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Abstract - Ocean plastic pollution has escalated into a
global  environmental crisis, threatening marine
ecosystems, biodiversity, and human health. Traditional
methods for monitoring and managing this pollution are
often labour-intensive, costly, and limited in spatial and
temporal scope. This systematic review explores the
transformative potential of Artificial Intelligence (Al) and
Machine Learning (ML) in revolutionizing the fight
against ocean plastic. We survey the current landscape of
AI/ML applications across three critical domains: (1)
Detection and Monitoring, including the use of satellite,
aerial, and drone imagery with computer vision models
like Convolutional Neural Networks (CNNs) to identify
floating plastic debris and object detection algorithms to
classify plastic waste on beaches; (2) Source Prediction and
Pathways, leveraging numerical models and ML
techniques to forecast plastic accumulation zones and trace
pollution back to its sources; and (3) Management and
Cleanup, employing robotics, autonomous vehicles, and
optimization algorithms for efficient cleanup operations.
The review delves into advanced ML methods, including
deep learning, reinforcement learning, and graph neural
networks, highlighting their specific roles. Furthermore,
we integrate a crucial discussion on the financial and
economic aspects, analysing how Al can improve cost-
efficiency, enable innovative financing models like plastic
credit markets, and inform policy. Finally, we address the
existing challenges such as data scarcity, model
generalization, and computational costs and outline future
research directions, advocating for a synergistic human-Al
approach to mitigate one of the most pressing planetary
challenges of our time.
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Convolutional Neural Networks, Plastic Waste Management,
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l. Introduction

The world's oceans are under siege from a relentless
and growing tide of plastic waste. With an estimated 8 to 12
million metric tons of plastic entering the marine environment
annually, the problem has transcended environmental concern
to become a full-blown crisis with profound implications for
ecosystem health, food security, and human economies [1] [2]
[3] [4]. The visible manifestation of this crisis from polluted
beaches to the infamous garbage patches in ocean gyres
represents only a fraction of the issue, with microplastics now
pervading every level of the marine food web [5] [6] [7] [8].

Conventional approaches to monitoring marine
plastic pollution, such as beach surveys (e.g., NOAA Marine
Debris Program surveys) and trawl-based sampling, are
invaluable for collecting ground-truthed data [13] [14] [15].
However, they are inherently limited. They are point-in-time,
localized, resource-intensive, and cannot provide the synoptic,
repeated global coverage needed to understand the dynamics
of this diffuse and mobile pollutant at scale [9] [10] [11] [12].
This data gap severely hinders effective policy-making, source
identification, and cleanup efforts.

In this context, Artificial Intelligence (Al) and its
subfield, Machine Learning (ML), have emerged as powerful
technological disruptors [16]. AI/ML offers the ability to
process vast, complex datasets, recognize intricate patterns,
and make predictions with speed and accuracy that far surpass
human capabilities [17] [18. From automatically scanning
thousands of satellite images for plastic debris to optimizing
the routes of cleanup vessels, Al is providing new eyes, brains,
and tools for the global effort to combat ocean plastic
pollution [19] [20].
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This systematic review aims to synthesize and
critically evaluate the current state of Al and ML applications
across the entire pipeline of marine plastic pollution
mitigation: from detection and monitoring to management and
policy support [21] [22]. Unlike previous reviews, this paper
places a specific emphasis on the integration of advanced ML
methodologies and a detailed analysis of the financial
implications and opportunities presented by these technologies
[23] [24]. By bridging the gap between computer science,
oceanography, and environmental economics, we seek to
provide a holistic resource for researchers, practitioners, and
policymakers [25].

I1. The Marine Plastic Pollution Problem: Scope and
Challenges

To appreciate the value of Al, one must first
understand the complexity of the problem it is tasked to solve.

e Scale and Sources: The sheer volume of plastic
entering the ocean is staggering, primarily from land-
based sources via rivers, runoff, and wind [26]. Major
rivers, particularly in developing nations with
underdeveloped waste management infrastructure, act
as principal conduits [27].

o Diversity and Degradation: Plastic pollution is not a
single entity. It encompasses microplastics (>5mm),
microplastics (<5mm), and Nano plastics, with
varying polymer types, shapes, and densities. This
diversity complicates detection, as a single method
cannot capture all forms. Furthermore, plastics
fragment and weather, changing their spectral
signatures and making them harder to identify over
time [28] [29].

o Dynamic Nature: Ocean currents, winds, and tides
transport plastic debris over vast distances, creating
transient accumulation zones far from the original
source [30]. This mobility makes it difficult to pin
down responsibility and target interventions
effectively.

e The Data Deficit: Comprehensive, high-frequency,
and global data on plastic distribution and abundance
is the single biggest bottleneck in formulating an
effective response. The ocean is vast, and traditional
methods simply cannot fill this data void [30].

I11. Al and ML Fundamentals for Environmental Science

At its core, ML is a method of data analysis that
automates analytical model building. It is based on the idea
that systems can learn from data, identify patterns, and make
decisions with minimal human intervention [41] [42] [43],
[44], [45].

e Supervised Learning: The most common paradigm
in this domain. The algorithm is trained on a labeled
dataset (e.g., images tagged as "plastic" or "water").
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Once trained, it can predict labels on new, unseen
data. Key tasks include:

o Classification: Categorizing data (e.g.,
"plastic,” "algae," "sea foam").

o Regression: Predicting a continuous value
(e.g., the concentration of plastic).

o Object Detection: Identifying and
localizing objects within an image (e.g.,
drawing bounding boxes around plastic
bottles on a beach).

e Unsupervised Learning: Used to find hidden
patterns or intrinsic structures in input data without
labelled responses. Clustering is a common
technique, which could group similar spectral
signatures from satellite data.

o Deep Learning (DL): A subset of ML that uses
multi-layered (deep) neural networks. DL has been
revolutionary in processing unstructured data like
images, text, and sound.

o Convolutional Neural Networks
(CNNs): The gold standard for image
analysis. CNNs can automatically and
adaptively learn spatial hierarchies of
features from images, making them
exceptionally good at identifying plastic
debris in complex marine environments
[46].

IV. Al/ML Applications in Detection, Monitoring, and
Management

The application of AI/ML can be structured into a
logical framework from observation to action.

4.1 Detection and Monitoring

e Remote Sensing with Satellites and Aerial
Platforms:

o Methodology: Satellites (like Sentinel-2,
Landsat 8) and aircraft capture multispectral
and hyperspectral imagery. The core
challenge is that plastic debris is often sub-
pixel in size and has a weak spectral signal.
ML models, particularly CNNSs, are trained
to detect the subtle spectral signatures and
textural anomalies associated with floating
plastic accumulations [31], [32].

o Example: Researchers have used CNNs on
Sentinel-2 imagery to create maps of
floating plastic debris in the waters of
various  countries, demonstrating the
potential for global monitoring [33], [34].
Transfer learning, where a model pre-trained
on a large general image dataset (like
ImageNet) is fine-tuned for plastic detection,
has proven effective in overcoming limited
labelled data.

www.irjiet.com 193



=

/IRJIET

e Unmanned Aerial Vehicles (UAVs or Drones):
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¢ In-Situ and Close-Range Sensing:

o Advantage: Drones offer high-resolution o Riverine Monitoring: Cameras installed on
imagery (centimetre-scale) and flexibility, bridges or riverbanks continuously capture
filling the gap between costly aerial surveys images of the water surface. Al models
and lower-resolution satellite data. They are analyze this video feed in near-real-time to
ideal for monitoring beaches, rivers, and quantify the flux of plastic waste moving
coastal areas [35]. downstream, helping to identify major

o Al Integration: Real-time object detection source points [39].
models (e.g., YOLO - You Only Look Once, o Beach Litter Analysis: Al-powered mobile
Single Shot Detectors - SSDs) can be apps can allow citizens or researchers to
deployed on drones to count and classify take a picture of beach litter, with an
plastic items in flight, providing immediate, onboard ML model automatically
actionable data for cleanup crews [36], [37], classifying and counting the items,
[38]. standardizing data collection and reducing

human error [40].
Table 1: AI/ML Applications for Detecting and Monitoring Marine Plastic Pollution
Spatial Key Al/ML . Lo
Platform Primar Advan Limitation
atfo Scale Methods ary Use Case dvantages tations
CNN, Spectral . . Low resolution, signal
. _p Mapping large floating Broad, repeated ) g
, Global, Unmixing, . L interference from
Satellite . accumulations, coverage, historical .
Regional | Anomaly Monitoring 6cean avres archive clouds/glint, cannot
Detection g gyres. ' detect microplastics.
. . High-resolution mappin Higher resolution . -
. Regional, | CNN, Object g PpPINg g . Expensive, limited
Aircraft . of coastal areas and than satellites,
Local Detection - . temporal frequency.
major river plumes. targeted flights.
Real-time Object . . . Limited flight
. ) Beach and riverbank Very high resolution, | . g
UAV / Local, Detection survevs. pre- and post cost-effective. on time/battery, regulatory
Drone Site (YOLO, SSD), ys, P P ’ restrictions, small area
cleanup assessment. demand.
CNN coverage.
. . Continuous monitorin Continuous, real-time | Fixed field of view,
Fixed . CNN, Video . . g . . .
Site . of riverine plastic flux, data, ideal for source | requires installation and
Camera Analytics . ) e . .
waste infrastructure. identification. maintenance.

4.2 Prediction,

Pathway Modeling,

Identification

and Source

Knowing where plastic is located is only half the
battle; predicting where it will go and where it came from is

equally critical.

e Numerical

Models and ML Fusion: Traditional

Ocean circulation models (e.g., Parcels, HYCOM)
can simulate the transport pathways of virtual plastic
particles. However, their accuracy is limited by the
resolution of the underlying physical data and
processes. ML can enhance these models:

or drones) and correct the model outputs,
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o

Data-Driven Correction: ML algorithms
can learn the bias between model predictions
and real-world observations (from satellites
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leading to more accurate forecasts of plastic
accumulation zones [47].

Source Attribution: By running models
backwards in time (lagrangian particle
tracking), researchers can trace the likely
origin of plastic found in a specific location.
Coupling this with ML-based classification
of land-based sources (e.g., identifying
watersheds with high mismanaged plastic
waste) allows for targeted interventions at
the source [48].

4.3 Management, Cleanup, and Circular Economy

Al moves beyond observation to direct action in

cleanup operations and waste management.
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Robotics and Autonomous Cleanup:

o Riverine Robots: Al-powered robotic boats
and barriers are being developed that use
computer vision to identify and capture
floating debris in rivers before it reaches the
ocean [49]. Reinforcement Learning (RL)
can be used to train these systems to
navigate complex currents and optimize
their collection paths.

o Ocean Cleanup Vessels: For large-scale
ocean cleanup systems, Al can optimize the
routing of vessels to target the densest areas
of pollution, as predicted by satellite and
model data, maximizing fuel efficiency and
plastic capture per voyage [50].

Waste Sorting and Recycling: A significant portion
of ocean plastic stems from a lack of effective waste
management. Al-powered robotic sorters in recycling
facilities use hyperspectral imaging and ML to
identify and separate different polymer types with
high speed and accuracy, increasing the quality and
value of recycled materials and supporting the
circular economy [51].

Policy and Public Awareness: Al can analyze vast
amounts of text data from social media, news, and
scientific reports to gauge public sentiment, track
policy effectiveness, and identify emerging concerns
related to plastic pollution, providing valuable
insights for policymakers and campaigners.

V. Advanced Al/ML Methods in Detail

Beyond standard CNNs, more sophisticated methods

are being explored.
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Explainable Al (XAl): The "black box" nature of
deep learning is a concern for scientists who need to
trust and understand the model's decisions.
Techniques like SHAP  (SHapley  Additive
exPlanations) and LIME (Local Interpretable Model-
agnostic  Explanations) are being applied to
explain why a model classified a certain pixel cluster
as plastic, increasing scientific credibility and trust
[48].

Semi-Supervised and Self-Supervised
Learning: Labeling thousands of satellite or drone
images is a major bottleneck. These techniques allow
models to learn from a small amount of labeled data
and a large amount of unlabeled data, dramatically
reducing the human effort required for training [42].

Graph Neural Networks (GNNs): Plastic transport
is a network problem, connecting rivers, coasts, and
ocean currents. GNNs can model these complex
spatial relationships, potentially leading to more
accurate and holistic models of the plastic lifecycle
from source to sink [41].
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Generative Adversarial Networks (GANSs): GANs
can be used for data augmentation—generating
realistic, synthetic images of plastic debris in various
environmental conditions to expand limited training
datasets and improve model robustness [45].

VI. Financial Analysis and Economic Incentives

The deployment of Al is not just a technical decision

but an economic one. A robust financial case is essential for
widespread adoption.

www.irjiet.com

Cost-Benefit Analysis of Al vs. Traditional
Methods: While the initial investment in Al
infrastructure (sensors, computing, expertise) can be
high, the long-term benefits often outweigh the costs.
Al automates labour-intensive tasks (e.g., manual
image analysis), reduces the need for expensive field
campaigns through remote sensing, and enables more
efficient deployment of resources (e.g., targeting
cleanup where it is most needed). This leads to a
significant reduction in operational expenditures over
time [55].

Plastic Credit Markets and FinTech: Similar to
carbon credits, plastic credit markets are emerging,
where companies can purchase credits to offset their
plastic footprint by funding collection and recycling
projects. Al plays a crucial role in this ecosystem by
providing Measurement, Reporting, and
Verification (MRV). Al-based monitoring can verify
the amount of plastic collected or diverted from a
river, ensuring the integrity and transparency of the
credit system and preventing fraud [56]. Blockchain
technology can be integrated with this Al-generated
data to create a tamper-proof record.

Informing Policy and Investment: Al-generated
data on plastic hotspots and sources provides
governments and investors with the evidence needed
to make informed decisions. It can guide investments
in waste infrastructure in the most critical areas,
assess the effectiveness of policies like plastic bags
or Extended Producer Responsibility (EPR) schemes,
and help quantify the economic damage caused by
plastic pollution to sectors like tourism and fisheries
[54].

195



International Research Journal of Innovations in Engineering and Technology (IRJIET)

7/
/m.un

ISSN (online): 2581-3048
Volume 9, Issue 10, pp 192-201, October-2025

https://doi.org/10.47001/IRJIET/2025.910026

Table 2: Financial Mechanisms and the Role of Al in Ocean Plastic Mitigation

Financial Mechanism Description

Role of Al/ML

Impact

Government grants,
environmental agency
budgets.

Traditional Public
Funding

Provides data to prioritize
spending, demonstrate ROI
of interventions, and report
on outcomes.

Increases accountability and
efficiency of public funds.

Investments made with
the intention to generate
positive, measurable
social and environmental
impact alongside a
financial return.

Impact Investing

De-risks investments by
providing verifiable, data-
driven proof of impact (e.g.,
kg of plastic removed).

Attracts private capital to the blue
economy and cleanup ventures.

A market-based
instrument where
companies buy credits
equivalent to plastic they
remove or recycle.

Plastic Credit Markets

Provides crucial MRV
(Measurement, Reporting,
Verification) through remote
sensing and data analytics,
ensuring credit legitimacy.

Creates a sustainable financing
stream for collection and
recycling, scales up cleanup
efforts.

Policy mandating
producers to be
responsible for the entire
lifecycle of their
products, including post-
consumer waste.

Extended Producer
Responsibility (EPR)

Helps track and audit plastic
waste flows, verifying
producer compliance and the
effectiveness of EPR
schemes.

Ensures policy effectiveness and
holds producers accountable.

VII. Challenges and Future Directions
Despite the promising advances, significant hurdles remain.

e Data Scarcity and Quality: The lack of large,
diverse, and accurately labeled datasets for training
robust models is the primary challenge. There is a
need for global, open-source benchmark datasets for
marine plastic detection [27].

e Model Generalization: A model trained on data
from one geographic region (e.g., the Mediterranean)
may perform poorly in another (e.g., Southeast Asia)
due to differences in water color, plankton, and
atmospheric conditions. Developing models that can
generalize across diverse marine environments is an
active area of research [28].

e Computational Costs: Training sophisticated deep
learning models requires significant computational
resources (GPUs), which can be a barrier for
researchers and organizations in developing
countries, which are often on the front lines of this
crisis.

e Detection of Microplastics: Current remote sensing
technologies are incapable of directly detecting
microplastics. Al's role here is indirect, focusing on
predicting microplastic distribution by modeling the
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fragmentation of tracked microplastics or analysing
water samples in the lab [29].

e Integration and Interoperability: The future lies in
integrated platforms that combine satellite data, drone
surveys, in-situ sensors, and oceanographic models
into a single Al-driven decision-support system for
policymakers and cleanup organizations [30].

VIII. Conclusion

The fight against ocean plastic pollution is a daunting
one, but Al and ML are emerging as indispensable allies. This
review has demonstrated how these technologies are being
deployed across a spectrum of applicationsfrom the macro-
scale, using satellites to map global plastic flows, to the micro-
scale, using robots to sort waste creating a more
comprehensive and dynamic understanding of the problem
than ever before.

The integration of advanced methods like
Explainable Al and Graph Neural Networks promises even
greater capabilities, moving from simple detection to
sophisticated prediction and system-level understanding.
Crucially, by enabling transparent verification and efficient
operations, Al is unlocking new financial models, such as

www.irjiet.com 196



RJIET

plastic credit markets, that can scale up solutions by aligning
economic incentives with environmental outcomes.

Computer

The path forward requires a collaborative effort.
scientists must work with oceanographers,

environmental engineers, and economists to build robust,
generalizable, and accessible tools. Addressing the challenges
of data scarcity and computational cost is paramount. By
fostering this synergy and continuing to innovate, we can
harness the power of Al not just to monitor the escalating
crisis of ocean plastic pollution, but to manage it, mitigate it,
and ultimately, reverse it.
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