wcurt_SGi × Wgen_SGi × Wind_pricei) (15)

2.6. AT&C Losses

The concept of Aggregate Technical and Commercial (AT&C) losses offers an overview
of the loss scenario within a given context. It encompasses both energy losses—comprising
technical losses, theft, and billing inefficiencies—and commercial losses, which include
payment defaults and inefficiencies in revenue collection. From the data by [60], the actual
trend for the total transmission losses up to 2050 was forecasted, obtaining an average
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value assumed as constant, based on data between 2010 and 2019 and applied to the
electricity consumption (EC) multiplied by the forecast of electricity price (EP), and the BL
was obtained (16).

BL6 = ∑n
i (ECi × µ(AT&Ci)× µ(EPi)) (16)

where:

EC is the energy consumption;
µ(AT&C) is the average AT&C loss;
µ(EP) is the average electricity price.

For the BLSG (17), the study [61] estimated the annual savings due to the SG imple-
mentation equal to 10%, which was assumed as a constant value.

BLSG6 = ∑n
i (ECi × µ(AT&Ci)× µ(EPi))× (1 − 10%) (17)

2.7. Smart Meters O&M

Considering the data of [62,63], the value of smart metering (SM) installed in 2017 was
averaged, while for data from 2011 to 2025, the CAGR of [62] was used. For the following
years, the forecast was conducted. New SMs per year were then calculated as a difference
between total SMs installed in the one year and the earlier one (SMnew). To quantify
the economic value of SM, the cost per unit, the O&M cost, and the cost per installation
were taken into consideration. To obtain these data, the report of the [64], from which the
percentage weights of each aspect were also deducted, and, to strengthen the comparison,
the costs per SM were assumed equal to that in India [61]. With these data, it is possible
to assume the values of the unit costs, the O&M costs, and the installation costs for China.
For this attribute of the SG, only the O&M component was taken into consideration. In
particular, the cost of O&M, which is an annual cost, is added to that of the previous year
in the following years, multiplied by the number of new SM installations. This attribute
was calculated based on the scenario that already considers the implementation of smart
meters instead of traditional ones. Therefore, it refers to the BLSG. For consistency reasons,
to be aligned with the previous and following attributes, BL (18) is calculated to increase
the costs by a factor of 45%, assumed as an average value by [65].

BL7 = ∑n
i BL7i−1 × (SMnewi × O&Mcosti)× (1 + 45%) (18)

Therefore, the BLSG, results in (19):

BLSG7 = ∑n
i BLSG7i−1 × (SMnewi × O&Mcosti) (19)

2.8. Equipment Failures

SG actively reduces the grid equipment failure rate, such as transformers, by detecting
in advance malfunctions and wearing of components, allowing predictive maintenance and
avoiding failures. The failure rate of transformers in EU countries is less than 1%, while, in
developing countries such as India, where [61] stated that the failure rate of the county is
8%. Therefore, it was around 11.6% in the period 2011–2015 in Nigeria, according to [66].
Another had average value of 7%, with an overload failure rate of 22.5%. On this matter, the
implementation of SGs can reduce these values. After considering electricity consumption
and estimating the value of equipment in China starting from the total installed capacity,
the energy consumption/capacity ratio, and the average value per GVA of the installed
capacity [67], the failure cost baseline is calculated by applying the failure percentages to
the current presence of equipment expected based on data from [68], obtaining (20).
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BL8 = ∑n
i (EQcosti × FR × OFR) (20)

where:

EQ_cost is the forecast of the value of equipment.
FR is the failure rate.
OFR is the overload failure rate.

In [61], the percentage reduction from energy distribution is shown and recalculates
the failure rate in the case of the SG, being able to calculate the benefit, as it is assumed as a
5% reduction of failures, applied on the BL to obtain the BLSG (21).

BLSG8 = ∑n
i (EQcosti × (FR × (1 − 5%)× OFR ) (21)

2.9. Outages

Interruptions in the electricity supply represent economic losses and are an ongoing
challenge, so preventing them can help guide resilient investments. Their nature can be
remarkably diverse. In [69], the costs associated with outages were analysed, denomi-
nated as business interruption costs (BICs), reaching CNY 1.44 billion per month, equal to
USD 2.419 billion yearly. These data were assumed as the BL (22).

BL9 = ∑n
i (BICi) (22)

For the BLSG, fully automated switching has shown greater improvements in reliability
compared to remote switching initiated by operators with manual validation. The use
of Fault Location, Isolation, and Service Restoration (FLISR) technology is essential for
detecting faults and quickly restoring power after outages. Utilities that have integrated
FLISR systems experienced a 55% decrease in the number of customers impacted by
prolonged outages and a 53% reduction in outage duration. These findings highlight the
role of automation in strengthening grid reliability and enhancing operational efficiency [7].

Other project reports state that, thanks to SG technologies, there is a reduction in the
number, frequency, and duration of outages, as was the case for a project in Bosnia and
Herzegovina, where the percentages dropped by 51% for the number of outages and 58%
in terms of duration [70]. Therefore, for the BLSG (23), it is estimated that Smart Grid (SG)
implementation can help prevent approximately 54% of outage-related costs, contributing
to improved grid reliability and economic efficiency in the power sector.

BLSG9 = ∑n
i (BICi)× (1 − 54%) (23)

3. Results
In Table 1 are presented the results for China and the comparison with the US in terms

of implementation costs.

Table 1. Implementation costs comparison between the EPRI US case study and its methodology
replication for China.

US Scenario China Scenario

Low—B USD High—B USD Low—B USD High—B USD

Transmission 102.86 108.98 58.73 66.41
Distribution 222.93 333.39 255.79 394.57
End Users 22.82 45.08 39.38 91.48

TOTAL 348.61 487.45 353.90 552.47
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As can be seen from the results in the above table, the cost of the Chinese SG is higher
than that of the US one, especially at the upper end of the spending spectrum. Therefore, an
average value was taken to define the SG’s costs in China, amounting to USD 468.29 billion.
The baseline was assumed based on the EPRI US methodology applied to the Chinese
context and following as much as possible the approach presented in [34].

The BL column expresses the total specific costs in the scenario where the implementa-
tion investments are not pursued, and the forecast follows the actual trajectory.

In the BLSG column, the results refer to the case where the implementation investments
have been pursued, and the implementation level of the SG is much higher.

The latter scenario has lower specific costs due to the beneficial effect that would be
experienced with a higher value of SG implementation. The difference between the two
scenarios thus configures the resulting benefits, as shown in the last column of Figure 1.

Figure 1. Total costs for nine attributes with and without SG implementation, with benefits as the
difference (BL–BLSG) over a 30-year forecast.

Figure 2 presents each benefit for attribute due to Smart Grid (SG) deployment. This
highlights the potential advantages associated with SG implementation.

Figure 3 illustrates the total benefit, calculated as the difference between the baseline
(BL) (blue line) and the combined values of the BLSG (grey area) and implementation costs
(orange line). The figure demonstrates that the benefits increase progressively over time,
largely due to the anticipated decline in the costs of Variable Renewable Energy Sources
(VRES). The detachment between blue and grey lines represent the benefits over time.

• Total Costs (Baseline): bn USD 31,595.24
• Total Costs (With SG): bn USD 28,249.77
• SG Implementation Costs: bn USD 468.29
• Total Benefits (With SG): bn USD 2877.18
• Benefit–cost ratio (B/C): 6.1
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Figure 3. Cost forecast for SG implementation (orange) without SG (BL—blue), and with SG
(BLSG—grey). A B/C ratio of 6.1:1 was achieved, highlighting the SG’s potential to deliver sig-
nificant benefits despite the associated implementation costs.
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Finally, Figure 4 illustrates the Average Price of Electricity in China from 2015 to 2020,
followed by a forecast extending to 2050. The x-axis represents the time horizon, covering
both historical data and the projected period, while the y-axis represents the electricity price
in USD. The predicted values follow a relatively stable trend, showing minor fluctuations
over time.
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Figure 4. Confidence interval for the analysis.

To illustrate the uncertainty associated with the forecast, the graph includes confi-
dence intervals:

• The 80% confidence interval (represented by the light blue-shaded area): This interval
indicates the range within which the predicted values are expected to fall with an
80% probability.

• The 95% confidence interval (represented by the wider grey-shaded area): This pro-
vides a more conservative estimate of future variability, covering a broader range of
potential values with a 95% probability.

4. Discussions
The results of this study reveal a comprehensive and detailed analysis of the economic

benefits of SG deployment in China, highlighting the potential improvements in various
attributes related to energy generation, distribution, and grid efficiency, by comparing the
baseline (BL) scenario, which assumes no full SG implementation, with the SG-enhanced
scenario (BLSG) in China’s energy grid by 2050.

One of the key findings relates to the energy generation mix. The adoption of Smart
Grid (SG) technologies enables a greater integration of Variable Renewable Energy Sources
(VRES), including wind and solar power. This transition reduces dependence on fossil fuels,
contributing to a more sustainable and resilient energy system. The results indicate that
the shift towards a more sustainable energy generation mix not only aligns with China’s
environmental goals but also offers substantial economic benefits. China can reduce the
costs associated with fossil fuel-based energy generation, thanks to the bi-directionality
of the SG in exchanging energy among facilities and structures, allowing a more efficient
management of peaks and lows that are typical in VRES. This is further supported by the
forecasted reduction in coal dependency, which remains a dominant energy source in the
baseline scenario. The SG scenario promotes a gradual shift toward renewables, thereby
reducing the levelized cost of energy (LCOE) over time.

In terms of generation capacity investments, SG deployment should significantly
reduce the need for new infrastructure investments. The higher efficiency of grid manage-
ment enabled by SGs mitigates the necessity for capacity expansions. The study estimates
an annual deferred investment benefit of approximately USD 7.84 billion, highlighting the
cost-effectiveness of SG implementation in this area.
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Similarly, the results for T&D capacity investments also indicate substantial savings.
The optimisation of T&D infrastructure, driven by SG technologies, lowers the need for
extensive upgrades, thus resulting in an economic benefit over the 30-year period. These
savings are further enhanced by the reduction in maintenance and operational costs,
which are estimated to decrease by 10% due to improved grid management and fault
detection capabilities.

The analysis of congestion costs provides another important insight, as the imple-
mentation of SG is projected to significantly reduce energy congestion by minimising the
curtailment of renewable energy (for the purpose of this study and lack of data, only wind
power has been considered) and decreasing reliance on coal-fired plants.

Furthermore, the reduction in Aggregate Technical and Commercial (AT&C) losses is
another critical benefit. The study estimates a 10% reduction in these losses, highlighting
SG’s role in improving the overall efficiency and reliability of the grid.

Moreover, the results show a clear economic benefit in the context of smart meter
O&M costs, particularly the readings. By facilitating more accurate and efficient energy
management, SG could reduce the O&M costs associated with smart meters, providing a
further economic incentive for their adoption. Additionally, the implementation of SGs
is expected to reduce equipment failures by enabling predictive maintenance and early
fault detection, which translates into lower costs associated with equipment replacement
and repairs.

Finally, the reduction in outages is one of the most tangible benefits of SG deploy-
ment. The study highlights a potential 54% reduction in the costs associated with outages,
attributed to the improved fault location, isolation, and service restoration (FLISR) capa-
bilities provided by SG technologies. This reduction not only offers significant economic
benefits but also enhances the reliability and resilience of the grid, which is crucial for
supporting China’s growing energy demand and to avoid commercial and residential
interruption of services.

The development of Smart Grid (SG) technology has been a critical focus for mod-
ernising power distribution systems worldwide. Various projects have been analysed to
compare their results in terms of cost–benefit analysis, providing a comprehensive un-
derstanding of the economic feasibility and potential advantages of SG implementations.
This analysis examines key case studies from different regions, offering insights into the
investments, benefits, and benefit-to-cost (B/C) ratios associated with these initiatives.

The scenario developed by the Electric Power Research Institute (EPRI) [34] in the
United States is widely recognised as a foundational reference for SG cost–benefit analyses.
The EPRI conducted a detailed study to estimate the investment required to develop
the future power distribution system of the SG across the United States. The projected
investment was estimated to range between USD 338 billion and USD 476 billion. The study
projected that these investments would yield total benefits ranging from USD 1294 billion
to USD 2028 billion. This translates to a benefit-to-cost ratio ranging between 2.8:1 and
6.0:1. The high B/C ratio underscores the significant potential return on investment
associated with SG development in the United States, driven by improved grid reliability,
reduced energy consumption, enhanced efficiency, and lower operational costs. The EPRI
scenario provides a broad, national-level analysis of SG implementation, considering
various SG components such as smart meters, advanced communication infrastructure,
and automation technologies. The study’s findings have been instrumental in shaping
SG investment strategies across the United States, highlighting the substantial economic
benefits that can be achieved through large-scale SG adoption.

A project implemented in Isernia, Italy [71], represents a more localised SG implemen-
tation compared to the broader national analysis by EPRI. Conducted by the Italian utility
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company Enel, this project aimed to modernise the power distribution network in the town
of Isernia, focusing on integrating renewable energy sources, enhancing grid automation,
and improving energy efficiency. The total cost of the Isernia project was significantly lower
than the EPRI scenario, reflecting its smaller scale. The project demonstrated a B/C ratio
ranging from 1.1:1 to 1.8:1, indicating that, even on a smaller scale, SG implementations
can offer considerable economic benefits relative to their costs. The Isernia project included
the deployment of advanced metering infrastructure (AMI), the integration of distributed
generation, and the implementation of automated demand response systems. The project’s
positive economic outcomes were driven by reduced energy losses, improved grid stability,
and enhanced energy management capabilities.

As a study conducted within the city of Rome, Italy, in 2011 and 2014, ref. [72] sought
to map the capabilities and benefits of various SG implementations. This study involved
several sub-initiatives, each targeting various aspects of SG technology, such as smart
metering, grid automation, and energy storage. The analysis revealed considerable vari-
ations in the outcomes of these sub-initiatives, with benefit-to-cost ratios ranging from a
low of 0.1:1 in the worst-case scenario to a 2.5:1 and 12.9:1 in more favourable scenarios.
The worst-case scenario indicated projects that faced technical or operational challenges,
while the best-case scenarios demonstrated the significant economic benefits that could
be achieved under optimal conditions. The Rome SG study highlighted the importance
of context-specific factors in determining the success of SG projects. The wide range of
B/C ratios reflects the diverse nature of SG applications and the varying degrees of success
depending on the specific technologies and approaches employed.

In another significant case, an SG project conducted in India provided insights into the
economic feasibility of SG implementations in emerging markets. The project, supported by
the Indian government and various international partners, focused on modernising the grid
infrastructure in select urban areas. The project required an investment of approximately
USD 22.1 million. The benefit-to-cost ratio varied from 1.27:1 to 1.66:1, suggesting a
positive economic outcome despite the challenges associated with deploying advanced
grid technologies in a developing country context [73]. The project included the installation
of smart meters, the integration of renewable energy sources, and the enhancement of grid
management systems. The positive B/C ratio was driven by reductions in technical and
non-technical losses, improved billing accuracy, and enhanced customer satisfaction.

In the Middle East and North Africa (MENA) [74] regions, SG investments have been
projected to offer substantial economic benefits. A comprehensive analysis of SG projects in
these regions highlighted the potential for significant annual savings. The investments in
SG technologies across the MENA regions were estimated to save between USD 300 million
and USD 1 billion annually. This analysis, which encompassed thirty performance cases
of smart meter projects across twelve countries, revealed an average B/C ratio of 2:1,
demonstrating consistent positive outcomes across diverse international contexts. The
MENA SG initiatives included a wide range of projects, from smart meter rollouts to grid
automation and renewable energy integration. The analysis emphasised the transformative
economic impact that SG technologies could have in these regions, particularly in terms of
energy efficiency, reduced operational costs, and enhanced grid reliability.

The comparative analysis of these various SG projects across different regions high-
lights the economic feasibility and potential advantages of SG implementations. The
benefit-to-cost ratios observed in these case studies demonstrate that SG investments,
whether on a national scale or in more localised contexts, can offer significant returns.
However, the success of these initiatives often depends on factors such as the scale of im-
plementation, the specific technologies employed, and the local context. The EPRI scenario
in the United States presents a particularly compelling case for large-scale SG investments,
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with a B/C ratio that underscores the transformative potential of SG technologies. Mean-
while, projects like the Isernia and Rome implementations in Italy, as well as the initiatives
in India and the MENA regions, provide valuable insights into the diverse applications
and economic outcomes of SG technologies across different geographical and economic
contexts. Moreover, this and other studies conducted, such as [8], allow for a comparison
of the differences in SG implementation across various regions, such as China, the EU, and
the US. For instance, China must increase its investment in transmission and distribution
(T&D) to better serve rural areas, compared to the approaches taken by the US and EU.
Another aspect to consider is that there may be overlapping effects or scalable relations
between aspects considered in the SGs, as can be seen in [8], and it requires data and studies
focused on the relationships between factors and benefits and how they affect the overall
results for SG implementations.

5. Conclusions
China is a key global investor in the energy sector and has substantial potential for

integrating Variable Renewable Energy Sources (VRES) into its electricity grid. To reduce
the dependence on coal for energy production, efforts have been made to implement Smart
Grids (SGs) that enable the seamless integration of renewable energy sources. In 2023,
China’s State Grid Corporation declared a planned investment of CNY 77 billion into the
transmission sector for the year and CNY 329 billion through the whole 2021–2025 14th
Five-Year Plan period

To evaluate the feasibility of similar initiatives, a cost–benefit analysis (CBA) was
performed using the methodology developed by the Electric Power Research Institute
(EPRI). To the best of the authors’ knowledge, this methodology was never applied on a
nation-wide scale in prior analyses, especially outside the EU and US. A similar approach,
even if maintained at high-level scale due to the inherent difficulties in data collection,
allows to present a wide perspective on the development of the SG network. The analysis
yielded a benefit–cost (B/C) ratio of 6.1:1, indicating that the overall benefits of the project
significantly exceed its costs. The highest costs for SG implementation are expected in
the power distribution sector, which would need strong improvement for new capacity,
observability, and operations automation. Of great interest and importance is also the result
related to the end user sector: in the high costs scenario, it becomes the sector with the
second highest implementation costs. This result highlights the importance of deploying
policy measures that support the end users in both bearing the cost of energy transitions
and on increasing their conscious use of energy.

Such as in US and in the EU, there are some limitations on the development and
deployment of the SG in China, namely the huge costs of the investment, the time needed
to complete the SG deployment, some technical bottlenecks (particularly, digitalisation
of the infrastructure), and, last but not least, the social and policy dimensions of the SG
implementation, which also require the promotion of smart appliances and machineries.

Despite these promising results, further research is necessary to enhance accuracy
and refine the evaluation process. Future studies may involve adjusting assumptions
or developing improved forecasting models for the nine key attributes examined in this
study. Additionally, the next phase of research will focus on applying this enhanced
methodology to assess Smart Grid implementation in other countries, broadening its scope
and potential impact.

The analysis presented here is not without limitations; the most significant is the lack
of comprehensive information. To bridge this gap, certain assumptions were necessary,
inevitably introducing some degree of uncertainty into the results. Another major limitation
is the challenge of making long-term predictions over a 30-year period in a rapidly evolving
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global context. Despite these challenges, the assumptions and projections aim to provide a
balanced overview of potential benefits and costs. These projections are intended to offer
insights that, while possibly varying in detail and timescale, can be substantiated through
further case studies. This groundwork is expected to be adaptable to other contexts, such
as India, Brazil, and South Africa, providing a framework for updating and comparing
different regions, thereby aiding decision-makers in evaluating the costs and benefits
of SG implementation. To summarise, the implementation of Smart Grid technology
in China promises substantial improvements for both the energy sector and the wider
community. Benefits include heightened energy efficiency, cost savings, better grid stability,
and a reduction in carbon emissions. Despite the challenges in deploying Smart Grids,
the potential rewards justify continued efforts towards achieving a more sustainable and
low-emission future.
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