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Abstract—A sustainable electricity system must supply growing demand with an increasing share of solar, wind and hydro
generation whose output cannot be scheduled at will. Balancing such a system depends less on adjusting a few large power plants
and more on managing energy intelligently across millions of consumers, storage units and distributed generators. This review
focuses on the demand side and the information layer of the smart grid. It examines advanced metering infrastructure, which
provides two-way communication between utilities and consumers; demand response and demand-side management, which shift
or reduce consumption in response to prices or signals; energy storage and electric vehicles, which absorb surplus renewable
energy and release it when needed; and forecasting of load and renewable generation using statistical and machine-learning
models. Representative studies on each topic are compared. A layered architecture for an intelligent energy management system
is presented in which consumer devices, smart meters, communication networks, an energy management platform and utility
services cooperate to minimise cost, losses and emissions while maintaining reliability. Communication requirements, cyber
security, privacy and consumer participation are discussed as challenges, and directions such as reinforcement-learning-based

demand response and local energy markets are identified.

Index Terms—Smart grid, renewable energy, energy management system, advanced metering infrastructure, demand response,

energy storage, load forecasting, machine learning, vehicle-to-grid, cyber security.

communication at every level, from generation to the
I. INTRODUCTION consumer's premises [1]. Palensky and Dietrich explained
that demand-side management, including demand response

Electricity demand is growing with urbanisation, air . . . o
y g g and intelligent loads, is a central part of this vision [2].

conditioning, digital services and the electrification of
transport. At the same time, power systems are adding large  This paper reviews intelligent energy management in
amounts of solar, wind and hydro generation to reduce  renewable-integrated smart grids. Its contributions are:
pollution and dependence on fossil fuels. Renewable e A review of advanced metering infrastructure and
sources lower emissions but are variable: solar output . o

di . oo smart-grid communication.

isappears in the evening just as household demand peaks, . .
and wind output may change significantly within hours. ® /A review of demand response, ~demand-side

Keeping supply and demand in balance therefore becomes management and their optimisation.
more difficult. e A review of energy storage and electric vehicles as

flexible resources.
e A review of load and renewable forecasting methods,
including machine learning.

Traditionally, balance was maintained by adjusting the
output of dispatchable power plants to follow demand. In a
grid with high renewable share, it is more economical and . . .
cleaner to make demand, storage and distributed resources * A layered architecture fo_r an intelligent energy
flexible as well. This requires the smart grid's information management system, and a discussion of challenges.

and control capabilities. Farhangi described the smart grid ~ Section Il gives the background, Section Il reviews
as an evolution towards a system with intelligence and  advanced metering, Section IV reviews demand response,
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Section V covers storage and electric vehicles, Section VI
covers forecasting, Section VII presents the architecture,
Section VIII compares approaches, Section IX discusses
challenges, and Section X concludes.

1. BACKGROUND

2.1 The Balancing Problem

At every moment, generation must equal consumption plus
losses. With renewables, it is useful to define the net load
that conventional plants and flexible resources must cover:

Lnet(t) = L(t) = Ppv(t) — Pwina(t) (1)

A large midday solar output can make net load very low,
while the evening fall in solar output produces a steep ramp.
Managing these variations at low cost is the central task of
energy management.

2.2 Energy Management Systems

An energy management system (EMS) collects
measurements, forecasts demand and generation, and
schedules resources to minimise operating cost subject to
technical limits. In a microgrid or building, the EMS may
control batteries, flexible loads and local generation [3]. At
utility scale, it coordinates demand response programmes
and storage with conventional generation.
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Fig. 1. Classification of intelligent energy management
techniques for smart grids.

I11. ADVANCED METERING
INFRASTRUCTURE

Advanced metering infrastructure (AMI) consists of smart
meters at consumer premises, communication networks,
data concentrators and a meter data management system at
the utility. Mohassel et al. surveyed AMI and described its
functions, including interval measurement of consumption,

remote reading and connection, outage detection and
support for time-varying tariffs [4]. AMI provides the data
and two-way communication that demand response and
forecasting require.

Smart-grid communication is often described by its
coverage: home area networks (HAN) connect appliances to
the meter, neighbourhood area networks (NAN) connect
meters to concentrators, and wide area networks (WAN)
connect concentrators to utility control centres. Gungor et
al. and Yan et al. reviewed the technologies for these
networks, including ZigBee, Wi-Fi, power line
communication, cellular and fibre, and their requirements
for latency, reliability and security [5], [6].

I\VV. DEMAND RESPONSE AND DEMAND-
SIDE MANAGEMENT

4.1 Programme Types

Albadi and El-Saadany classified demand response (DR)
into incentive-based programmes, such as direct load
control, interruptible service and demand bidding, and
price-based programmes, such as time-of-use, critical-peak
and real-time pricing [7]. Under price-based DR, consumers
shift flexible consumption to cheaper periods, which often
coincide with high renewable output.

4.2 Optimisation Of Consumption

Mohsenian-Rad et al. proposed an autonomous demand-
side management scheme in which smart meters schedule
household appliances using a game-theoretic approach,
reducing peak-to-average ratio and total energy cost for all
participants [8]. In general, a home EMS schedules flexible
appliances to minimise cost over a horizon of T intervals:

min Tt p(t) - [L(Y) — Prv(t) + Pa(t)] )

where p(t) is the price, L(t) the household load, Ppy(t) local
solar generation and Pg(t) battery charging power (negative
when discharging), subject to appliance deadlines and
battery limits.

4.3 Dr As A Market Resource

Rahimi and Ipakchi described how demand response can
participate in electricity markets alongside generation,
providing capacity, energy and ancillary services when
aggregated across many consumers [9].

4.4 Learning-Based Demand Response

Vazquez-Canteli and Nagy reviewed reinforcement learning
(RL) for demand response, in which a controller learns to
operate heating, cooling, storage or appliances by trial and
reward without a detailed model of the building [10]. RL
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can adapt to individual consumer behaviour and changing
prices.

4.5 Energy Storage And Electric Vehicles

4.6 Storage Technologies

Luo et al. reviewed electrical energy storage technologies
and their application in power system operation, including
pumped hydro, compressed air, batteries, flywheels and
supercapacitors [11]. Lithium-ion batteries dominate new
installations because of their high efficiency, fast response
and modularity. Storage can shift surplus solar energy to
evening peaks, reduce renewable curtailment, provide
frequency regulation and defer network upgrades.

4.7 Electric Vehicles And Vehicle-To-Grid

Electric vehicles represent a large and growing flexible
load. Smart charging shifts charging to periods of low
demand or high renewable output. With bidirectional
chargers, vehicles can also return energy to the grid.
Kempton and Tomi¢ analysed vehicle-to-grid (V2G) power
and showed that aggregated EV batteries could provide
regulation services and support large-scale renewable
integration [12].

V. FORECASTING OF LOAD AND
RENEWABLE GENERATION

5.1 Load Forecasting

Hong and Fan reviewed probabilistic load forecasting and
argued that forecasts should express uncertainty, through
quantiles or intervals, because operating decisions depend
on risk as well as on expected values [13]. Kong et al.
applied long short-term memory (LSTM) recurrent neural
networks to short-term residential load forecasting using
smart-meter data and found them more accurate than several
conventional methods for individual households [14].

5.2 Renewable Forecasting

Larson, Nonnenmacher and Coimbra developed day-ahead
forecasts of PV plant output using numerical weather
prediction data, demonstrating useful accuracy for
scheduling [15]. Forecasts of renewable generation allow
the EMS to plan storage and demand response in advance
rather than reacting after the fact.

Table I Summary Of Representative Studies On Smart-Grid Energy Management

Ref. Area Contribution Key Finding Limitation
[4] AMI Survey of advanced metering Defines AMI components Limited security depth
infrastructure and functions
[7] Demand response | Classification of DR Price-based and incentive- Market-focused summary
programmes based DR
[8] DSM Game-theoretic appliance Lower peak-to-average ratio | Assumes rational,
scheduling and cost informed users
[10] | Learning DR Review of RL for demand Model-free adaptive control | Training time, safety
response
[14] | Load forecasting | LSTM for residential load Higher accuracy for Data and computation
households needs
[15] | PV forecasting Day-ahead PV forecasts from | Useful day-ahead accuracy Regional climate
weather data dependence
[12] | V2G Vehicle-to-grid EVs can provide grid Battery wear,
implementation analysis services infrastructure
A T g (2 |
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management in a renewable-integrated smart grid.
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The consumer layer includes homes, buildings and
industries with smart appliances, rooftop solar, batteries and
EV chargers. The metering layer consists of smart meters
and home energy management units that measure
consumption at short intervals and receive price or control
signals [4]. The communication layer links HAN, NAN
and WAN segments with secure protocols [5], [6]. The
energy management layer hosts forecasting models for
load and renewables [14], [15], optimisation and learning
engines for demand response [8], [10], and scheduling of
storage and EV charging [11], [12]. The utility and market
layer sets tariffs, runs DR programmes, procures ancillary
services and coordinates with system operators [9]. A cross-

layer security and privacy function protects data and control
commands [16].

The operation proceeds in a cycle. Forecasts of the next
day's load and renewable generation are prepared; the EMS
determines storage schedules, DR events and price signals
that flatten net load and maximise renewable use; consumer
devices respond automatically within user-defined comfort
limits; and actual measurements are fed back to improve
forecasts and settle payments.

VIil. COMPARATIVE ANALYSIS

Table 1l compares the main sources of flexibility for renewable-integrated grids

Resource Response Time Flexibility Duration Main Benefit Main Limitation
Price-based DR [7] Hours (scheduled) Hours Low cost, wide reach | Uncertain consumer
response
Direct load control Minutes Minutes to hours Reliable, dispatchable | Comfort impact,
[7] consent
Automated home Seconds to minutes Hours Peak reduction, cost Requires smart
DSM [8] saving appliances

Battery storage [11] Milliseconds Minutes to hours Fast, bidirectional Capital cost, ageing
EV smart charging Seconds Hours Uses existing Availability, battery
and V2G [12] batteries wear
Forecast-driven Planning tool Day-ahead Reduces reserve Forecast errors
scheduling [13], [14] needs

VIIl. CHALLENGES AND FUTURE
DIRECTIONS

Several challenges must be overcome. Cyber security: the
two-way communication that enables energy management
also creates attack surfaces; Wang and Lu reviewed threats
to smart grids, including denial of service and manipulation
of meter data, and the countermeasures required [16].
Privacy: fine-grained meter data can reveal household
routines, so data minimisation, aggregation and privacy-
preserving analytics are needed. Consumer participation:
the benefits of DR depend on consumers who may not
respond to price signals, which calls for automation and
simple, fair incentives [2]. Interoperability: devices from
many manufacturers must communicate through common
standards [5]. Forecast uncertainty: renewable and load
forecast errors must be handled through probabilistic
forecasts and robust scheduling [13]. Scalability:
coordinating millions of devices requires distributed and
hierarchical control. Future directions include RL-based
home and building energy management [10], aggregation of
distributed resources into virtual power plants, local peer-to-
peer energy markets, and coordinated V2G services.

IX. CONCLUSION

Integrating renewable energy at scale requires more than
new generation; it requires intelligent management of
energy throughout the grid. This review has shown how
advanced metering infrastructure provides the data and
communication, how demand response and demand-side
management make consumption flexible, how storage and
electric vehicles absorb and release energy, and how
statistical and machine-learning forecasting allow resources
to be planned in advance. The layered architecture
presented here brings these elements together to reduce
cost, losses and emissions while maintaining reliability.
Addressing security, privacy, participation and scalability
will allow intelligent energy management to support a
cleaner, greener and more reliable electricity future.
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