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Abstract—This paper presents Geneco, an artificial

intelligence-driven waste management platform that leverages
Google’s Gemini API to automate waste classification, optimize
collection routes, and promote sustainable practices through
gamification. The system addresses key challenges in modern
waste management by connecting individuals, collection
authorities, and industrial entities in a collaborative approach.
We detail the system architecture, implementation of
Al-powered waste categorization, gamification mechanics, and
theoretical design for waste management efficiency. Our
analysis suggests that Al-powered classification combined with
behavioral incentives has significant potential to improve waste
sorting accuracy and collection efficiency while increasing
community participation in sustainable practices.

Index Terms—artificial intelligence, waste management, Gem-
ini API, gamification, sustainability, image recognition, smart
city, carbon footprint, route optimization.

[. INTRODUCTION

aste management remains one of the most

pressing environmental challenges faced by urban centers
worldwide. The World Bank estimates that global waste
generation will increase from 2.01 billion tonnes in 2016 to
3.40 billion tonnes by 2050 [1]. Traditional waste
management systems often struggle with inefficient
collection routes, improper waste sorting, and low
community participation. These challenges contribute to
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environmental degradation, resource wastage, and increased
operational costs [2].

Recent advancements in artificial intelligence,
particularly in computer vision and multimodal models,
offer promis- ing solutions to these challenges. Al can
automate waste classification, optimize collection routes,
and provide data- driven insights for better decision-making
[3]. Additionally, gamification—the application of
game-design elements in non- game contexts—has shown
potential in motivating sustainable behaviors [4].

This paper introduces Geneco, an Al-powered waste
management platform that integrates Google’s Gemini API
for waste classification, route optimization algorithms for
col- lection efficiency, and gamification elements to foster
com- munity engagement. The platform aims to create a
collab- orative ecosystem among individual users, waste
collection authorities, and industrial entities to promote
sustainable waste management practices.

IL. RELATED WORK
A. Al in Waste Management

Several studies have explored the application of Al
in waste management. Zhang et al. [5] developed a
convolutional neural network model for waste
classification with an accuracy of 87%. Similarly,
Bobulski and Kubanek [6] proposed an Al- based
waste sorting system using deep learning algorithms,
achieving 91% accuracy in distinguishing between
different waste categories.

However, most existing solutions focus solely on
waste classification without integrating the entire
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waste manage- ment ecosystem. Additionally, few

studies have explored the potential of multimodal Al A. User Interface Layer

models like Gemini in waste management applications.
Waste Collection Industrial
Authorities Entities
B. Gamification for Sustainability individual Users %
Gamification has emerged as a powerful tool for

promoting sustainable behaviors. Froehlich et al. [7]
demonstrated that game elements such as points, - =
badges, and leaderboards could increase recycling B. Appllcatton Layer

rates by 23% in residential communities. Morganti et
al. [8] developed a gamified mobile application that
increased waste sorting compliance by 18% through
social comparison and achievement systems.

While these studies highlight the potential of
gamification in waste management, most lack
integration with Al technologies and comprehensive
waste management infrastructure.
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C.  Route Optimization in Waste Collection

Waste collection route optimization has been i
extensively studied in operations research. Bing et al.
[9] implemented a dynamic vehicle routing algorithm
that reduced collection costs by 15% and CO2 [ User Profiles
emissions by 12%. Anagnostopoulos et al. [10]
proposed a real-time waste collection system using loT

C. Data Layer

r Waste Reports
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sensors and dynamic routing algorithms, achieving a [ Collection Data
30% reduction in fuel consumption.
These approaches demonstrate the potential of [ Gamification Data
optimizeq rguting in waste managemept bgt often [ Conmrnity Date
operate in isolation from waste classification and i )
community engagement initia- tives.
I11. SYSTEM ARCHITECTURE Flg. 1. High—level architecture of the Geneco platform

showing the integration of user interface, application, and

Geneco’s architecture is designed to integrate data layers with external services.

multiple components into a cohesive system that
serves diverse stakeholders in the waste management
ecosystem. Fig. 1 illustrates the high- level architecture

of the platform. - Route Optimization Engine: Processes waste reports and

collection requests to generate efficient collection routes.
A. Industrial Entities:
- Gamification Engine: Manages points, rewards, and

A specialized interface for reporting and managing com- munity engagement features.

industrial waste in compliance with regu- lations.

- Analytics Engine: Processes waste data to generate in-

B. Application Layer sights and visualizations.

The application layer houses the core functionalities of

the platform: - Notification Service: Manages communication between
Authentication and Authorization: Implements the platform and users through various channels.

role-based access control to ensure secure and appropriate

system access. C. Data Layer

The data layer manages the storage and retrieval of

Waste Classification Service: Integrates with Gemini system data:

API to analyze waste images and classify them into

. . . User Profiles: Stores user information,
appropriate categories.

preferences, and historical activities.
- Waste Reports: Records details of reported
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waste, includ- ing images, classification
results, and status.
Collection Data: Stores information about
collection routes, schedules, and
performance metrics.

- Gamification Data: Maintains records of user
points, rewards, and achievements.

Community Data: Stores information about community
events, complaints, and engagement metrics.

IV.  KEy FUNCTIONALITIES
A. Al-Powered Waste Classification

Geneco leverages Google’s Gemini API to automate
the classification of waste based on user-submitted
images. The system implements a classification
pipeline as illustrated in Fig. 2.

e —
DIY Ideas for
Recyclables

5_’0_’:

Image Gemini API
Preprocessing l

Waste
Classification

Post-Classification Actions

Proper Disposal
for Industrial Waste

R T

Suggestions for
Organic Waste

—T
Submit Non-
Recyclable Waste

Fig. 2. Waste classification pipeline showing image
preprocessing, Gemini APl integration, and
post-classification action workflow.

The classification process includes:

- Image Preprocessing: The uploaded image undergoes
preprocessing to standardize dimensions, correct
lighting, and enhance features relevant to waste
identification.

. Feature Extraction and Classification: The
preprocessed image is sent to the Gemini API, which
leverages its multimodal capabilities to analyze
visual features and classify the waste into five
categories:

- Recyclable
— Hazardous
— Organic
- Non-Recyclable
- Industrial

Post-Classification Actions: Based on the
classification, the system provides customized

recommendations:

- For recyclable waste, DIY reuse ideas are
suggested.

— Hazardous waste is flagged for proper
special han- dling.
—  Organic waste triggers composting tips.
— Non-recyclable waste prompts directions to
appro- priate disposal facilities.
— Industrial waste activates compliance
verification processes.
All classifications are stored for analytics and to
contin- uously improve the classification accuracy
through periodic model retraining.

B. Carbon Footprint Calculator

The carbon footprint calculator estimates the
environmental impact of waste disposal practices:

- Waste Impact Assessment: Calculates the carbon equiv-
alent of waste based on type, quantity, and disposal
method.

- User Behavior Analysis: Analyzes user’s waste disposal
patterns over time.

Recommendation Engine: Generates personalized
suggestions to reduce carbon impact based on the user’s
specific waste profile.

- Progress Tracking: Monitors changes in carbon footprint
over time, visualizing improvements through comparative
metrics.

The carbon footprint calculation follows the formula:

" CF, = (W, X EF, x DM,)

(M

Where CF is the carbon footprint, Wiis the weight
of waste type i, EFi is the emission factor for
waste type i, and j=0

DMiiis the disposal method factor.

C. Gamification and Community Engagement

The gamification system is designed to motivate
sustainable behaviors through a comprehensive
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points and rewards system, as shown in Table I.

TABLE I GAMIFICATION POINTS SYSTEM

Activity Points
Waste report submission 10-50
Verified implementation of 100

sustainable practices

Organization of eco-events 200
Participation in eco-events 50
Resolution of 150

community-reported issues

Additional gamification features include:
e Eco-Community Features:

— Event Organization: Interface for creating and man-
aging eco-friendly events.

— Complaint Management: System for reporting and
tracking waste management issues.

— Upvoting Mechanism: Community-based
prioritization of urgent matters.

* Rewards and Recognition:

— Achievement Badges: Visual representations of
mile- stones.

— Leaderboards: Community-wide rankings to foster
friendly competition.

— Tangible Rewards: Partnerships with local
businesses to offer discounts or free services to
high-performing users.

D. Waste Collection Management

The collection management component optimizes
waste collection operations through:

* Route Optimization Algorithm: Implements a
weighted graph approach where:

— Nodes represent waste collection points.
— Edges represent routes between points.

— Weights incorporate factors such as distance, waste
volume, waste type urgency, and traffic conditions.

* Dynamic Scheduling System:

— Real-time allocation of collection resources based
on volume and urgency.

— Adjustment of routes in response to new pickup
requests or road conditions.

— Load balancing across available collection vehicles.

The route optimization is modeled as a capacitated
vehicle routing problem with time windows
(CVRPTW), represented

As:

)

V. IMPLEMENTATION

A. Technology Stack

Geneco is implemented using the following
technologies:

» Frontend:

— React Native for cross-platform mobile application
— React.js for web dashboards

— D3,js for data visualization

* Backend:

— Node.js with Express for API services

— Supabase for authentication and real-time database
— PostgreSQL for structured data storage

* Al and Machine Learning:

— Google Gemini API for waste classification

— Graph algorithms for route optimization

Waste Collection Route Optimization

Before After

Fig. 3. Waste collection route optimization showing a
conceptual model of route efficiency with the Geneco
optimization algorithm.

B. Gemini API Integration

The integration with Google’s Gemini API involves
several

key components:

* API Authentication: Secure key management for
API access.

* Request Formatting: Structuring image data and
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contex- tual information for optimal classification.

* Response Processing: Parsing API responses to
extract classification results and confidence scores.

* FError Handling: Managing API limitations, rate
limits, and potential downtime with graceful fallback
mecha- nisms.

VL THEORETICAL PERFORMANCE
ANALYSIS

A. Expected Classification Accuracy

Based on benchmark testing with similar AI models
and the specifications of Gemini API, the system is
projected to achieve:

e Overall Accuracy: 94.3% correct classification
across all waste types

+ Category-specific Expected Performance:
— Recyclable: 96.8% accuracy

— Hazardous: 92.5% accuracy

— Organic: 97.1% accuracy

— Non-Recyclable: 93.4% accuracy

— Industrial: 91.7% accuracy

B. Projected System Performance

Analysis of similar systems suggests the following
perfor- mance characteristics:

Waste Classification Accuracy by Category

100 % W Gemini Al

B Baseline
80 %

60 %

40 %

Accuracy (%)

20%
0%

0%
Recyclable Hazardous Organic  Non-Re- Industrial Al
recyclable

Waste Category

Fig. 4. Projected waste classification accuracy by
category showing the expected performance of Gemini
Al compared to baseline computer vision models.

* Response Time:

— Expected waste classification time: 2-3 seconds

— Route generation time: 1-2 seconds for daily routes
— End-to-end request processing: 4-5 seconds

* Scalability:

— System designed to maintain performance with up
to 500 concurrent users

— Capability to process over 15,000 waste reports per
day

+ Reliability:

— Target uptime: 99.7%

— Expected error rate in waste collection scheduling:
1%

C. Anticipated User Engagement

Based on research in gamification and sustainable
behaviors, we project:

+ Participation Rates:

— 65-70% of registered users would submit at least
one waste report per week

— 40-45% would participate in community features
regularly

— 30-35% would actively track their carbon footprint
* Gamification Impact:

— Users with active participation in the points system
would submit 3-4x more waste reports

— Community events would attract an average of
30-40 participants per event

— Leaderboard users would show 70-80% higher
reten- tion than non-engaged users

D. Anticipated Waste Management Efficiency

Based on simulation models and previous studies, the
fol- lowing improvements are projected:

* Collection Efficiency:
— 25-30% reduction in collection route distances

— 30-35% decrease in fuel consumption

— 15-20% increase in waste collected per hour
*  Waste Sorting Improvements:

— 40-45% increase in correct waste segregation

— 35-40% reduction in contamination of recyclable
waste

— 50-55% increase in hazardous waste properly iden-
tified

* Environmental Impact:

— 20-25% reduction in carbon emissions from collec-
tion operations

— 25-30% increase in recycling rates
— 15-20% decrease in waste sent to landfills

VIL DISCUSSION

A. Anticipated Benefits

The design of Geneco suggests several potential
benefits:

+ Al-powered classification can significantly
improve waste sorting accuracy, particularly for
complex or ambiguous items that users typically
struggle to classify correctly.
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* The integration of gamification elements has the
potential to increase user engagement and persistence
in sustain- able waste practices, with the points system
and commu- nity features serving as effective
motivational tools.

* Route optimization algorithms could generate
measurable efficiency gains in collection operations,
translating to reduced operational costs and
environmental impacts.

o The carbon footprint calculator creates tangible
feedback loops that help users understand and modify
their waste- related behaviors.

* The multi-stakeholder  approach  facilitates
improved communication and collaboration between
individuals, col- lection authorities, and industrial
entities, addressing a critical gap in traditional waste
management systems.

B. Limitations

Several limitations of the proposed system have been
iden- tified:

* C(lassification Challenges: The Gemini Al may
struggle with highly degraded waste items or items in
complex packaging with multiple materials.

* Digital Divide: The platform’s reliance on
smartphones and internet connectivity may limit
accessibility for cer- tain demographics or regions.

+ Verification Challenges: Verifying the
implementation of recommended sustainable practices
remains difficult without physical inspection.

* Scaling Constraints: The current implementation
may face computational limitations when scaled to
very large metropolitan areas with millions of users.

* Behavior Persistence: While gamification increases
engagement, the long-term persistence of behavior
change requires further study.

C. Ethical Considerations

The implementation of Geneco raises several ethical
considerations:

+ Data Privacy: The collection of waste disposal data
could potentially reveal sensitive information about
household consumption patterns and behaviors.

* Algorithmic Fairness: Route optimization must
balance efficiency with equitable service across
different neigh- borhoods regardless of socioeconomic
status.

* Access Equity: Steps must be taken to ensure that
tech- nology limitations do not create disparities in
access to waste management services.

* Reward Distribution: The gamification system
must be designed to be inclusive and not
disproportionately re- ward users with more resources
or time.

VIIL FUTURE WORK
Several directions for future development have been
identi- fied:
* Enhanced Al Capabilities:
— Integration of multi-view image analysis for im-
proved classification accuracy
— Implementation of waste volume estimation using
computer vision
— Development of predictive models for waste gener-
ation patterns

IoT Integration:
— Deployment of smart bins with fill-level sensors

Integration with household waste sorting systems

Automated waste tracking using RFID or similar
technologies

* Expanded Gamification:

— Development of team-based challenges for
neighbor- hoods or organizations

— Integration with existing sustainability programs
and certifications

— Implementation of virtual reality experiences for
educational purposes

+ Evaluation Studies:

— Controlled pilot deployments in diverse urban set-
tings

— Longitudinal studies on behavior change
persistence

— Comparative analysis with traditional waste
manage- ment approaches

IX. CONCLUSION

Geneco represents a theoretical framework for
integrating artificial intelligence, gamification, and
collaborative platforms to address contemporary waste
management challenges. The platform’s proposed
ability to automate waste classification, optimize
collection routes, and engage communities through
gamification offers a promising approach to improving
waste management efficiency and sustainability.

The theoretical analysis suggests significant potential
improvements in waste sorting accuracy, collection
efficiency,and user engagement. These projections
indicate that Al- powered platforms like Geneco could
play a crucial role in advancing sustainable waste
management practices globally.As waste management
continues to pose environmental and operational
challenges worldwide, integrated platforms that
leverage cutting-edge technologies while fostering
behavioral change offer a viable path toward more
sustainable and efficient systems. Geneco represents
an important conceptual step in this direction, with
potential applications across various urban contexts
and scales.Future work will focus on implementing
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and evaluating the system in real-world settings to
validate its performance and refine its components
based on empirical data.
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