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Abstract. The growing concerns about urbanization and environmental troubles
make waste management a crucial hassle worldwide. Conventional garbage
segregation is bulky, much less efficient, and at risk of mistake, which means
there is a dire need for present day high-tech automated trash sorting technology.
Recent innovations in sensor and deep learning technology paint an optimistic
picture of waste segregation efficiency. Other strategies that this review covers
are Convolutional Neural Networks such as EfficientNet, InceptionNet, hybrid
models like CNN-LSTM that have been overly accurate in waste type among
many others. Such systems often include sensors including gas and near-infrared
(NIR) sensors for improving the identification and sorting of several waste items.
Still, there exist several challenges for this invention, such as low variability in
datasets, dependence on sensor, and a real time processing problem. The
existence of performance barriers for sensor significantly reduces the overall
efficiency of modern construction mainly attributed to dark color plastics and
complex types of waste. Future research efforts aim towards solving these issues
through usage of increasingly complex methods of fusion of sensors, increase the
datasets, and also through the improved real-time processing capabilities. Such
developments in technology may be quite promising concerning Al-driven waste
management systems in relation to the reduction of environmental impact and
enhanced recycling, significantly supporting sustainable urban living.This
review paper will delve deeper into a few of the works carried out in this region
to identify gaps and suggest future directions.

Keywords: Waste Management, Deep Learning, Convolution Neural Networks,
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1 Introduction

The increasing rate of waste generation in the global scenario proved a serious threat to
conventional techniques of waste management and fostered more complex and
mechanized technologies. In this paper, the recent advancement in automated collection
of garbage and the design of CNNs, hybrid deep architectures, and sensor technologies
to assist researchers is discussed. Especially for complex data, CNN architectures such
as EfficientNet and InceptionNet the use of which has significantly improved the
classification performance. However, data collection and limited sensor capacity
remain major obstacles to achieving consistent real-time performance .In response,
hybrid models combining CNNs with other neural networks such as CNN-LSTM are
emerging to resolve temporal and spatial dependencies and improve classification
accuracy by integrating these models with sensor technologies such as hyperspectral ,
near-infrared (NIR), and RGB sensors have allowed for more accurate classification of
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recyclable and non-recyclable resources. Despite this progress, hurdles still exist,
especially with datasets many representing the monitoring of heterogeneous real-world
waste species and the optimization of sensor systems for reliable detection under
environmental conditions. Several studies have emphasized the benefits of transfer
learning and data enhancement in overcoming the limitations imposed by small data
sets, thus increasing the robustness of models without extensive training. Another area
of improvement is the real-time internal implementation. Delayed planning limits the
possibility of large-scale implementation, and thus, cloud computing and edge Al are
promising ways to overcome latency challenges, allowing models to do faster on-site
calculations and reducing downtime.
This review contributes to the area by discussing such technological advancements and
their utility in regard to key issues to be applied to waste sorting automation. The
purpose of the review is to describe the research possible strategies that might lead to
scalable, cost-effective waste management systems.

2 Related work

The combination of deep learning and sensor technology has made great strides in waste
classification in recent years. Focusing on hybrid architectures such as convolutional
neural networks (CNNs) and CNN-LSTM models, which improve accuracy by
capturing both spatial and temporal data features, this chapter explores important
advances in automatic garbage sorting. Furthermore, methods like near-infrared (NIR)
and hyperspectral imaging have been included to address problems like overlapping
textures and material similarities. We examine the advantages and drawbacks of each
method, paying particular attention to how well they can handle operational difficulties
and real-time sorting demands.

One of the key studies presents an advanced waste sorting system that combines deep
learning and sensor technology to manage plastic packaging waste. Combining CNN
images including Inception-v3, ResNet-50, MobileNet-v2, and DenseNet-201, the
system uses a high Inception-v3 with accuracy of 78.34. The approach incorporates six
sensors—NIR, humidity, temperature, CO2, CH4, and a laser profile sensor—alongside
an RGB camera to analyse material type, size, cleanliness, and physical attributes of
waste. But challenges such as incorrect sensor readings, difficulty detecting black
plastic, problems with contamination materials and mixing issues remain, emphasizing
the need for more sensor optimization and handling improvements|1].

Another approach combines CNN and LSTM models for transfer classes using
TrashNet dataset to classify waste into recyclable categories and biological resource
transfer classes, especially models with 95.45% accuracy waste textures and different
shapes are recognized from ImageNet and performs higher than ResNet is Extensive
data enhancement to reduce overfitting and increase data set diversity is responsible for
its excellent accuracy. Difficulties with the model in contaminated waste mixtures,
despite its variability, have been noted for further studies. The results of the study
highlight the utility of transfer learning for increasing classification accuracy in
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complex social contexts, laying the foundation for incorporating more weed groups and
driving model flexibility high[2].

Another study presents GECM-EfficientNet, an enhanced EfficientNet system that
provides a sophisticated method for waste disposal and recycling. To scale image
classification systems, this model combines coordinated attention (CA) and effective
pathway attention (ECA), improving traditional MBConv modules Image with a fast
processing speed of 146 milliseconds, the system exhibits remarkable accuracy rates.
With 1.23 million parameters, this method reduces the computational complexity and
increases accuracy, which is one of its main advantages. Because it enables faster
decision making when sorting waste, this efficiency is especially useful for real-time
waste management.However, studies always show issues, such as waste types which
can affect classification accuracy. The results show how state-of-the-art models such as
GECM-EfficientNet can support environmentally friendly waste management. This
study opens the door for further research in the field by highlighting the importance of
combining state-of-the-art deep learning methods with real-world applications. The
overall objective of the project is to provide the necessary waste separation
infrastructure to increase recycling rates and reduce environmental impact[3].

A new article presents Smart Bin, a modern hardware solution that uses deep learning
algorithms to efficiently classify and separate waste into biodegradable and non-
biodegradable categories AlexNet, ResNet, VGG-16, Using InceptionNet (CNNs) and
Convolutional Many other Neural Networks work surprisingly well with this system.
The highest accuracy, 98.15% during training and 96.23% during validation, was
achieved by InceptionNet. For image capture and real-time classification, SmartBin
integrates PiCam, Raspberry Pi, and infrared sensors Despite its efficiency, this method
solves the complex issue of coupled garbage-image noise does. One of the most
important developments in automated garbage management is smart bins which be
installed, showing how deep learning techniques and hardware solutions can be used to
promote environmental sustainability in the long term[4].

A study presents an Al solution, the so-called ANN intelligent waste sorting system
for improving recycling in municipalities. These include characteristics such as color,
texture and shape to separate things like metal paper or other waste categories. Using
the 2400 photos as test images produced an accuracy of about 91.7% for a working
system. However, there are also constraints of the system e.g.bad requirement for large
databases and computational inefficiencies etc. which further add complexity to this
system. To address those issues, the authors suggest a few improvements: more diverse
waste categories and an accelerated category system that cannot work only in optimal
lighting conditions but can also scale for real-world instances where lighting varies.
Future improvements may aim at reducing the processing time and increasing the ability
of the model to handle mixtures of complex waste types[5].
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Table 1. Comparison of present research papers on Recyclable
Material Classification

Pa
per

Keywords

Problem
Domain

Methods Used
with
Accuracy

Limitations

Findings
(Better
Methods
thanExisti

ng)

(1]

Waste
management,
deep learning,
sensor
technology,
smart waste
bin, CNN

Waste
separation
for plastic
recycling

Deep learning
models (Inception-
v3 with 78.34%
accuracy), Sensor-
based sorting (NIR,

laser sensors)

humidity, gas, and

Limited
accuracy with
dark-colored
plastics,

entanglement
of different
plastic  types,
limited dataset

Feature
fusion of
sensors and
CNN
models
offers
higher
accuracy
and better
purity in
waste
sorting,
outperform
s basic
sensor or
CNN-based
methods
alone

[2

[

Smart waste,
CNN-LSTM,
transfer
learning,
sustainable
development

Waste
classificatio
n for
recycling
and
composting

Hybrid
LSTM model with
transfer learning,
achieving 95.45%
precision

CNN-

Dataset
limitations;
challenges in
real-time
processing

CNN-
LSTM
hybrid
model
outperforms
traditional
CNN
models
(VGG-16,
ResNet)
with better
precision
and reduced
loss




A Review on Recyclable Material Classification using Deep ...

1265

GECM- GECM-
EfficientNet with EfficientNet
transfer learning; Limited offers high
Waste sorting Houschold 94.54% accuracy dlimti . accuracy and
. i ataset size; i
EfficientNet, ouseho on custom : compgtatlona
. waste d high I efficiency
recycling, . ataset
sorting and dependency on edge
[3] ransfer recyclin i devices
learning, CNN yeling on re.al-tlrr.le >
classification utperformin
for hardware % Fff“?tm%}
integration 1cientNet-
& based models
Garbage CNN-based
segregation, Garbfige | CNN model Limited hardware .
CNN, classificatio | . . system is
. integrated with | dataset .
Inception Net, n for . more efficient
. . hardware variety and :
4 infrared environment, . frared hard than previous
[4] sensors al waste (infrare ardware manual
management, SENSOTS), dependency oring
achieving on specific approaches
92.45% accuracy | sensors
Waste-sorting, Artificial Feature
recycling, Neural fusion
neural Network improves
networks, (ANN)  with classification
smart cities features performance,
fusion, Limited showing
Waste-sorting  achieving generalizati po:entlail (1;or
. accuracy over automate
and r'ecycl‘mg 0% on due . to recyeling
classification dataset size; >
[5] o . systems in
for smart cities potential .
) eul bias in the smart cities;
1n a cireuiar > outperformin
economy training
dataset conventional
methods in
scalability
and
adaptability.




1266

K. Vinoothna et al.

The
improved
DCNN
Improved showed
Waste Deep Challenges superior
classification, . Convolution | include accuracy
. Efficient .
deep learning, ) al Neural computation | and
. sorting and .
improved classification Network al resource efficiency
DCNN, binary £ . (DCNN) requirement | over
L] classification, © orglar;ic VS| with s, limited standard
LeakyReLU, recycrabe LeakyReLU | generalizabi | CNN
household L g
transfer activation. lity to models,
learning, waste Achieves an | diverse effectively
recycling accuracy of | waste types classifying
93.28%. waste into
organic and
recyclable
categories
Waste RWC-Net RWC-Net
classification  model Small dataset |outperforms
into six combining size; existing
Waste categories (e.g., DenseNet201 [imbalance in  |models,
classification, |cardboard, and "litter" class  |demonstratin
recycling, deep |glass, plastic, |MobileNet-v2, (88.55% F1- |g superior
learning, CNN, etc.) achieving score); lacks  [classification
[7] Score-CAM, 95.01% bounding accuracy and
TrashNet dataset accuracy; F1- |boxes and model
scores above [segmented robustness
94% for most masks using
categories saliency
maps (Score-
CAM)
CNN-based
method
CNN model; improves
92.66% Limited accuracy
Thermoplastic | Thermoplastic accuracy in  |generalizabilit compared to
5] Waste CNN, | waste classifying  ly due to dataset P3siC_
deep learning, | classification [thermoplastic size and machme
classification | for recycling materials complexity oflearning
waste types models




A Review on Recyclable Material Classification using Deep ... 1267

3 Gaps in Research

Limited Application of New Object Detection Models like YOLO: Although
extremely efficient and precise, models like YOLOvVS, YOLOv7, and YOLOVS have
limited application in actual waste sorting in real life. Their application can enhance
the detection performance to a very high extent, especially in dense and multi-class
settings.

Inefficient Multiple Object Detection: Existing systems are prone to failure in
detecting and classifying multiple classes of trash in a single image, especially when
objects overlap or are occluded.

Shortage of Semantic Segmentation: Most models incorporate only bounding box
detection and no pixel-level precision. There are algorithms needed for semantic
segmentation in the case of correct classification, particularly when the input is mixed
or ambigious waste.

Poor Hardware Integration: The majority are model-based and poorly implemented
at edge or embedded platforms like Raspberry Pi or Jetson Nano that are essential to
on-site and real-time trash sorting.

Lack of Diversity in Dataset: These models learn from datasets with poor diversity
in waste types, locations, and areas and hence generalize poorly when used in the
field.

4 Proposed Work

The proposed workflow outlines a fully automated waste sorting and disposal process
using real-time object detection and deep learning. The workflow is in the following
sequence:

Labelling and Data Augmentation

A variety of different waste images are collected and processed with operations like
rotation, flips, cropping, and brightness adjusting to enhance robustness of a model.
These images are then manually annotated via bounding boxes with class names as
per tools Labellmg or Roboflow in preparation for making YOLO-compatible
annotations.

Training the YOLO Model

The annotated data is then used to train a YOLO (You Only Look Once) object
detection model — ideally YOLOvV8 — for multi-type waste detection. The model is
trained to detect and localize objects including plastic, paper, metal, and organic waste
more accurately.

Saving the Trained Model

Following training, the model configuration and weights files are stored for
deployment and can be reused in real-time inference without retraining and reducing
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the model integration with hardware systems process.

Input Image from Web Camera

A PiCam or webcam is included in the system for capturing real-time input images of
the waste product presented in front of the camera. It serves as the real-time input of
the detection system.

Image Detection and Preprocessing

The captured photo is resized and normalized to a size that fits the same dimensions
as the expected input size from the trained YOLO model. The model then performs
object detection, where the class and location of garbage in the image is specified.
Sorting Waste into Respective Bin Depending on the class expected, a control signal
is directed to an actuator or servo motor to open the respective bin (plastic, metal,
organic). The waste object is then redirected or dropped into the respective container,
thereby producing an efficient and automated process of waste sorting.

Data Augmentation Training the YOLO Input image from web
and Labelling Model camera
Waste Sorting into Image Preprocessing
Respective bin and Detection

Fig.1. Proposed System Flowchart

5 Conclusion

Deep learning applied to waste segregation has revealed vast new prospects for
optimizing recycling efficiency and environmentally friendly waste management.
Convolutional Neural Networks (CNNs) and hybrids such as CNN-LSTM have been
proved to be efficient in waste segregation for multi-type wastes, and new sensor
technology such as Near-Infrared (NIR) and hyperspectral imaging allows to overcome
issues such as texture overlap and material similarity. While such advances have been
made, current systems generally perform weakly in real-world deployments due to
limited hardware support, weak generalization over different environmental conditions,
and limited dataset diversity. The deployment of powerful object detection models—
i.e., the YOLO (You Only Look Once) family like YOLOvS, YOLOV7, and YOLOv8—
can significantly boost multiple object detection performance, enabling accurate sorting
even in complex or mixed waste settings. To enhance adaptability, it is critical to train
such models on more representative and diversified datasets corresponding to real-
world waste variations in texture, lighting, and contamination. Moreover, deploying
these models on edge devices or embedding them into robotic systems or smart bins
renders sorting at source automated, reducing human labor and maximizing operation
efficiency. The use of cutting-edge techniques such as semantic segmentation, attention,
and transfer learning can also enhance performance in hostile environments. Finally,



A Review on Recyclable Material Classification using Deep ... 1269

industry-academic collaboration will be vital in developing resilient, scalable, and
intelligent waste management systems capable of dealing with worldwide
environmental challenges.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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