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Abstract—The waste management industry faces
challenges related to carbon emissions, labor shortages, and
safety risks for sanitation workers. This report presents a
conceptual design and technical evaluation of an autonomous
electric garbage truck that integrates artificial intelligence
(AID) for navigation, container manipulation, and real-time
obstacle avoidance. The vehicle is equipped with a sensor
driven robotic gripper, dual antenna GPS based container
localization, and a multi layered perception system including
LiDAR, stereo cameras, radar, and thermal sensors for
human figure recognition. The methodology combines
existing electric truck platforms (e.g., Mack LR Electric,
Mercedes Benz eEconic) with state of the art Al perception
algorithms (YOLOVS, LSTM for route optimization) and
functional safety standards (ISO 26262, ISO 21448). Results
from simulation and pilot studies indicate that the proposed
system can reduce collection time by up to 32%, lower
operational costs by 63%, and eliminate pedestrian collisions
through human form recognition (HFR) cameras. Battery
range (150-200 km) and GPS signal degradation in urban
canyons remain challenges, solvable by inertial navigation
and visual odometry. The report concludes that the
autonomous electric garbage truck is technically feasible and
offers significant environmental, economic, and safety
benefits.

Keywords— artificial intelligence, autonomous electric,
GPS tracking, human figure recognition, robotic gripper,
sensor fusion vehicle, waste collection.

1. INTRODUCTION

Municipal solid waste collection represents one of the
most essential public services in modern urban
infrastructure, ensuring environmental hygiene, public
health, and sustainable city operation. Despite its critical
importance, waste collection remains a highly resource-
intensive process characterized by significant fuel
consumption, high operational costs, environmental
emissions, and considerable occupational hazards.
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Conventional waste collection fleets are predominantly
powered by diesel engines, which contribute substantially
to urban greenhouse gas emissions, particulate pollution,
and acoustic disturbance. In densely populated
metropolitan areas, garbage trucks may operate
continuously for extended periods, resulting in
disproportionately high carbon footprints compared to
other municipal service vehicles.

In addition to environmental concerns, the waste
management sector faces serious workforce-related
challenges. According to reports published by the
International Labour Organization (ILO), sanitation and
waste collection consistently rank among the most
hazardous occupations worldwide, exposing workers to
musculoskeletal injuries, repetitive strain disorders, sharp
object accidents, hazardous biological materials, and
traffic-related incidents. Manual handling of heavy
containers, frequent vehicle stops, and operation in
congested urban environments significantly increase
physical and cognitive workload. At the same time, many
municipalities are experiencing chronic shortages of
qualified commercial vehicle operators, driven by aging
workforces, demanding working conditions, and growing
urban service demands [1].

Parallel to these challenges, global environmental
policies and climate neutrality initiatives are accelerating
the transition toward electrified municipal transportation.
Electric vehicle (EV) technology has matured significantly
during the past decade, with advances in battery energy
density, charging infrastructure, power electronics, and
vehicle control systems making heavy-duty electric
platforms increasingly viable for public service
applications. Manufacturers such as Mack Trucks and
Mercedes-Benz have already introduced electric refuse
collection platforms capable of supporting daily municipal
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operations while significantly reducing emissions and
noise pollution [2].

Simultaneously, rapid progress in artificial intelligence,
machine learning, sensor fusion, and autonomous
navigation technologies has created new opportunities for
the automation of waste collection processes. Modern
perception systems combining LiDAR, radar, stereo vision,
thermal imaging, and global navigation satellite systems
(GNSS) now enable vehicles to perceive complex urban
environments with high precision [3]. Deep learning
algorithms, including convolutional neural networks for
object detection and recurrent neural networks for route
optimization, allow autonomous systems to make real-time
decisions under dynamic traffic conditions. These
developments create the technological foundation for fully
autonomous waste collection vehicles capable not only of
self-navigation but also of intelligent interaction with
external infrastructure.

This report investigates the conceptual design,
technical architecture, and feasibility of a fully autonomous
electric garbage truck that integrates artificial intelligence
for navigation, container localization, robotic
manipulation, and real-time obstacle avoidance [4]. The
proposed system combines existing heavy-duty electric
truck platforms with advanced autonomous driving
technologies and sensor-driven robotic subsystems. Waste
containers equipped with dual-antenna GPS transmitters
provide precise localization data, enabling the vehicle to
identify collection targets before arrival. A sensorized
robotic gripper performs automated container handling,
while a multilayer perception architecture consisting of
LiDAR, stereo cameras, radar modules, ultrasonic sensors,
and thermal human figure recognition (HFR) cameras
ensures safe operation in urban environments populated by
pedestrians, cyclists, and other vehicles.

A particularly critical aspect of the proposed system is
functional safety. Autonomous operation in public spaces
requires compliance with internationally recognized
automotive safety standards such as ISO 26262 for
functional safety of electrical and electronic systems, ISO
21448 (Safety of the Intended Functionality, SOTIF), and
cybersecurity  standards  for  connected  vehicle
infrastructure [5]. By integrating redundant sensing, fail-
operational control strategies, and Al-based human
recognition algorithms, the system aims to eliminate
pedestrian  collisions while maintaining operational
efficiency under diverse environmental conditions.

The objectives of this report are:

e To define the complete system architecture and
hardware component specifications of an
autonomous electric garbage truck;

e To describe the materials, sensors, algorithms,
communication systems, and safety standards
required for implementation;

e To -evaluate system performance through
simulation models and pilot-derived operational
data;

e To analyze economic, environmental, and safety
benefits compared with conventional diesel-
powered collection vehicles;

e To identify remaining technical challenges and
propose practical engineering solutions for large-
scale deployment.

The report is structured according to a standard
academic framework consisting of Abstract, Keywords,
Introduction, Materials and Methods, Results and
Discussion, and References [6]. Through this
multidisciplinary engineering analysis, the study aims to
demonstrate that autonomous electric waste collection
systems represent a technically feasible and economically
sustainable solution for future smart cities, capable of
significantly reducing operational costs, improving worker
safety, and contributing to global decarbonization goals.

II. MATERIALS AND METHODS
A) System Overview

The proposed autonomous electric garbage truck
comprises five core subsystems:

e Electric chassis and battery — based on a medium
duty electric truck platform;

e Al control unit — onboard computer with GPU
acceleration for real time inference;

e Container localization system — dual directional
antennas receiving GPS/RFID signals;

e Robotic gripper with embedded sensors — LIDAR,
stereo cameras, load cells;

e Safety and navigation sensor suite — cameras,
radar, thermal sensors, and CAN bus interface.

Figure 1 (conceptual diagram) shows the integration of
these subsystems. (In a printed report, a block diagram
would appear here).

B) Electric Drive and Battery

We selected the Mack LR Electric as the base platform
[7]. Key specifications:

TABLE 1 MACK LR ELECTRIC SPECIFICATIONS

Parameter Value
Battery capacity 376 kWh
(lithium-ion)

Range (full load) 150 km

Peak torque 4,051 1b-ft (c. 5,493
Nm)

Charging time (DC fast) 2 hours (10%-80%)

Regenerative braking Yes, reduces brake
wear
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Fig. . Mack LR Electric Garbage Truck.

Alternative: Mercedes Benz eEconic (27 tonne GVW)
provides 200 km range with pre heating for cold climates
(Daimler Truck, 2025). The eEconic’s low floor design
facilitates side mounted gripper installation [8].

C) Control Hardware and Sofiware

e Hardware: NVIDIA DRIVE Orin™ (254 TOPS)
with two SoCs for redundancy;

e Operating system: Linux with ROS 2 (Robot
Operating System) for sensor fusion;

Al models;

Object detection: YOLOVS (Bao et al., 2024) —
trained on COCO + custom waste container
dataset (12,000 annotated images);

e Human figure recognition: HFR (Human Form
Recognition) from Brigade Electronics (2025) —
proprietary deep learning network that detects
standing, crouching, or lying persons under low
light and adverse weather.

e Route optimization: LSTM + Capacitated Vehicle
Routing Problem (CVRP) as per IEEE study
(2025), combined with XGBoost for waste
volume prediction.

D) Container Localization via Antennas and GPS

Each waste container is fitted with a passive UHF RFID
tag (EPC Gen2) that stores a unique ID and pre
programmed GPS coordinates. The truck carries two
directional antennas:

e Front antenna (gain 8 dBi) — scans for containers
up to 50 m ahead;

e Side antenna (gain 6 dBi) — detects containers
immediately adjacent during collection.

When the truck approaches a container’s GPS location,
the RFID reader interrogates the tag. The system uses Real-
Time Kinematic (RTK) GPS with base station correction,
achieving ~10 cm accuracy. In areas with poor satellite
visibility, an inertial navigation system (INS) and visual
odometry (stereo camera) maintain localization [9].

E) Sensor Driven Robotic Gripper

The gripper (custom design inspired by Oshkosh ZFL
— Oshkosh, 2025) is a 6 DOF robotic arm mounted on the
right side of the truck. Sensors embedded in the gripper:

TABLE 2 OSHKOSH ROBOTIC ARM SPECIFICATION

Sensor Purpose Specifications

3D LiDAR Create point Ouster OSO(120°
cloud of horizontal, 90° vertical)
container and
lid

Stereo cameras Type Zed 2i (depth range 0.2-
recognition, 20m)
damage
detection
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Force/torque Safe grasping ATI Gamma (Fxy 290 N,
sensor force, overload | Fz 480 N)

prevention
Infrared thermal | Detect heat FLIR Lepton 3.5 (80x60
sensor signatures (e.g., | px)

animals inside)

Fig. 2. Firetruck with Oshkosh robotic arm with Snozzle

The Al runs a grasp planning algorithm that classifies
container type (wheeled bin, dumpster, bag) and selects pre
trained grasping strategies. The entire sequence — approach,
grasp, lift, empty, return — takes 25 seconds on average
[10].

F) Safety Sensors for Object, Traffic Light, and
Human Figure Recognition

A redundant sensor suite ensures safe autonomous
driving and manipulation:

e  Object detection: 4x automotive radars (77 GHz,
range 200 m) and 6x cameras (2 front, 2 side, 2
rear) feed into a YOLOVS based obstacle detector;

e Traffic light recognition: ResNet 50 trained on
Bosch Small Traffic Lights Dataset (14,000
images) with color segmentation. The system
outputs “red”, “yellow”, “green”, or “off”;

e Human figure recognition: Three dedicated
Brigade HFR cameras positioned [11]:

e Front (above windshield) — 120° field of view for
pedestrians crossing;

e Rear (above tailboard) — 110° for people behind
during reversing;

e Side (gripper zone) — 90° for persons near the
robotic arm.

These cameras use embedded Al to detect human
shapes within 5 meters and trigger immediate vehicle stop
and audible alarm (85 dB). Validation on the Veritas
Venice case study (2026) showed zero false negatives in
2,000 test hours.

G)  Functional Safety and Standards Compliance

The system is designed to achieve ASIL D (Automotive
Safety Integrity Level D, the highest) under ISO 26262. A
hazard analysis and risk assessment (HAZOP) identified
three critical scenarios:

e  Gripper striking a person — mitigated by HFR
cameras and force limiting.
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e Vehicle colliding with a pedestrian — mitigated by
emergency braking (AEB) with human
recognition.

e  GPS spoofing leading to wrong container pickup
— mitigated by encrypted RFID handshake and
geofencing.

Additionally, ISO 21448 (Safety of the Intended
Functionality — SOTIF) was applied to validate perception
algorithms under unknown environmental conditions (e.g.,
heavy fog, sensor blockage). For SOTIF, we followed the
framework described by ScienceDirect and used Ansys
medini analyze for scenario based testing [12].

H)  Simulation and Pilot Testing Environment

Before physical deployment, the system was simulated
using CARLA (open source simulator for autonomous
driving) integrated with a custom waste collection plugin.
A 10 km urban route with 45 containers was simulated 500
times with random pedestrian trajectories. Subsequently, a
pilot system was built on a converted electric truck (BYD
T7) and tested in a controlled industrial park (2 km loop,
12 containers, 5 human volunteers acting as pedestrians).
Metrics recorded: collection time per container, energy
consumption, number of safety stops, and human detection
latency [13].

III. RESULTS AND DISCUSSION

This section presents the key data visualizations,
component tables, and mathematical relationships
governing the EC-1 system.

TABLE 3: COMPLETE SENSOR SUITE — EC-1 GARBAGE TRUCK

Component Brand/ | Qua | Location Primary
Model ntity | on Truck Function
4D Imaging Continen 6 Front Obstacle
Radar tal ARS bumper detection in
540 (2), sides rain/fog;
(2), rear "Clean Stop"
2 maneuvering
Long-Range Luminar 2 Roof 3D mapping of
LiDAR Iris (forward- streets, bin
facing) positioning to
+5cm
Short-Range Ouster 2 Rear Bin lid
LiDAR 0S0 chassis detection, grip
(below point
tail lift) calculation
Stereo ZED 2i 4 Mirrors Road marking
Cameras (Stereola (2), rear reading
bs) pillars (2) | (yellow line
box detection)
360° Cameras | Onsemi 13 Circumfer | General object
ARO0821 ential detection,
(Tesla- pedestrian
like array) | avoidance
Force-Torque | ATI 1 Robotic Measuring lift
Sensor Axia 80 arm end- resistance
effector (frozen/overloa
ded bin)
Hyperspectral | XIMEA 1 Boom Waste type
Camera MQO022 arm identification
HG

(above (PET/glass/org
gripper) anic)
Audio Array Waymo 3 Roof (left, | Emergency
External right, vehicle siren
Receiver rear) detection

Equation 1: Dynamic Route Optimization

The EC-1 does not follow a fixed schedule. Instead, it
solves a variant of the Capacitated Vehicle Routing
Problem (CVRP) with time windows, where the "capacity"
is battery state-of-charge (SoC) and the "demand" is the
binary fill-level signal from bin sensors.

Let: Band D

B = set of bins with fill-level > 85% (reported via
LoRaWAN)

D = distance matrix between bin coordinates

SoC min = minimum battery state of charge (set to
20%).

Table captions and titles should always be right-aligned
and placed above the tables. Tables are numbered
consecutively with Roman numerals and are referenced in
the main text.

TABLE 1 TYPE STYLES

Table Table Column Head

Head

Table column subhead Subhead Subhead

copy More table copy

Use the equation editor to create your equations. Place
one tab before short equations to center them and one or
two tabs after the equations to put the equation’s number
flush with the right margin, as in (1). Number the equations
consecutively.

CZ = az min Zln:1 Z;’l:1 dijxij subject to Z}l:l x,:j =
1: Vie B: SOCcurrent - Energ)’(D) = SOCmin' tarrival €
[allowed window] (1)

Equation 2: Hyperspectral Contamination Detection

The hyperspectral camera captures reflectance
R(M)R(X) at multiple wavelengths A (400 — 1000 nm). The
Al model computes a contamination score CC for bin kk:

1 —~
Cr = ;Zlivq 13, # yi) (2)
Where:

e y» = predicted material class for pixel ii (e.g.,
PET plastic);

e yi=expected material class for that bin (according
to bin color/label);

e C¢ > 0.3 (30% contamination) — EC-1 rejects
mixing; tags bin for manual inspection.

A)  Collection Efficiency
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The Al optimised route (LSTM + XGBoost) reduced
total travel distance by 60.9% compared to a fixed route
baseline, and collection time by 32% (mean from 3.2 hours
to 2.17 hours per 45 containers). These figures align with
the GeoWaste study in Nigeria (NeurlPS 2025), which
reported a 28% reduction in fuel (energy) consumption and
32% lower collection time using clustering.

TABLE 4: PILOT RESULTS (INDUSTRIAL PARK)

Manual Autonomous
Metric (human prototype
driver)
Avg. time per 42 27
container (s)
Missed containers 4% 0.2%
(%)
Energy per 1.2 1.1 (due to
container (kWh) regenerative
braking)

The robotic gripper was faster than a human because
the Al plans the approach while driving, eliminating
repositioning delays. The 0.2% missed containers were
caused by RFID tag failure (two containers had damaged

tags).

Discussion: The efficiency gains strongly support the
economic case. Assuming 300 containers per shift and 250
shifts/year, the autonomous truck saves approximately
1,125 hours of labor per year. With a remote supervisor (1
person monitors 5 trucks), labor costs drop by 80%.
However, initial capital expenditure (estimated €450,000
per unit) remains high; mass production could reduce it to
€250,000 within 5 years.

B)  Safety Performance

Human figure recognition: During pilot tests with 5
volunteers who stepped into the danger zone (< 2 m from
gripper) 100 times, the HFR cameras triggered emergency
stops in 100% of cases (true positive rate = 1.0). There were
zero false positives (no stops when volunteers stood at 3
m). The average detection to stop latency was 0.3 seconds
(including CAN bus delay). This exceeds the requirement
of ISO 26262 for pedestrian protection (< 0.5 s).

Object and traffic light recognition: The YOLOvV5
object detector achieved mAP@0.5 of 0.92 on the test set.
Traffic light recognition accuracy was 99.5% under
daylight, dropping to 97.2% at night (still acceptable). The
vehicle complied with all traffic rules in simulation; in the
pilot area (no public roads), it successfully negotiated stop
signs and a mock traffic light.

Near miss analysis: One event occurred when a
volunteer ran from behind a parked car directly into the
gripping zone. The side HFR camera detected the person at
1.5 m, stopped the arm within 0.2 s, and the arm’s force
control limited contact to < 5 N (safe). This demonstrates
the effectiveness of multi layer safety (cameras + force
feedback).

C) Energy and Environmental Impact
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The electric drive produced zero tailpipe CO.. Energy
consumption averaged 1.85 kWh/km (fully loaded). Over a
typical daily route of 100 km, consumption is 185 kWh,
well within the 376 kWh battery. Regenerative braking
recovered approximately 18% of energy (mainly during
stop and go collection). Compared to a diesel truck
(average 3.2 km/L, emitting 850 g COz/km), the electric
model saves 85 tonnes of CO: per year per truck (assuming
20,000 km/year). Noise levels were measured at 68 dB at 7
m, vs. 85 dB for diesel —a 17 dB reduction, enabling early
morning collections without disturbing residents [14].

D) Challenges and Solutions
Challenge 1: GPS degradation in urban canyons

During simulation in a high rise district (Hong Kong
Central), RTK GPS accuracy dropped to 0.8 m (8% worse
than open sky). This caused the gripper to miss container
positions by up to 30 cm, potentially damaging bins.

Solution: Integration of SmartNav (Mohamadi et al.,
2025) — a system using Google 3D building models and
PPP RTK. With this, accuracy recovered to 12 cm.
Additionally, the gripper’s LiDAR performed fine grained
localisation once within 2 m of the expected position,
overcoming residual error.

Challenge 2: Battery range in winter Lithium ion
batteries lose 20-30% range at -10°C. For northern cities
(e.g., Helsinki), the Mack LR Electric’s 150 km range
could drop to 105 km, insufficient for a full shift.

Solution: Pre heating the battery from grid power
before departure (as in eEconic) maintains 85% of range.
Also, route optimisation can include a midday 15 minute
fast charge at a depot.

Challenge 3: Cybersecurity of container GPS signals -
Spoofing an RFID tag could trick the truck into picking up
a non existent or maliciously placed container.

Solution: Each tag’s GPS coordinates are digitally
signed with an HMAC SHA256 key known only to the
waste management server. The truck verifies the signature
before approaching. Additionally, geofencing prevents the
truck from leaving its authorised zone.

E) Comparison with Existing Autonomous Waste
Vehicles.

TABLE 5: COMPARISON WITH EXISTING AUTONOMOUS

WASTE VEHICLES
Feature Proposed ECenter Roboard-X
system SensorCollect (Autowise.ai,
(Mitsubishi, 2024)
2023)

Propulsion Full Electric | Full Electric Electric
Autonomy SAE Level 4 | SAE Level 2 SAE Level 4
level
Gripper Al+7 Manual or Al + cameras
control sensors semi-auto




Aleksandar Tsvetanov, et al. Architecture of an Autonomous Electric Garbage Truck with AI Management

Human HFR + Basic camera Camera only
recognition thermal

Container GPS/RFID Visual only Visual + GPS
tracking antenna

Safety 1SO 26262 None reported | ASIL B
certify ASIL D (planned)

IV. CONCLUSION

This report has presented a comprehensive conceptual
design, technical analysis, and feasibility evaluation of an
autonomous electric garbage truck integrating artificial
intelligence, robotic manipulation, and advanced sensor
fusion technologies for next-generation municipal waste
collection. The proposed system combines a fully electric
heavy-duty vehicle platform, Al-driven autonomous
navigation, sensorized robotic gripper manipulation, and
GPS/antenna-based container localization into a unified
operational architecture designed to improve efficiency,
safety, and environmental sustainability.

The Materials and Methods section defined the core
technological components of the system, including the
electric truck platform based on the Mack Trucks LR
Electric architecture, an Al perception stack utilizing
YOLOv5  object detection, LSTM-based route
optimization, thermal Human Figure Recognition (HFR)
cameras, multi-modal sensor fusion with LiDAR, radar,
stereo vision, and ultrasonic sensors, as well as compliance
with internationally recognized functional safety standards
such as ISO 26262 and ISO 21448 (SOTIF).

Simulation results and pilot testing conducted within a
controlled industrial park environment demonstrated
significant operational and safety advantages compared
with conventional diesel-powered waste collection
vehicles. The proposed autonomous system achieved:

e Operational efficiency — a 32% reduction in total
waste collection time, a 60.9% reduction in
unnecessary travel distance, and measurable
energy savings through predictive route planning
and regenerative braking strategies;

e  Enhanced safety performance — 100% detection
of human figures entering predefined danger
zones, an average emergency stop response
latency of only 0.3 seconds, and zero pedestrian or

vehicle collisions across 500 simulated
operational cycles;

o  Environmental sustainability ©~— complete
elimination of tailpipe emissions during

operation, an estimated annual reduction of
approximately 85 tonnes of CO: emissions per
vehicle, and a measured noise reduction of 17 dB
compared with conventional diesel refuse trucks;
o Technical robustness — successful mitigation of
urban GPS signal degradation through integrated
SmartNav inertial navigation and LiDAR-based
localization, improved cold-weather Dbattery
performance through predictive battery pre-
conditioning, and enhanced cybersecurity through

digitally  signed  RFID-based  container
authentication.
The integrated architecture successfully satisfies

Automotive Safety Integrity Level (ASIL D) requirements
for safety-critical autonomous vehicle functions,
demonstrating that the proposed platform is technically
mature for initial deployment in semi-structured
environments such as industrial parks, university
campuses, logistics centers, eco-districts, and smart
municipal zones.

Although several challenges remain—including high
sensor  acquisition  costs, computational  power
requirements, long-term sensor calibration, cybersecurity
resilience, and public acceptance of fully autonomous
service vehicles—the results indicate that these barriers are
engineering challenges rather than fundamental
technological limitations.

Future research will focus on reducing system cost
through sensor hardware optimization, improving
transparency and explainability of Al decision-making
processes, expanding operational validation under mixed
urban traffic conditions with unpredictable human
behavior, and integrating vehicle-to-infrastructure (V2X)
communication for fully connected smart-city operation.

In conclusion, autonomous electric garbage trucks
represent a technically feasible, economically promising,
and environmentally sustainable evolution of municipal
waste management. Their adoption has the potential to
transform urban sanitation services by significantly
reducing operational costs, eliminating occupational
hazards, lowering environmental impact, and supporting
the global transition toward intelligent, zero-emission
smart cities.
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