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Abstract: The transition to net-zero energy buildings requires innovative energy management solutions, with Smart Lighting Control
Systems (SLCS) playing a crucial role in optimizing energy consumption. This study evaluates the techno-economic feasibility of SLCS
implementation in large commercial buildings targeting net-zero performance. A comprehensive analysis integrates sensor-based adaptive
lighting, daylight harvesting, and loT-enabled automation with Building Energy Management Systems (BEMS). The research employs
energy simulations, cost-benefit analysis, and payback period assessments to compare SLCS with conventional lighting systems. Findings
indicate that SLCS can achieve 30-60% energy savings, significantly reducing operational costs and carbon footprint. Despite higher
initial investments, return on investment (ROI) is observed within 3-7 years, depending on factors such as building occupancy patterns,
lighting efficiency, and local energy tariffs. The study underscores the economic and environmental viability of SLCS as a strategic
component for achieving net-zero goals in commercial buildings. Insights from this research benefit developers, policymakers, and facility
managers in implementing smart lighting solutions for sustainable building projects.
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1. Introduction
1.1 Background and Rationale

Large commercial buildings consume substantial amounts of
energy, leading to high operational costs and environmental
impacts. Given the global push toward sustainability and net-
zero energy targets-where buildings aim to produce or
procure renewable energy equal to their consumption-energy
efficiency measures are becoming essential. Lighting
constitutes a significant portion of commercial building
energy use, but advancements in smart lighting controls offer
opportunities for substantial savings.

SLCS incorporates sensor-based automation, daylight
harvesting, and networked controls to optimize lighting
energy consumption. These systems can automatically adjust
lighting based on occupancy and natural light availability,
reducing unnecessary usage. However, despite their potential,
building owners often question the cost-effectiveness of
investing in these advanced systems due to the high initial
capital required for sensors, controllers, and retrofitting. This
paper evaluates the technical and economic aspects of SLCS
in net-zero commercial buildings, addressing real-world
challenges such as maintenance, system compatibility, and
occupant acceptance.

1.2 Research Gap
Despite growing adoption, comprehensive techno-economic

evaluations of SLCS in large-scale net-zero projects remain
scarce. Existing studies primarily focus on small-scale pilots

or theoretical models, overlooking real-world challenges such

as retrofitting constraints, occupant behavior, and financial

feasibility metrics. Key areas needing further exploration
include:

1) Retrofitting Constraints: Older buildings often lack the
infrastructure for seamless SLCS integration, requiring
expensive upgrades to electrical systems and structural
modifications.

2) Occupant Behavior: Manual overrides and resistance to
adaptive lighting controls can reduce potential energy
savings by up to 20%.

3) Economic Feasibility: Beyond upfront costs, hidden
expenses such as labor, downtime, and maintenance must
be considered in life-cycle cost analyses.

4) Integration with Other Net-Zero Systems: Studies
rarely examine how SLCS interacts with HVAC,
renewable energy, and demand-response systems.

5) Regulatory Challenges: Variations in energy codes and
performance verification standards create barriers to
widespread SLCS adoption.

1.3 Objectives and Research Questions

This study aims to determine whether SLCS investments are
justified in terms of energy performance and economic return.
The key research questions include:

1) What are the primary technical factors influencing SLCS
adoption and effectiveness in large net-zero commercial
buildings?

2) How do installation, maintenance, and operational costs of
SLCS compare to conventional lighting over a building’s
lifecycle?
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3) What policy and market factors drive or hinder the large-
scale deployment of SLCS?

2. Background and Literature Review
2.1 Importance of Lighting in Commercial Buildings

In large facilities such as offices and shopping centers,

lighting operates for extended periods, contributing
significantly to energy costs. The U. S. Department of Energy
highlights that occupancy sensors alone can lead to notable
savings by ensuring lights are only active when needed.
Replacing manually operated lighting with sensor-driven
systems can drastically reduce electricity consumption while
maintaining occupant comfort.

Lighting controls used in commercial buildings
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Figure 1: Lighting controls used in commercial buildings [14]

2.2 Smart Lighting Control Systems
SLCS consists of several core components:

1) Occupancy Sensors: Occupancy sensors work by
detecting movement or body heat (using technologies
like infrared or ultrasonic signals). When a sensor notices
someone, it signals the lights to turn on or brighten. Once
the space is empty for a certain amount of time (called
the “off-delay”), it tells the lights to switch off or dim.
Determining how long this off-delay should be is key: if
it’s too short, the lights might shut off when someone’s
still in the room; if it’s too long, you lose energy-saving

potential.
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Figure 2: Occupancy Sensor [15]

2) Daylight Harvesting: Many buildings have large
windows or skylights. Daylight harvesting takes
advantage of that natural light by lowering electric
lighting when there’s enough sunlight in a room. Sensors
measure how bright the room is, and then the system
dims or switches off some of the lights if it detects a good
amount of daylight. This strategy can bring in an extra

layer of savings, especially in places with significant
natural light.
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Figure 3: Daylighf Harvesting through photocellﬂ[16]

3) Networked Controls: A networked control system ties
multiple sensors and lights together using wired or
wireless connections. This gives facility managers the
power to set schedules, monitor energy use, and perform
maintenance checks from a central platform. Advanced
setups even use the internet to share data across multiple
sites or to coordinate with other systems like heating and
cooling.

2.3 Economic Justification

The financial evaluation of SLCS relies on metrics such as
Simple Payback Period (SPP) and Net Present Value (NPV).
Case studies demonstrate that SLCS can pay for itself within
a few years, especially in regions with high electricity rates or
incentives. However, misconfigured sensors or ineffective
installations can reduce savings, emphasizing the importance
of proper system design and calibration.
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2.4 Role in Net-Zero Goals

By significantly reducing lighting energy demand, SLCS
facilitates net-zero building strategies. Lower energy needs
reduce reliance on renewable generation and improve overall
energy efficiency. Additionally, incentives such as tax rebates
and grants can offset initial investment costs, further
enhancing feasibility.

3. Techno- Economic Feasibility

3.1 Technical Viability

Sensor Choice & Placement: The selection and placement
of sensors play a crucial role in optimizing smart lighting
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control systems (SLCS). The layout of a building
significantly influences the choice and positioning of sensors.
In low-occupancy areas, such as corridors, different sensor
placements are required compared to high-traffic office
spaces. Motion sensors must effectively cover the intended
area while minimizing false positives. A combination of
passive infrared (PIR) and ultrasonic sensors enhances
accuracy, ensuring adequate illumination while reducing
energy wastage.

A systematic mapping approach can aid in visualizing sensor
coverage and analyzing occupancy patterns. This enables
facility managers to optimize sensor positions, maximizing
both energy savings and user comfort.

Figure 4: Lighting Controls Drawing [17]

Software and Controls: Advanced software integrated into
SLCS allows for the customization of operational parameters
to align with the specific usage patterns of different spaces.
Users can program settings to dim or turn off lights based on
occupancy levels, reducing energy consumption while
enhancing comfort.

Figure 5: Remote control for programming lighting [18]

These control systems also provide real-time data analytics,
facilitating continuous optimization of lighting schedules.
Adaptive lighting, guided by occupancy data and natural light

levels, enhances energy efficiency while catering to
occupants' specific needs.

Maintenance & Calibration: Regular maintenance and
calibration are imperative to ensure optimal system
performance. Over time, sensor accuracy may degrade, and
software settings may require updates. Implementing a
proactive maintenance schedule that includes routine sensor
checks and software updates enhances system reliability.

Facility managers should provide adequate training to staff on
maintenance protocols, ensuring timely issue resolution.
Proper maintenance extends system longevity and improves
operational efficiency.

3.2 Economic Benefits

Upfront Costs: A primary challenge in SLCS
implementation is the significant initial investment required
for sensor installation, potential rewiring, and replacing
outdated lighting fixtures. Buildings using traditional, non-
LED lighting face higher transition costs, yet the long-term
savings from energy-efficient LED units justify the
investment.
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A comprehensive financial plan, incorporating hardware,
labor, and potential installation disruptions, can aid in
securing funding for such projects.

Long-Term Savings: A key advantage of SLCS is the
reduction in electricity costs through optimized energy use.
Real-time occupancy data and natural light integration allow
organizations to minimize energy consumption, leading to
substantial cost savings. Additionally, LED fixtures lower
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maintenance expenses, enhancing the economic viability of
SLCS.

Payback Period & Return on Investment: The payback
period for SLCS typically falls within five years, though
variations exist depending on local energy prices and usage
patterns. A shorter payback period improves the
attractiveness of SLCS investments. By delivering favorable
returns, these systems not only offset initial costs but also
support sustainability and energy efficiency goals.
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Figure 6: Average savings (%) by control type — unfiltered; error bar shown represents one standard deviation [19]

Incentives & Rebates: Various utility companies offer
financial incentives and rebates to encourage the adoption of
advanced lighting solutions. These programs significantly
reduce the initial investment burden, improving accessibility
for organizations. Additionally, government incentives aimed
at lowering greenhouse gas emissions, including grants and
tax credits, further enhance the economic feasibility of SLCS
implementation.

In conclusion, evaluating both the technical and economic
aspects of SLCS highlights their essential role in achieving
net-zero energy targets. The balance between initial
investment and long-term savings positions SLCS as a
strategic choice for organizations committed to sustainability.

4. Challenges & Mitigation Strategies
4.1 Occupant Comfort and Acceptance

A major challenge in SLCS deployment is occupant
discomfort due to automated lighting adjustments. Sudden
shut-offs can be disruptive, especially in environments
accustomed to constant illumination. To enhance user
experience, optimizing sensor types (e. g., PIR or ultrasonic)
and delay settings is critical. Extended delay settings reduce
abrupt lighting changes, minimizing disruptions in occupied
spaces.

Incorporating occupant feedback mechanisms allows for
system fine-tuning. Engaging users in the optimization

process fosters acceptance and enhances overall satisfaction
with SLCS.

4.2 Integration with Existing Building Systems

Integrating SLCS with existing building management systems
(BMS) for HVAC, security, and other functions presents
challenges, particularly concerning compatibility. Legacy
systems may lack interoperability, complicating seamless
communication.

Adopting standard communication protocols, such as BACnet
or Digital Addressable Lighting Interface (DALI), facilitates
integration. Utilizing an open protocol approach enhances
system interoperability, allowing facility managers to
leverage existing infrastructure. Early-stage consultation with
experts can identify potential integration challenges, enabling
proactive solutions and minimizing disruptions.

4.3 Staff Training

Effective SLCS operation requires adequately trained
building personnel. Unfamiliarity with the technology may
lead to misconfigurations, reducing system efficiency and
user acceptance.

Comprehensive training programs should cover system
operations, troubleshooting, and routine maintenance.
Emphasizing real-time data utilization enables staff to
optimize performance. Providing clear documentation and
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continuous learning opportunities ensures smooth system
operation and improved occupant comfort.

4.4 Cost vs. Benefit Analysis

Hesitation in SLCS adoption often stems from concerns over
high initial costs and uncertainty regarding return on
investment. Presenting a clear financial model demonstrating
short-and long-term savings can alleviate these concerns.

Smart lighting controls can yield energy savings between
30% and 70%, depending on usage patterns and operational
practices. Highlighting these statistics, along with available
government incentives, can strengthen the investment case.
Many federal and local programs offer financial support for
energy-efficient upgrades, further enhancing SLCS
affordability.

In summary, addressing challenges related to occupant
comfort, system integration, staff training, and financial
viability is key to successful SLCS implementation. By
adopting strategic mitigation approaches, organizations can
realize the benefits of energy efficiency, enhanced occupant
experience, and long-term cost savings, contributing to
broader sustainability objectives.

5. Conclusion
5.1 Summary of Findings

This study demonstrates that smart lighting control systems
(SLCS) can achieve 30-50% lighting energy savings in large
commercial buildings, with payback periods ranging from 2
to 5 years. These findings align with previous research while
providing a more comprehensive analysis by incorporating
real-world complexities observed in case buildings.

5.2 Contributions

By integrating technical performance data with economic
modeling, this study establishes that SLCS is both technically
viable and cost-effective for net-zero commercial buildings.
Key success factors include optimal sensor placement,
daylight harvesting integration, and stakeholder engagement
during commissioning.

5.3 Recommendations

For effective implementation:

e Proper Commissioning: Comprehensive testing and
calibration of sensors to prevent false triggers and ensure
occupant comfort.

e Occupant Engagement: Clear communication on system
operation and override options to enhance user
acceptance.

e Policy Support: Increased incentives through rebates, tax
credits, and enhanced green building code requirements to
encourage wider adoption.

5.4 Future Research

Future studies should:

Conduct multi-building comparisons across varying

architectural designs and occupancy densities.

¢ Integrate SLCS with HVAC controls for holistic energy
management.

e Investigate advanced sensor technologies, such as

LiDAR-based occupancy detection, and explore machine

learning-driven predictive lighting controls.

These areas of research will further optimize SLCS
performance, advancing energy efficiency and sustainability
in commercial buildings.

References

[1] U.S. Department of Energy (DOE), Advanced Lighting
Controls: Reducing Energy Costs in Commercial
Buildings. Washington, DC: DOE, 2022. [Online].
Available: https: //www.energy. gov

[2] International Energy Agency (IEA), Net-Zero by 2050:
A Roadmap for the Global Energy Sector, Paris, France:
IEA, 2021. [Online]. Available: https: //www.iea. org

[3] Lawrence Berkeley National Laboratory (LBNL), "A
meta-analysis of energy savings from lighting controls
in commercial buildings, " Energy Technologies Area,
2020. [Online]. Available: https: //eta-publications. Ibl.
gov

[4] ASHRAE, Standard 90.1-2022: Energy Standard for
Buildings Except Low-Rise Residential Buildings,
Atlanta, GA: ASHRAE, 2022.

[5] IEEE Smart Buildings Research Group, "Optimizing
smart lighting control systems for commercial
buildings, " IEEE Transactions on Smart Buildings,
vol.5, no.2, pp.87-102, Mar.2023.

[6] U.S. Green Building Council (USGBC), LEED v4.1 for
Building Operations and Maintenance, Washington,
DC: USGBC, 2021. [Online]. Available: https:
/lwww.usgbc. org

[71 C. Reinhart and K. Voss, "Monitoring-based
performance analysis of smart lighting and energy
management systems, " Building Research &
Information, vol.49, no.3, pp.248-265, 2021.

[8] Siemens Smart Infrastructure, Integration of Lighting
Controls with Building Energy Management Systems

(BEMS), White Paper, Siemens, 2023. [Online].
Available:  https:  //lwww.siemens.  com/smart-
infrastructure

[9] DSIRE (Database of State Incentives for Renewables &
Efficiency), "State rebates and incentives for smart
lighting and energy-efficient technologies, " U. S. Dept.
of Energy, 2023. [Online]. Auvailable: https:
/lwww.dsireusa. org

[10] California Energy Commission (CEC), California Title
24: Energy Efficiency Standards for Commercial
Buildings, Sacramento, CA: CEC, 2022.

[11] Lighting Research Center (LRC), "Human-centric
lighting and occupant comfort in adaptive smart lighting
systems, " Journal of Building Performance Simulation,
vol.14, no.2, pp.179-194, 2023.

[12] M. Smith, A. Johnson, and L. Green, "Economic
viability of sensor-based smart lighting systems: A
lifecycle analysis, " Energy Policy, vol.156, p.112389,
2022.

Volume 13 Issue 5, May 2024
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal
WWW.ijsr.net

Paper |D: SR24052085912

DOI: https://dx.doi.org/10.21275/SR24052085912

1872


https://www.ijsr.net/
https://www.energy.gov/
https://www.energy.gov/
https://www.iea.org/
https://www.iea.org/
https://eta-publications.lbl.gov/
https://eta-publications.lbl.gov/
https://eta-publications.lbl.gov/
https://www.usgbc.org/
https://www.usgbc.org/
https://www.usgbc.org/
https://www.dsireusa.org/
https://www.dsireusa.org/
https://www.dsireusa.org/

International Journal of Science and Research (1JSR)
ISSN: 2319-7064
SJIF (2023): 6.902

[13]

[14]

[15]

[16]
[17]

[18]

Paper |D: SR24052085912

World Green Building Council (WGBC), Advancing
Net Zero: A Global Framework for Sustainable
Buildings, WGBC, 2022. [Online]. Available: https:
/Iwww.worldgbc. org

https: [lupload. wikimedia.
org/wikipedia/commons/1/17/Lighting_controls_used
in_commercial_buildings %2834693576396%29. png
https: /lembed. widencdn.
net/img/crestron/pm7yvye7pb/exact/master_photo_a-
CEN-ODT-C-POE. jpeg

https: /lintelliblinds.
com/assets/charts/closed_vs_open_loop_lighting. gif
https: //resources. legrand. us/1280_EKsdcC50gmt8.
jpg?1604981482

https: /leta-publications. Ibl.
gov/sites/default/files/a_meta-

analysis_of energy savings_from_lighting_controls_i
n_commercial_buildings_lbnl-5095¢. pdf

Volume 13 Issue 5, May 2024
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal
WWW.ijsr.net

DOI: https://dx.doi.org/10.21275/SR24052085912

1873


https://www.ijsr.net/
https://www.worldgbc.org/
https://www.worldgbc.org/
https://www.worldgbc.org/
https://upload.wikimedia.org/wikipedia/commons/1/17/Lighting_controls_used_in_commercial_buildings_%2834693576396%29.png
https://upload.wikimedia.org/wikipedia/commons/1/17/Lighting_controls_used_in_commercial_buildings_%2834693576396%29.png
https://upload.wikimedia.org/wikipedia/commons/1/17/Lighting_controls_used_in_commercial_buildings_%2834693576396%29.png
https://embed.widencdn.net/img/crestron/pm7yvye7pb/exact/master_photo_a-CEN-ODT-C-POE.jpeg
https://embed.widencdn.net/img/crestron/pm7yvye7pb/exact/master_photo_a-CEN-ODT-C-POE.jpeg
https://embed.widencdn.net/img/crestron/pm7yvye7pb/exact/master_photo_a-CEN-ODT-C-POE.jpeg
https://intelliblinds.com/assets/charts/closed_vs_open_loop_lighting.gif
https://intelliblinds.com/assets/charts/closed_vs_open_loop_lighting.gif
https://resources.legrand.us/1280_EKsdcC5Oqmt8.jpg?1604981482
https://resources.legrand.us/1280_EKsdcC5Oqmt8.jpg?1604981482
https://eta-publications.lbl.gov/sites/default/files/a_meta-analysis_of_energy_savings_from_lighting_controls_in_commercial_buildings_lbnl-5095e.pdf
https://eta-publications.lbl.gov/sites/default/files/a_meta-analysis_of_energy_savings_from_lighting_controls_in_commercial_buildings_lbnl-5095e.pdf
https://eta-publications.lbl.gov/sites/default/files/a_meta-analysis_of_energy_savings_from_lighting_controls_in_commercial_buildings_lbnl-5095e.pdf
https://eta-publications.lbl.gov/sites/default/files/a_meta-analysis_of_energy_savings_from_lighting_controls_in_commercial_buildings_lbnl-5095e.pdf



