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Abstract

Rapid urbanisation, increasing energy demand, climate change, and the need to reduce
greenhouse-gas emissions are transforming the way buildings and cities are designed and
operated. Conventional buildings primarily consume energy, whereas energy-active buildings
seek to generate, store, manage, and exchange energy while responding dynamically to
changing environmental and operational conditions. At the urban scale, intelligent systems
integrate buildings with renewable energy, electric mobility, energy storage, smart grids,
Internet of Things (IoT) technologies, artificial intelligence (Al), and data-driven
management platforms. This paper examines the technological foundations and sustainability
implications of energy-active buildings and intelligent urban systems. A qualitative and
conceptual methodology is adopted to analyse renewable energy integration, building energy
management systems, smart sensors, Al-assisted optimisation, energy storage, demand
response, electric vehicles, and interconnected urban infrastructure. The study proposes an
integrated framework in which buildings function as both energy consumers and distributed
energy resources. Particular attention is given to the role of digital twins, predictive analytics,
automated controls, and real-time monitoring in improving energy efficiency and system
resilience. Major challenges include high initial investment, interoperability, cybersecurity,
data privacy, technical complexity, occupant behaviour, and unequal access to smart
infrastructure. The paper concludes that the integration of energy-active buildings with
intelligent urban systems can contribute significantly to low-carbon cities, energy resilience,
and sustainable infrastructure, provided that technological innovation is supported by
appropriate policy, standards, financing mechanisms, and human-centred design.

Keywords: Energy-Active Buildings, Smart Buildings, Intelligent Cities, Artificial Intelligence,
Internet of Things, Renewable Energy, Energy Storage, Smart Grids, Sustainable Infrastructure,
Demand Response.
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1. Introduction

Buildings are among the largest contributors to global energy demand and urban greenhouse-
gas emissions. Heating, cooling, lighting, ventilation, appliances, and information
technologies collectively create substantial energy requirements.

Historically, buildings have largely been designed as passive consumers of centrally supplied
energy.

The emergence of distributed renewable energy and digital technologies is changing this
model.

Modern buildings can incorporate:

e Solar photovoltaic systems.

« Battery energy storage.

e Smart HVAC systems.

« Intelligent lighting.

« Building energy-management systems.

o Electric-vehicle charging.

e Automated demand response.

e Advanced sensors.

o Al-based optimisation.

Such buildings can generate and manage energy in response to both internal requirements and
external grid conditions.

The concept can therefore be expressed as:

Generate — Store — Consume — Optimise — Exchange

At the urban level, thousands of intelligent buildings can interact with renewable-energy
systems, electric vehicles, storage facilities, and smart grids.

This creates a transition from smart buildings to intelligent energy ecosystems.

2. Concept of Energy-Active Buildings

An energy-active building is a building that does more than minimise energy consumption.
It can actively:

1. Generate energy.

2. Store energy.

Optimise energy consumption.

Respond to grid conditions.

Exchange electricity with neighbouring systems.

Adapt to weather and occupancy.

7. Participate in demand-response programmes.

A simplified representation is:

Renewable Generation + Storage + Intelligent Control + Flexible Demand = Energy-Active
Building

©o gk w

AJAMRI Volume 6, Issue 2, March-April 2024 2



http://www.ajamri.com/

@;ﬁ) American Journal of Advanced Multidisciplinary

= Research and Innovation (AJAMRI)
AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

The building therefore becomes a dynamic participant in the energy system.

3. Research Objectives

This study aims to:

Examine the concept of energy-active buildings.

Analyse intelligent technologies for building energy management.
Evaluate renewable-energy integration.

Examine energy-storage and demand-response systems.
Analyse the role of Al and IoT.

Explore integration between buildings and smart grids.
Develop an intelligent urban energy framework.

Identify technological, economic, and institutional challenges.
Discuss future directions for sustainable urban infrastructure.

©oNoe R WNRE

4. Research Methodology

The study uses a qualitative, conceptual, and technology-integration methodology.

Research relating to smart buildings, sustainable architecture, renewable energy, building
energy management, smart grids, Al, 10T, energy storage, and urban sustainability is
synthesised.

The proposed framework evaluates intelligent urban energy systems across six dimensions:

Dimension Primary Focus
Energy efficiency Reducing unnecessary consumption
Generation Distributed renewable energy
Storage Batteries and other storage technologies
Intelligence Al and predictive optimisation
Connectivity loT and smart-grid communication
Sustainability Carbon reduction and resilience

5. Evolution of Building Energy Systems
The development of building energy systems can be broadly represented through five stages.

Stage 1: Conventional Buildings
Buildings consume electricity and fuel supplied by external infrastructure.
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Stage 2: Energy-Efficient Buildings
Improved insulation, efficient lighting, HVAC systems, and appliances reduce energy
demand.

Stage 3: Net-Zero Buildings
Renewable-energy generation is introduced to offset building energy consumption.

Stage 4: Smart Buildings
Sensors, automation, and building-management systems dynamically control energy use.

Stage 5: Energy-Active Buildings

Buildings generate, store, consume, and exchange energy while responding to grid and
market conditions.

This final stage represents a fundamental shift in the relationship between buildings and
energy infrastructure.

6. Building-Integrated Renewable Energy

Solar photovoltaic technology is particularly important for energy-active buildings.
Photovoltaic systems can be integrated into:

Roofs.

Facades.

Car parks.

o Balconies.

e Shading structures.

Building-integrated photovoltaics can allow unused architectural surfaces to become energy-
generation assets.

Other potential renewable-energy technologies include:

« Small-scale wind systems.

« Solar thermal systems.

e Geothermal systems.

e Heat pumps.

The appropriate technology depends on local climate, building design, land availability, and
economic conditions.

7. Energy Storage

Renewable generation is often variable.

Solar generation, for example, changes throughout the day and may not coincide with
electricity demand.

Energy storage can reduce this mismatch.

A simplified system is:
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Solar Generation — Battery — Building Demand

During periods of high generation, electricity can be stored.

During periods of high demand or low renewable production, stored energy can be
discharged.

Energy storage can therefore improve:

o Renewable-energy utilisation.

e Grid flexibility.

o Energy resilience.

e Peak-demand management.

8. Smart Building Energy Management Systems

Building Energy Management Systems (BEMS) integrate sensors, equipment, software, and
control mechanisms.

They can monitor:

o Electricity consumption.

o Temperature.

o Humidity.
e Occupancy.
e Lighting.

e HVAC performance.

e Solar generation.

o Battery status.

The system can then automatically adjust building operation.
For example:

Low Occupancy — Reduce HVAC/Lights — Lower Energy Consumption
or:
High Solar Generation — Charge Battery — Increase Renewable Utilisation

9. Internet of Things in Smart Buildings

loT provides the communication infrastructure required for intelligent building management.
Sensors can continuously collect data from building systems.
Examples include:

e Temperature sensors.

« Motion sensors.

« Occupancy sensors.

e Smart meters.

e Air-quality sensors.

e Solar-generation meters.

« Battery-management systems.
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The resulting data can be transmitted to local or cloud-based platforms for analysis.

10. Artificial Intelligence and Building Energy Optimisation

Al can transform building management from rule-based control into predictive and adaptive
control.

Potential applications include:

Energy Demand Forecasting
Al can predict electricity demand based on historical consumption, weather, occupancy, and
building characteristics.

HVAC Optimisation
Machine-learning algorithms can determine efficient heating and cooling strategies.

Fault Detection
Al can identify abnormal equipment behaviour.

Predictive Maintenance
Algorithms can estimate when equipment may require servicing.

Renewable-Energy Forecasting
Al can predict solar and other renewable-energy generation.

11. Intelligent HYAC Management

Heating, ventilation, and air conditioning can represent a significant component of building
energy consumption.

Al-enabled HVAC systems can consider:

o Outdoor temperature.

e Indoor temperature.

e Occupancy.

« Weather forecasts.

o Electricity prices.

e Building thermal characteristics.

Instead of maintaining fixed settings continuously, intelligent systems can dynamically adjust
HVAC operation.

This can improve energy efficiency while maintaining occupant comfort.

12. Smart Lighting Systems
Lighting systems can also become adaptive.
Smart lighting can respond to:
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e Occupancy.

« Natural daylight.
o Time of day.

« Building activity.
e User preferences.
For example:

High Natural Light + Low Occupancy — Reduced Artificial Lighting
This approach can reduce unnecessary electricity consumption.

13. Demand Response

Demand response involves adjusting electricity consumption in response to grid conditions.
Energy-active buildings can:

e Reduce consumption during peak periods.

o Increase flexible consumption during low-demand periods.

o Discharge batteries during grid stress.

« Shift certain operations to favourable periods.

This makes buildings active participants in electricity-system management.

14. Vehicle-to-Building and Vehicle-to-Grid Integration
Electric vehicles can become mobile energy-storage resources.
A connected EV can potentially:

Charge — Store Electricity — Supply Building/Grid

Vehicle-to-building (V2B) systems can provide energy to buildings.

Vehicle-to-grid (V2G) systems can allow participating vehicles to interact with the wider
electricity grid.

This creates a new connection between:

Buildings + Transportation + Electricity Systems

15. Smart Grids

Energy-active buildings are particularly valuable when connected to smart grids.
Smart grids combine:

e Renewable generation.

o Energy storage.

o Digital communication.

« Intelligent control.

e Flexible demand.

« Distributed energy resources.

Buildings can therefore become distributed energy resources rather than simple loads.

AJAMRI Volume 6, Issue 2, March-April 2024 7



http://www.ajamri.com/

@\) American Journal of Advanced Multidisciplinary
gs{;ie Research and Innovation (AJAMRI)
AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

16. Building-to-Grid Interaction
The conventional electricity relationship is:

Grid — Building
An energy-active model is:

Grid < Building

The building may:

o Consume electricity.

Generate electricity.

Store electricity.

Export electricity.

Modify demand.

At scale, this can increase grid flexibility.

17. Intelligent Urban Energy Systems
At the city level, individual buildings can be connected through an integrated digital-energy
platform.
A conceptual architecture is:
Smart Buildings
l

District Energy Management

!

Distributed Renewable Generation
!
Energy Storage
!
Smart Grid
!
Electric Mobility

!
Urban Digital Platform

Such integration can help coordinate energy production and consumption across multiple
infrastructure systems.

18. Digital Twins for Urban Infrastructure

Digital twins can create virtual representations of buildings, energy networks, and urban
infrastructure.

A digital twin can combine:
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e Building information.
e Energy consumption.
o Weather data.

o Occupancy patterns.

e Renewable generation.
e Grid conditions.

The model can then simulate alternative scenarios before physical changes are implemented.
Potential applications include:
e Energy planning.

e Infrastructure optimisation.
« Emergency response.

« Retrofit planning.

o Carbon-reduction analysis.

19. Energy Communities

Energy communities allow multiple buildings to cooperate in energy generation and

consumption.
For example:
Building A: Solar Surplus

!
Local Energy Network

l
Building B: High Demand

This can increase local renewable-energy utilisation.
Energy communities can include:

e Residential buildings.

e Commercial buildings.

e Schools.
e Hospitals.
o Offices.

o Industrial facilities.

20. Urban Microgrids
Microgrids can provide local energy resilience.
A microgrid may contain:

e Solar PV.
o Batteries.
e Buildings.

e EV chargers.
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o Backup generation.

« Intelligent controllers.

During normal operation, the microgrid can interact with the main grid.

During grid disruption, it may operate in an islanded mode where technically and legally
feasible.

21. Intelligent Urban Infrastructure
Energy-active buildings should not be considered independently from other urban systems.
Future intelligent cities can integrate:

o Energy.

« Transportation.
o Water.

o Waste.

« Buildings.

e Communications.

« Public services.

This creates an interconnected urban infrastructure ecosystem.

For example:

Smart Building — EV Charging — Grid Management — Renewable Generation — Energy
Storage

22. Energy Data Analytics
Large amounts of information can be generated by smart buildings.

Data Source Example Data Application
Smart meters Electricity consumption Demand forecasting
Weather sensors Temperature, solar radiation Renewable forecasting
Occupancy sensors Building occupancy HVAC optimisation
Solar systems Power generation Energy scheduling
Batteries State of charge Storage optimisation
EV chargers Charging demand Load management
HVAC systems Temperature and operation Predictive maintenance

Data integration is therefore fundamental to intelligent urban energy management.
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23. Comparative Technology Assessment
. . Sustainability
Technology Main Function Contribution Key Challenge
Solar PV Energy generation Renewable electricity Intermittency
Batter . I .
y Energy storage Grid flexibility Cost and degradation
storage
Smart meters Monitoring Energy awareness Data management
loT sensors Real-time sensing Intelligent control Cybersecurity
- S Reduced ener .
Al Prediction/optimisation . gy Data quality
consumption
Digital twins Simulation Better planning Complexity
. . . Infrastructure
EVIV2G Flexible storage Sector integration )
requirements
. . Local ener - .
Microgrids 9y Resilience Control complexity

management

24. Sustainability Benefits
Energy-active buildings and intelligent urban systems can potentially provide:

© N wNRE

Reduced energy consumption.
Increased renewable-energy utilisation.
Lower greenhouse-gas emissions.
Reduced peak electricity demand.
Improved grid stability.

Greater energy resilience.
Reduced operational costs.

Better occupant comfort.
Improved infrastructure planning.
10 Greater integration of electric mobility.

25. Economic Considerations
The implementation of intelligent energy infrastructure requires significant investment.
Costs may include:

Sensors.

Solar systems.
Battery storage.

Smart meters.

AJAMRI
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e Building-management systems.

o Software.

o Network infrastructure.

« Maintenance.

However, economic evaluation should consider lifecycle benefits rather than only initial
capital expenditure.

Potential long-term benefits include:

e Lower energy bills.

« Reduced maintenance.

e Reduced peak-demand charges.

e Increased renewable-energy utilisation.
o Greater equipment lifespan.

« Improved resilience.

26. Major Challenges
26.1 High Initial Investment
Smart systems can require substantial upfront capital.

26.2 Interoperability
Equipment from different manufacturers may use incompatible communication protocols.

26.3 Cybersecurity
Connected buildings increase the potential attack surface of critical infrastructure.

26.4 Data Privacy
Occupancy and behavioural data can potentially reveal sensitive information about building
users.

26.5 Technical Complexity
Smart infrastructure requires multidisciplinary expertise.

26.6 Occupant Behaviour
Technology alone cannot guarantee efficiency.
Human behaviour can significantly influence actual building energy consumption.

27. Cybersecurity and Data Governance

As buildings become connected to urban digital platforms, cybersecurity becomes an
infrastructure priority.

Protection is required for:

e Building-management systems.
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e Smart meters.

« Energy-storage systems.

o EV chargers.

e Communication networks.

e Cloud platforms.

Future intelligent cities should therefore adopt security-by-design principles.
Data governance should also specify:
e Who owns the data.

e Who can access it.

e How long it is stored.

e How it is protected.

e How it can be used.

28. Human-Centred Smart Buildings

Technology should not be implemented solely to reduce energy consumption.

Buildings must also support:

o Comfort.

e Health.

e Accessibility.

« Productivity.

e User control.

Excessive automation may create dissatisfaction if occupants cannot understand or influence
system behaviour.

Future smart-building systems should therefore combine automation with human-centred
design.

29. Case Study: Conceptual Energy-Active Commercial Building
Consider a large office building equipped with:

e Rooftop solar PV.

o Battery storage.

e Smart HVAC.

« Intelligent lighting.

e Occupancy sensors.

e EV charging.

e Al-based energy management.

Morning
Al predicts occupancy and electricity demand.
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Midday
Solar generation increases.
The system prioritises direct solar consumption and battery charging.

Afternoon
When solar production declines, the battery supports building demand.

Evening
EV charging is scheduled according to grid conditions and available energy.

Peak Period
The building reduces flexible loads and may discharge stored electricity.
This creates a dynamic energy-management cycle.

30. Integrated Urban Energy Framework

The proposed framework consists of seven layers:

Layer 1 — Physical Infrastructure

Buildings, solar systems, batteries, EVs, and grids.

Layer 2 — Sensors

Real-time monitoring of energy and environmental conditions.
Layer 3 — Connectivity

loT networks connect devices and infrastructure.

Layer 4 — Data Platform

Data are stored, processed, and integrated.

Layer 5 — Al Intelligence

Predictive and optimisation models analyse system behaviour.
Layer 6 — Automated Control

Building and energy systems respond dynamically.

Layer 7 — Urban Coordination

Multiple buildings and infrastructure systems coordinate at city scale.
The resulting process is:

Sense — Analyse — Predict — Optimise — Act — Learn
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31. Questionnaire
Scale: 1 = Strongly Disagree, 5 = Strongly Agree

No. Statement

1 Energy-active buildings can significantly reduce urban energy consumption.

2 Renewable-energy generation should be integrated into building design.

3 Battery storage is important for future smart buildings.

4 Al can improve building energy management.

5 0T sensors can improve energy efficiency and occupant comfort.

6 Buildings should actively participate in smart-grid operations.

7 Electric vehicles can contribute to urban energy management.

8 Digital twins can improve sustainable infrastructure planning.

9 Cybersecurity should be a fundamental component of smart-building design.
10 Governments should provide greater support for intelligent energy infrastructure.

32. Future Directions

32.1 Autonomous Energy Management

Future buildings may automatically coordinate generation, storage, consumption, and grid
interaction.

32.2 Al-Based Predictive Control

Al could continuously forecast:

« Energy demand.

e Renewable generation.

e Occupancy.

o Weather.

o Electricity prices.

This would allow buildings to optimise energy use proactively.

32.3 Building-to-Building Energy Trading
Peer-to-peer energy systems could allow buildings to exchange locally generated electricity
under appropriate regulatory frameworks.

32.4 Integrated Energy and Mobility
EVs could increasingly function as distributed storage assets.
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32.5 Urban Digital Twins
Cities could use integrated digital twins to simulate energy, transportation, buildings, and
infrastructure before implementing major investments.

32.6 Net-Positive Urban Districts
The long-term objective could move beyond net-zero buildings towards districts that generate
more renewable energy than they consume over defined periods.

33. Policy Recommendations

Governments, municipalities, and infrastructure planners should:
Establish standards for smart-building interoperability.
Promote building-integrated renewable energy.

Encourage battery-storage deployment.

Develop incentives for energy-active buildings.

Establish cybersecurity requirements for connected infrastructure.
Promote open and interoperable data standards.

Support Al and digital-twin research.

Develop EV and V2G infrastructure.

Encourage community energy systems.

10 Integrate energy planning with wider urban development.

© o N s WDNRE

34. Discussion

Energy-active buildings represent a significant change in the traditional relationship between
buildings and energy infrastructure.

The conventional building is essentially a passive load. The energy-active building becomes a
distributed energy resource capable of generating electricity, storing energy, modifying
demand, and interacting with the grid.

When thousands of such buildings are digitally connected, the result can be an intelligent
urban energy ecosystem.

However, technology alone cannot guarantee sustainability.

A smart building with inefficient architecture, poorly maintained equipment, or inappropriate
control strategies may still consume excessive energy.

Therefore, future urban systems should combine:

Energy-Efficient Design + Renewable Energy + Storage + Intelligent Control + Human-
Centred Design + Strong Governance

This integrated approach is more likely to deliver meaningful environmental and economic
benefits.
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35. Conclusion

Energy-active buildings and intelligent urban systems are emerging as important components
of sustainable infrastructure.

The combination of renewable-energy generation, energy storage, smart meters, 10T sensors,
Al, digital twins, demand response, electric vehicles, and smart grids can transform buildings
from passive energy consumers into active participants in urban energy systems.

At the building level, intelligent systems can reduce energy consumption, improve comfort,
optimise HVAC and lighting, and integrate renewable generation. At the urban level,
interconnected buildings can support distributed energy management, local energy
communities, microgrids, and greater grid resilience.

Nevertheless, challenges involving investment, interoperability, cybersecurity, privacy,
technical complexity, and occupant acceptance must be addressed.

The future of sustainable cities is therefore unlikely to depend on a single technology.
Instead, it will depend on integrated intelligent infrastructure in which buildings, energy
networks, mobility systems, digital platforms, and people operate as a coordinated ecosystem.
Energy-active buildings can consequently become a foundation for low-carbon, resilient, and
technologically intelligent urban development.
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