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Project Objective

To transform conventional bus shelters from passive structures into active,
sustainable urban hubs. This project aims to combat climate change at a
micro-scale by integrating renewable energy generation, carbon-
sequestering materials, and Al-driven smart systems to enhance commuter
comfort and operational efficiency for transport authorities (e.g., RTA).
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&1 LOWER TEMPERATURES:
Reduced surface & ambient heat (3-6°C cooler).

ENHANCED THERMAL COMFORT: Real-feel cooling for pedestrians. [
ENERGY EFFICIENCY: Lower power consumption & emissions.

@ REDUCED COSTS:
l Long-term operational savings.

£ URBAN RESILIENCE:
Mitigates Urban Heat island effect.




The Problem Statement:
Current public transit infrastructure faces a triad of challenges:

1. Urban Heat Island Effect: Standard materials (concrete, metal)
absorb solar radiation, raising local ambient temperatures and creating
uncomfortable waiting environments.

2. Energy Inefficiency: Shelters rely on the electrical grid for lighting
and displays, increasing operational carbon footprints and costs.

3. Lack of Real-Time Data: There is a disconnect between physical
infrastructure and transport logistics, leading to inefficient bus
dispatching and poor commuter experience due to a lack of real-time
air quality and occupancy data.

Sustainability Qualification:

This project is a sustainability initiative because it adheres to the principles
of active and passive sustainable design. It actively generates clean
energy (kinetic/solar) and actively sequesters carbon via photocatalytic
materials, while passively cooling its environment through advanced
radiative and phase-change technologies, thereby reducing overall energy
demand and improving public health.



Introduction

As urban populations grow and climate challenges intensify, this project
reimagines the bus shelter. It is designed as a multi-layered, responsive
system contributing to city cooling, clean energy generation, carbon
absorption, and smart mobility integration. By linking directly with the
RTA's ecosystem, "MADAR" transforms infrastructure into a data node,
optimizing both human comfort and logistical efficiency.

Core Components & Technical Specifications

The station's effectiveness lies in the strategic synergy of its components,
creating a hybrid system for passive cooling and active energy generation.

2.1 The Multi-Layered Smart Roof: The First Line of Defense

This roof acts as a thermal shield through a five-layer composition, a

solution scalable to government buildings and schools .

. . . Est. Cost
Layer Function Material/Market Option )
(USD/m°?)
1.To Reflects >95% of solar Radiative Cooling Film (e.qg.,
P - ’ , ? 9 $30.00 /m?
Layer radiation. Radi-Cool, 3M)
Emits absorbed heat as Embedded in high-emissivity
2. Second , - ;
infrared radiation to outer polymer matrix (e.g., PDMS, Included above
Layer
space. €=0.90)
. Absorbs latent heat during . )
3. Third ) ] Bio-based PCM (e.g., Rubitherm, $20.00 - $50.00
the day; release it at night
Layer DuPont) /kg
(Phase Change).
4. Fourth Acts as a temporary heat Sealed water bladder with §15.00 /m?
.00 /m
Layer sink; enhances cooling. aluminum diffusion fins.
5. Bottom Prevents residual heat High-R value closed-cell foam 5
o : : $10.00 /m
Layer transfer to the interior. insulation.

2.2 Smart Seating & Targeted Ventilation




Designed for direct body cooling, integrated with Peltier/TEG cells to power
low-energy fans.

« Cooling Mechanism: Seats incorporate a layer of Bio-based PCM (Phase
Change Material) with an enthalpy of ~180 kJ/kg to absorb body heat
and stay cool to the touch.

« Targeted Airflow: Low-power fans embedded in the seat back are
activated by presence and temperature sensors (>35°C). They are
powered directly by the thermoelectric generators (TEGs) utilizing the
temperature differential between the PCM layer and the ambient air.

. Fan Cost (per seat): $25.00 - $40.00 (IP67 rated, low-power DC).



2.3 Hybrid Renewable Energy System

The station operates as a micropower plant, independent of the grid for its
core functions.

1. Piezoelectric Flooring (Kinetic Energy):

o Mechanism: Specialized tiles convert the mechanical pressure of
footsteps into electricity. Installed in high-traffic "bottleneck"
zones (entrances, boarding areas) to maximize yield.

o Output: Generates 5-7 Watts per step (peak) [citation:original
doc].

o Market Cost: $450 - $700 /m? (Recycled rubber composite with
IP67 protected electromagnetic/Piezo hybrid units, e.g., Pavegen).

2. Thermoelectric Generation (TEG) / Peltier Cells:

o Mechanism: TEG cells are placed between the hot outer roof
layer and the cooler PCM layer. The temperature differential
(Delta T) generates a continuous current to power sensors and
seat fans, operating at peak efficiency during the hottest times
when cooling is needed most.

o Market Cost: $50.00 - $150.00 per unit (depending on wattage,
e.g., TEC1-12706 modules in arrays).

3. Energy Storage:

o Advanced Lithium-Iron-Phosphate (LiFePO4) batteries store
surplus energy for nighttime operation.

o Market Cost: ~$500 /kWh (including BMS - Battery Management
System).



2.4 Digital Integration & RTA Smart Hub

« IoT Sensors: LiDAR or thermal cameras (privacy-focused) measure
occupancy with 99% accuracy. Environmental sensors monitor
Temperature, Humidity, CO,, and NOx levels.

« Connectivity: Data is transmitted via a low-power LPWAN (e.g.,
LoRaWAN) or 5G protocol to the RTA Command and Control Center.

. Public Display: Power-efficient E-Ink or high-brightness LCD screens
show real-time bus arrivals, station occupancy, and Air Quality Index

(AQI).

2.5 Carbon-Sequestering and Air-Purifying
Materials

The structure itself actively cleans the air.
. Photocatalytic Coating (TiO,):

- Mechanism: Applied to the shelter's frame and walls, Titanium
Dioxide uses sunlight to break down harmful pollutants (NOXx,
VOCs) from bus exhaust into inert nitrates. It is also self-cleaning

o Efficacy: Can reduce ambient NOx by up to 40% (EU PICADA
Project).

o Market Cost: High-quality photocatalytic paint costs
approximately $130,000 - $150,000 per ton, which covers about
80-100 m?.

. Carbon-Sequestering Concrete:

o Mechanism: Concrete base and structural elements are injected
with CO, during mixing. This mineralizes the CO,, permanently
locking it away while increasing compressive strength.

o Efficacy: Sequestered ~25 kg of CO, per cubic meter (MIT Study).

o Market Cost: Premium of 5-10% over standard concrete
(~$150/m?).



3. Financial Feasibility & Long-Term Durability

3.1 Estimated Project Budget (Per Pilot Station)

This is a detailed, bottom-up estimate for a single, fully equipped "MADAR"
station (approx. 40 m? footprint).

. Estimated
Component Specification Source/Notes
Cost (USD)
Multi-layer roof (5 layers) + Composite of films,
Structure & Roof $8,000 ) )
frame. PCM, insulation
Photocatalytic TiO, coating for exterior
, $4,500
Treatment (approx. 80 m*).
L . 10 m? of high-traffic area Piezo R
Kinetic Flooring " $6,000 Average $600/m
iles.
Smart Seating PCM-infused seats with
) $1,200 $300/seat
(x4) integrated TEG fans.
TEG cells, LiFePO4 Battery (10
$500/kWh for storage;
Energy System kWh), charge controller, $7,000
. TEG arrays.
Inverter.
RTI screens (x2), LIDAR/thermal
loT & Smart Scaled down from real-
sensors, LPWAN gateway, $15,000 .
System ) world RTI projects
control unit.
Installation & Labor, civil works, system
. . $8,000 20% of hardware costs.
Integration programming.
Contingency
- $5,000 -
(10%)
Total Estimated . .
Pilot Station ~ $54,700

Cost




3.2 Operational Expenditure (OPEX) &
Durability

. Maintenance: The system is designed for low maintenance.

o TiO, coatings: Self-cleaning, reducing washing costs by an
estimated 30% annually.

- Piezoelectric Tiles: IP67 rated, waterproof and dustproof, with a
lifespan of 5-10 years depending on foot traffic.

o PCM Materials: Bio-based PCMs are stable and can last for
thousands of cycles (10+ years) without degradation .

. Annual Costs: Estimated at $1,500 - $2,500 for system checks, sensor
calibration, and battery health monitoring. This is significantly lower
than the grid-electricity and maintenance costs of a conventional
shelter with AC and lighting.

3.3 Return on Investment (ROI) & Payback

While the primary return is environmental and social, a financial model is
viable:

. Energy Savings: Avoided cost of grid electricity for lighting, displays,
and potential future EV charging points. Radiative cooling materials
can save 42.9-97.8 kWh/m?/year on cooling loads .

. Carbon Credits: The station's carbon sequestration (concrete + TiO,)
and avoided emissions could qualify for carbon credits, generating a
small revenue stream.

. Data Value: The hyper-local environmental and footfall data collected
by the station is valuable for urban planning and retail analytics, a
service that could be offered to the municipality or private sector.

. Estimated Payback Period: Based on energy savings, reduced
maintenance, and potential data monetization, the simple payback
period for the "active" components (excluding the basic structure) is
estimated at 8-12 years, aligning with the lifespan of the materials.



4. Feasibility, Methodology & Implementation Plan
4.1 Feasibility and Scalability

. Technical Readiness: All core technologies (radiative cooling, 10T,
Piezoelectrics, PCMs) are at TRL 7-9 (Technology Readiness Level),
meaning they have been prototyped, demonstrated, and are
commercially available .

+ Scalability: The "Smart Roof" is designed as a modular unit. It can be
mass-produced and retrofitted onto existing shelters or new public
buildings (schools, municipal offices), driving down costs through
economies of scale.

4.2 Implementation Methodology (Phased Approach)
Phase 1: Prototype & Testing (Months 1-6)

. Site Selection: Identify a high-foot-traffic bus station (e.g., near a
metro link) for maximum data and energy generation.

. Installation: Deploy the full spectrum of technologies as per the
budget above. Focus on integrating the Piezoelectric tiles and IoT
sensor suite.

. Baseline Data: Collect pre-installation data on ambient temperature,
AQI, and commuter wait times.



Phase 2: Digital Integration & Validation (Months 7-

9)

. API Development: Establish a secure API link with the RTA's central

system to transmit real-time data.

App Integration: Activate the display screens and push data to the
commuter app, showing station conditions and predicted bus arrivals
adjusted for real-time traffic.

Performance Audit: Third-party validation of energy generation
(kWh) and cooling performance (surface temperature reduction).

Phase 3: Carbon Sequestration Analysis (Months 10-12)

Material Application: Apply TiO, coating and utilize carbon-
sequestering concrete for any foundational work or adjacent
hardscaping.

Air Quality Monitoring: Continuously monitor NOx and CO,, levels to
quantify the air purification effect against the baseline data.

Phase 4: Optimization & Replication (Year 2+)

Data Analytics: Use the collected data to create "thermal and human
congestion maps." This allows RTA to optimize bus dispatching and
plan green infrastructure placement.

Rollout: Develop a tender for 50-100 units, leveraging the pilot data to
secure funding and reduce per-unit costs through bulk purchasing.



Conclusion

The "MADAR" project is more than a smart bus shelter; it is a replicable
urban intervention that turns static infrastructure into a dynamic, life-
supporting system. By integrating peer-reviewed technologies—from
Stanford's radiative cooling to MIT's carbon-sequestering concrete—it offers
a tangible solution to the urban heat island effect, air pollution, and transit
inefficiency. With a clear implementation roadmap and a transparent
financial model grounded in current market rates, this proposal provides a
viable blueprint for governments to achieve their Net Zero commitments
while enhancing the quality of urban life.
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