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ABSTRACT 

 

The aerospace industry is uniquely positioned as a sustainable innovation that must address economic performance 

and environmental issues. The choice of lighter and more effective materials by the aircraft designers poses 

sustainability problems since tantalum, niobium, and cobalt important factors in aircraft manufacturing, are scarce. 

CFRPs and rare metals are challenging to recycle because of their composition and the fragmented recycling system. 

Transportation Logistic supply chain management needs to integrate circular economy models of resource reuse and 

recycling functions in åACDC to navigate the challenges they face. They need Apache Spark processing and Kafka 

streaming to achieve these efficiencies and address real-time event streaming at the aerospace recycling centers. 

Material recovery efficiency rates are one of the crucial functions that Artificial Intelligence helps to navigate; This 

system adds the benefits of regulatory compliance on addressing the functionality of operations. Specifically, the 

aerospace industry must adopt a new microservice-based system from the existing monolithic versions to address 

rising sustainability goals. AI application of circular economy in aerospace enables new designs of recycling that 

minimize resource consumption to address current laws that regulate the environment in the industry. Therefore, the 

aerospace industry requires significant investment in digital circularity and workforce to reap sustainability 

performance outcomes from data-oriented approaches to sustainability, and gain a competitive advantage through 

environmental stewardship. 

 

Keywords: Circular Economy, Aerospace Recycling, Apache Spark, Apache Kafka, Artificial Intelligence, 

Composites Recycling, Rare Metals Recovery, Sustainability 

 

1. INTRODUCTION

The industry also faces increasing environmental and 

economic difficulties, making it necessary to take 

prompt action at this turning point for the future of the 

aerospace business. Manufacturers have to find the 

balance between innovation and sustainability because, 

with the continuously rising demand for air travel 

around the world and new aircraft design concepts 

coming up, there is a great demand for the use of 

lightweight high-strength materials. When managed as 

a linear extract-manufacture-dispose product model, 

such models are unsuitable for the current environment 

management policies, supply chain risks, volatility, and 

corporate social responsibility scrutiny. The rationale for 

operating a circular economy is operational here since 

aerospace operations want to increase recycling, 

resource reuse, and efficiency. Metals like tantalum, 

niobium, and cobalt are becoming rare since they are 

still used in developing high-performance parts, 

aerospace engines, and aircraft electronics. These finite 

materials occur in specific regions and can become more 

sensitive to geopolitical tension and supply and demand 

fluctuations. Mining of the metals naturally destroys the 

environment and is an ethical nightmare. First, supply 

chain disruptions, second, increased production costs 

are inevitable, third, failure to implement an effective 

material recovery and reuse plan will likely lead to poor 

innovation among aerospace manufacturers. Circulating 

closed-loop recycling solutions are vital for the 
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aerospace industry’s future and world market 

dominance to recover rare metals from retired aircraft 

and manufacturing scrap. 

Modernization imperatives for composite waste involve 

looking at Carbon fiber reinforced polymers, or CFRPs. 

They have become a game changer in aerospace 

engineering because of the lightweight materials, which 

enhance the performance and fuel efficiency of the 

product. Recycling CFRPs becomes very challenging 

when the products reach their lifecycle. The problem 

with cross-linked composite structure is that it becomes 

very difficult to recycle through normal channels, 

resulting in disposal in landfills and energy-intensive 

incineration processes. A deluge of retired commercial 

aircraft is expected to hit the market during the next two 

decades. Hence, the industry must create scalable 

solutions for recycling composite materials without 

delay. Artificial intelligence (AI) and data-driven 

technologies provide potential solutions to tackle the 

complex recycling problems that face the industry today. 

Processing massive and complex material recovery 

datasets requires Apache Spark data frameworks 

together with real-time data platforms, including Kafka. 

Data infrastructure systems must provide scalability and 

robustness to enable the tracking of material 

composition, provenance tracking, degradation 

prediction, and recycling workflow optimization. AI 

systems driven by a compliance framework have 

become essential for meeting changing environmental 

regulations and certification standards while protecting 

operations from risks and improving transparency. 

Modernizing aerospace manufacturing and recycling 

systems that rely mainly on old monolithic architectures 

calls for contemporary design patterns and modular 

implementations. Modernized systems bring higher 

operational flexibility, connectivity, and scalability to 

material lifecycle management systems as they allow 

integration with AI-driven insights. Aerospace 

companies can build intelligent adaptive ecosystems 

with waste reduction by properly implementing 

microservices, event-driven architecture, and machine 

learning models. A circular economy approach has 

become essential for businesses due to its strategic 

importance, not simply due to ethical considerations. 

The aerospace industry will achieve sustainable mass-

scale recycling through cutting-edge technological data 

analysis coupled with AI systems and modern 

architectural software frameworks, which will address 

resource deficits while building aviation's sustainable 

future. 

2. Overview: Challenges in Recycling Aerospace 

Composites and Rare 

The aerospace industry faces substantial challenges 

because of the present recycling requirements for 

aerospace composites and the aircraft development of 

rare metals. The sustainable transformation to a circular 

economy in the aerospace sector demands solutions for 

technical roadblocks and logistical barriers that enable 

adherence to environmental rules and protocols. 

Technical obstacles, fragmented supply chains, 

regulatory obstacles, and downtime material 

identification make up the primary challenges to 

recycling aerospace composites and rare metals 

(Shopeju, 2024). 

2.1 Technical Difficulties in Separating Composite 

Layers and Recovering Metals 

The complex nature of aerospace composites presents 

the most significant challenge when recycling these 

materials. Multiple layers with different material 

structures in carbon fiber reinforced polymers (CFRPs) 

make it challenging to separate composite materials and 

retrieve valuable elements. Extracting fibers from matrix 

resin requires sophisticated equipment that uses 

significant energy, thus making the process 

economically unfeasible. Rarer metals such as titanium 

present new opportunities and challenges during the 

recovery process of aerospace components. Relying on 

accurate flushing techniques under high temperature 

conditions allows metal extraction, yet requires 

methods to avoid extensive waste production. Additive 

manufacturing in aerospace manufacturing generates 

defective materials that prevent efficient recycling 

operations. 
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Figure 1: Carbon Fibre-Reinforced Polymer (CFRP) Composites in Civil Engineering Application 

2.2 Supply Chain Fragmentation in Aerospace Waste 

Recycling 

Extended fragmentation is a significant challenge for the 

aerospace waste recycling supply chain. Aerospace 

manufacturing parties separate operationally and fail to 

establish proper communication about aircraft 

components across their lifecycles (Rzevski et al, 2016). 

The aerospace waste materials, containing composite 

materials and rare metals, present improper disposal 

practices and a lack of recycling awareness. 

Fragmentation in the process causes supply chain 

inefficiencies since different standards and 

technological platforms operate in separate stages. The 

advancement of an efficient recycling system depends 

on standardized procedures. Aerospace components are 

discarded before their material value matures, resulting 

in waste for rare metals. 

2.3 Compliance Challenges: Navigating Regulatory 

Frameworks 

Aircraft recycling operates under the regulations set by 

the EU Waste Framework Directive and the US EPA's 

regulations, together with REACH (Registration, 

Evaluation, Authorization, and Restriction of Chemicals). 

The framework of regulations contains regulations that 

fight environmental waste effects while allowing safe 

material use practices for hazardous substances in rare 

metals and composites. Stringent aerospace recycling 

regulations limit aerospace manufacturers and recyclers 

because of elevated barriers to overcome. Compliance 

achievements require systematic operational efficiency 

in managing pollution data and gaining a deep 

understanding of production processes. Companies that 

do not comply with regulations face severe financial 

penalties and operational delays, and their reputation 

takes significant damage. International recycling 

operations face challenges due to distinct regulations 

that prevent manufacturers worldwide from employing 

standardized practices (Zorpas & Inglezakis, 2012). 

2.4 Lack of Real-time Material Traceability Across 

Product Lifecycle 

Real-time material identification throughout the entire 

lifecycle of products from creation through decline 

poses the main limitation for successful aerospace 

recycling. Traditional aerospace documentation systems 

track the production materials and their end-of-life 

disposal, but do not monitor the materials between 

these stages. Extensive real-time material tracking is 

hampered due to the continuing challenge of monitoring 

production materials throughout their manufacturing 

run to their point of recycling. Material traceability in 

real-time proves challenging for developing complete 

databases that enable recycling or material reuse. 

Integrating Artificial Intelligence (AI) and Apache Spark 

and Kafka frameworks will boost the capabilities of real-

time material traceability systems. The deployment of 

these systems requires advanced planning between the 

current legacy infrastructure and AI-compliant systems 

(Chavan, 2022). Many challenges exist to combine data 

and implement real-time processing systems across the 

aerospace supply chain's divided structure to deploy 

new technologies. 

3. Methodology: Integrating Data and AI for Circular 

Solutions 
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The aerospace industry needs a real-time data 

processing architecture that meets regulatory 

requirements to achieve successful circular economy 

practices in the aerospace sector, including composite 

and rare metal recycling. Through big data technology 

and AI systems that ensure full traceability, the 

aerospace industry achieves improved recycling 

operations and meets all environmental standards. 

Apache Spark, coupled with Apache Kafka, compliance-

based artificial intelligence models, and contemporary 

architecture design patterns, creates an orchestration 

framework to develop scalable circular solutions. 

3.1 Use of Apache Spark for High-speed Batch and 

streaming Data Processing from Recycling Plants 

The aerospace recycling plants use Apache Spark as their 

pace-setter to process high-speed data while operating 

between batch procedures and streaming applications. 

The material separation units, chemical treatment 

reactors, and shredding equipment in these facilities 

produce large amounts of diverse data streams. The 

structured streaming features of Spark enable recycling 

plants to process IoT sensor data about temperature 

measurements, chemical levels, and throughput rates in 

real time. The batch processing pipelines use Spark SQL 

and DataFrame APIs to process and analyze recycling 

efficiency metrics via aggregation and historical 

capabilities across weekly and monthly timescales. The 

dual operational capability enables recycling plants to 

instantly respond to ongoing events and produce 

insights to optimize the ongoing process. The distributed 

computing capability of Spark allows recycling 

operations to scale horizontally and work through large 

volumes of recycling data while avoiding system 

slowdowns (Konneru, 2021). 

3.2 Role of Apache Kafka for Real-time Event Streaming 

The real-time Event streaming backbone of Apache 

Kafka enables seamless data transportation across 

recycling facilities and partner manufacturing sites as it 

works with Spark's processing engine. Kafka's 

distributed commit log architecture enables continuous 

and expandable material tracking event streaming for 

the transfer process of shredded composite waste 

between disassembly plants and chemical separation 

facilities. Event streams are critical in tracking rare 

metals, as they keep track of titanium and cobalt 

materials during transit to avoid misplacement and 

wrong categorization. Kafka topics receive event 

messages from producer systems, including factory 

management systems and IoT sensors. These topics 

send real-time messages to several subscribers 

encompassing ERP systems, analytics dashboards, and 

AI models. The reliable event processing of Kafka's 

exactly-once semantics and message durability provides 

critical infrastructure for regulatory compliance and 

audit trail functionality (Schneider, 2019). 

 

 

Figure 2: AI in ERP Systems – A Cutting-Edge Innovation 
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3.3 Applied Design Patterns: Event Sourcing, CQRS, 

and Data Lakehouse Architecture 

Implementing proven design patterns within aerospace 

recycling data systems involves merging scalability 

attributes with flexibility and regulatory compliance. 

Throughout the recycling workflow, Event Sourcing 

preserves each transformation as an unalterable event 

stored in the system. Event sourcing delivers auditability 

capabilities and provides opportunities for data analysis 

after the fact. The Command Query Responsibility 

Segregation (CQRS) approach splits material handling 

commands from data retrieval operations to achieve 

efficient high-volume operations, such as data 

processing and swift analytics operations. The recycling 

workforce uses a Data Lakehouse framework, 

integrating robust data warehouse capabilities into data 

lake scalability. Recycling companies benefit from this 

hybrid architecture since it provides a place to store raw 

sensor data and curated datasets, which supports AI 

model training and delivers business intelligence 

(Paramesha et al, 2024). 

3.4 Compliance-Driven and Explainable AI Models 

Automated systems implementing circular aerospace 

solutions need to pass multiple regulatory standards 

that ensure explainability, fairness, and auditability. 

Compliance-driven AI models receive training for 

recycling optimization, equipment failure prediction, 

and material anomaly detection within the EU Waste 

Framework Directive and REACH regulatory 

requirements. The predictive capabilities of XAI 

methods (including SHAP and LIME) deliver intelligible 

explanations for every prediction and recommendation. 

These methods integrate with these models to create 

explanations that people can understand. AI-driven 

decisions about composite batch classification for 

chemical treatment or mechanical shredding benefit 

from human validation through the implementation of 

system transparency. 

3.5 Modernizing Monolithic Recycling ERP Systems 

Using Microservices and APIs for Scalability 

Recycling ERP systems built as monolithic applications 

are now transformed into modular microservices-based 

solutions to boost flexibility and integration capability 

(Cristofaro, 2023). Agile reclining modules consisting of 

material intake with inventory tracking and compliance 

reporting are given accessibility through RESTful APIs 

and event-driven interfaces. The system allows the 

creation of a modernized framework that enables 

complete connections to Apache Kafka streams along 

with Spark processing pipelines and supplier database 

systems. Aerospace recycling companies that 

implement microservices gain flexible operation scales 

during busy recycling seasons and develop innovative 

circular economy pricing systems that do not affect their 

current activities. 

3.6 Data Collection Sources: IoT sensors, ERP Systems, 

and Supplier Databases 

The universal recycling solution uses combined data 

from multiple sources to generate a single integrated 

recycling system insight. Real-time data comes from IoT 

sensors built into recycling machinery. ERP systems track 

necessary administrative records, detailing the intake 

and processing of materials and the shipping of 

products. Supplier databases supply information about 

aerospace components' origins and material 

compositions, enabling precise recycling classification. 

The multi-source integration collects abundant 

contextual information for AI models and creates end-

to-end traceability through compliance reporting from 

material recovery until aerospace manufacturing 

reintegration. 



INTERNATIONAL JOURNAL OF MANAGEMENT AND BUSINESS 

DEVELOPMENT (IJMBD) 

https://aimjournals.com/index.php/ijmbd 

 

 

   pg. 25 

 

Figure 3: Sensor-Based Solid Waste Handling Systems 

4. Modern Data Processing Frameworks Powering 

Aerospace Recycling 

The aerospace industry now uses advanced data 

processing systems to simplify recycling operations, 

focusing on composite materials and rare metals. The 

emergence of sustainable practice demands efficient 

methods to manage extensive datasets used for material 

identification, flow observation, and tracing origins. 

Using Apache Spark and Apache Kafka as frameworks is 

necessary to support the sector's operations' real-time 

scalability, which is more prominent in modern aerial 

recycling. 

4.1 Apache Spark: Enabling Large-Scale Materials 

Classification 

Apache Spark is an open-source process that can help 

aerospace recycling companies process large datasets 

produced by various processes. Spark does a very good 

job automating high-volume processes across large 

volumes of materials, which is crucial in aerospace 

recycling. Thermal imaging and X-ray fluorescence, or 

XRF, is a general analytical test for composite materials 

to determine their recycle factor. Both data formats are 

processed and distributed in one of Spark's clusters, thus 

experiencing better performance and optimal resource 

utilization than normal data handling methods. The 

MLlib library of Spark functions as a critical component 

for material classification automation by processing test 

data from infrared scans and XRF analyses. Aerospace 

companies can use Spark's high-capacity data processing 

capabilities to run machine learning models that 

determine the recyclability status of materials. Recycling 

process accuracy and valuable material handling 

efficiency increase thanks to this predictive system that 

helps recycling plants properly direct their efforts. With 

its scalable design, Spark maintains efficient 

performance levels while growing recycling data 

expands (Chavan, 2023). 
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Figure 4: Apache Spark and MLlib-Based Intrusion Detection System or How the Big Data Technologies Can Secure 

the Data 

4.2 Kafka’s Role in Real-time Material Flow Monitoring 

and Provenance Tracking 

The batch processing capabilities of Apache Spark do not 

compare to Apache Kafka's real-time streaming 

solutions, which create an essential requirement for 

aerospace recycling plant material flow and provenance 

tracking needs. Kafka enables real-time data monitoring 

from multiple sensors and systems across the recycling 

process through its distributed event streaming 

platform. Material flow data, processing conditions, and 

tracking movements through the recycling chain 

comprise the collected data sets. Real-time monitoring 

plays a fundamental role in aerospace recycling. It tracks 

material origins and lifecycles, helping plants meet 

regulatory criteria and maintain sustainability 

requirements. By streaming data in real time, Kafka 

allows plants to keep exact, current information about 

material origins to verify the recyclability of composites 

and rare metals. Kafka's fault-tolerant design protects 

data integrity throughout system failures, so it operates 

reliably in critical recycling operations (Sulkava, 2023). 

4.3 Case Studies: Aerospace Recycling Benefits from 

Spark and Kafka's Implementation 

The practical benefits of these frameworks come to life 

through successful deployments of Spark and Kafka 

pipelines by multiple aerospace recycling operators. A 

major aerospace manufacturing firm designed a system 

that tracks composite materials during recycling in real 

time by combining Spark with Kafka. The RFID tag and 

sensor data transmission use Kafka system components 

to feed data into Spark processing for material 

identification and recycling prediction functions. 

Through this combined framework, the manufacturer 

achieved shorter processing cycles, superior material 

classification results, and compliance with 

environmental regulations. An aerospace recycling 

facility employs Spark's MLlib alongside their material 

prediction system to clarify which inventory 

components hold the highest potential for metal 

recovery during their recycling operations 

(Kandasubramanian, 2024). The plant tracks material 

movements through a Kafka system, which maintains 

complete logs and enables process traceability. 

Operating end-to-end has enhanced operational 

efficiencies and decision quality regarding recycling 

process strategies. 

5. Compliance-Driven AI Systems: Meeting 

Environmental & Trade Regulations 

The aerospace industry must address growing demands 

to fulfill environmental regulations and trade 

requirements when dealing with composite recycling 

and rare metal recovery. Compliance implementation 

helps minimize environmental hazards while 

maintaining global trade law adherence through the 

transmission of REACH (Registration, Evaluation, 
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Authorization, and Restriction of Chemicals) and conflict 

minerals disclosure regulatory mandates. Real-time 

auditing and material tracking become possible through 

Compliance-Driven AI systems, which help 

manufacturers satisfy regulatory mandates alongside 

XAI, Apache Spark, and Kafka technologies. 

5.1 Explainable AI (XAI) for Recycling: Why Black-box AI 

won’t Pass Regulatory Audit 

AI systems that run on traditional models work as dark 

interior systems because their decision-making logic 

remains hidden from view and requires difficult 

interpretation. The opacity of systems makes regulatory 

audits difficult to accomplish. Airborne waste recycling 

operations dependent on compliant AI systems require 

complete auditing capabilities to fulfill the expectations 

of environmental standards and trade regulations. 

Under REACH regulations, regulators need complete 

visibility of hazardous materials, and conflict minerals 

disclosure requires organizations to report materials 

from conflict regions. XAI systems deliver transparency, 

which enables regulatory compliance. XAI provides 

regulatory bodies, auditors, and facility managers with a 

complete understanding of how AI models process data 

to make final decisions. By doing so, AI systems enable 

regulators to assess their logic consistency with 

environmental protection and trade compliance 

standards. The traceable nature of XAI systems helps 

organizations spot potential non-compliance issues in 

real-time, so companies can address problematic 

practices before regulatory enforcement occurs (Chavan 

& Romanov, 2023). 

5.2 Building AI Models that Comply with REACH and 

Conflict Minerals Disclosure Requirements 

AI systems supporting aerospace recycling compliance 

must include REACH regulatory guidelines and conflict 

minerals disclosure specifications. Aerospace 

components containing heavy metals fall under REACH 

regulation requirements, which enforce detailed 

chemical substance usage guidelines. AI systems require 

training algorithms that detect dangerous chemicals in 

materials so operators can process them properly 

through legal protocols. Companies need to track and 

disclose the origins of four specific minerals, including 

tantalum, tin, tungsten, and gold, because those 

minerals often arise from conflict zones. AI models 

require design modifications for material supply chain 

cross-referencing so they can ensure complete 

compliance of all processed materials with existing 

regulations (Srivastava, 2007). Through automatic 

verification processes, machine learning algorithms 

detect materials needing special inspection and 

reporting, which helps aerospace companies prevent 

conflict mineral usage.

 

 

Figure 5: AI Governance in a Complex and Rapidly Changing Regulatory Landscape 
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5.3 AI Models Flagging Illegal/Unrecyclable Materials 

in Real-time Recycling streams 

Current market standards require real-time 

identification of illegal/unrecyclable materials through 

AI model capabilities. Materials processed in aerospace 

recycling, including carbon composites, rare earth 

metals, and electronic waste, contain hazardous 

substances that need special attention. The real-time 

analysis of material streams by AI systems requires 

detecting regulatory violations in the materials. An AI 

system automatically detects rare earth metals like 

neodymium during aerospace scrap inspections through 

real-time identification (Tiwari et al, 2021). Constant 

technological improvements in machine learning and 

computer vision make real identification possible. The 

systems identify and sort recyclable materials that do 

not meet environmental standards, avoiding 

contamination and violation of environmental processes 

during processing. 

5.4 Leveraging Spark Structured Streaming + Kafka to 

Automate Compliance Checks 

With the new implementation of Apache Spark 

Structured Streaming with Kafka, there has been a 

revolution in the automation of aerospace recycling 

compliance checks. All the tools can process massive 

amounts of recycling data in real-time operations. 

Integrating Apache Kafka, which provides a data 

streaming system, with Spark Structured Streaming, 

which improves the scalability in data processing and 

improves the performance of the automated 

compliance checks. Using sensors or RFID tags, the 

material information of the recycling facilities is 

transmitted to the Kafka streams, and Spark Structured 

Streaming does the processing. The current system 

allows the AI models to analyze the material 

compositions and search compliance databases 

concurrently. It immediately alerts when it discovers 

prohibited material for further processing and informs 

the compliance officers. The application of automated 

systems eliminates human errors, makes the recycling 

process audits faster, and increases compliance with 

environmental and trade requirements. 

5.5 Benefits: Faster Audits, Reduced Penalties, 

Smoother Global Exports 

The application of compliance-driven AI systems 

in aerospace recycling creates multiple critical 

advantages. Automating compliance checks allows 

auditing procedures to become substantially faster. AI 

models that detect non-compliant items in recycling 

materials enable regulatory audits to finish faster 

because the process moves at real-time speeds. Real-

time compliance flagging reduces manual inspections 

and speeds up the resolution of regulatory violations. 

Regularly meeting regulatory requirements helps 

aerospace companies avoid financial penalties and 

associated risks. Due to their strict adherence to 

environmental and trade laws, aerospace companies 

avoid regulatory penalties and export delivery setbacks. 

Real-time compliance tracking allows aerospace 

companies to achieve smooth global exports because 

international markets require strict adherence to 

environmental and trade requirements (Swan, 1992). 

Aerospace companies improve worldwide market reach 

through automation, ensuring regulatory compliance 

across different international areas to maximize their 

competitive advantage. 

6. Design Patterns and Implementation Models for 

Circular Aerospace Solutions 

The circular aerospace industry needs sophisticated 

implementation models and design patterns to address 

composite and rare metal recycling. The extensive 

process of aerospace material recycling demands an 

intelligent solution because data acquisition must 

integrate with real-time choice production through 

state-of-the-art technology. A comprehensive overview 

of vital design patterns and implementation models is 

presented to establish efficient and compliant 

aerospace recycling solutions. 

6.1 Recommended Design Patterns 

Event-Driven Architecture (EDA) 

Event-driven architecture is fundamental to operating 

the dynamic real-time aerospace recycling domain. 

Monitoring material conditions alongside performance 

measurements and lifecycle metrics for aerospace 

materials such as composites and metals depend heavily 

on data streams from IoT sensors embedded within 

machinery and equipment. Through EDA, the system 

instantly responds to different material degradation 
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signals and recycling process modifications, ensuring 

quick system reactions and flexible operation. The EDA 

framework achieves flexibility in aerospace recycling by 

separating event producers from consumers, allowing 

independent operation for recycling chain components 

to enhance recycling efficiency and adaptability 

(Sardana, 2022). 

 

 

Figure 6: An Event-Driven Architectural Model for Integrating Heterogeneous Data and Developing Smart City 

Applications 

Saga Pattern for Transaction Management 

The Saga design pattern provides a solution for 

managing transaction operations spread across various 

microservices so they can execute together or have their 

effects compensated. Acting as a recycling supply chain 

for aerospace requires multiple entities that span 

recycling centers, manufacturers, and suppliers in 

distinct geographical areas to prioritize strong 

transaction consistency. Through the Saga pattern, 

programmers decompose complex transactions into 

smaller operations that operate autonomously. Data 

consistency remains intact through efficient operation 

rollback when using this decentralized system, which 

works during system failures. Aerospace recycling uses 

these principles to handle composite sorting and rare 

metal extraction tasks while following environmental 

standards. 

Data Lakehouse Pattern 

Data Lakehouse functions as a combined system that 

delivers data lakes' expansive capabilities, data 

management, and organizational settings usually 

associated with data warehouses. The aerospace 

recycling sector accumulates immense amounts of 

structured and unstructured data through IoT sensors, 

environmental monitoring, and supply chain events. 

Data Lakehouse provides a combined infrastructure that 

processes streaming data alongside batch data while 

enabling real-time analysis to support recycling decision-

making processes. The pattern enables aerospace firms 

to collect raw data for subsequent use in analytics 

assessments, machine learning applications, and 

regulatory inspection processes. Continuous compliance 

with environmental standards and process 

enhancement requires his capability (Plaut, 1998). 

6.2 Implementation Blueprint: From Data Ingestion (IoT 

Sensors) Real-Time Visualizations 

Multiple technological components deliver seamless 

data processing capabilities for analysis across multiple 

aerospace product sources during circular aerospace 

implementation. The key stages include: 

Data Ingestion (IoT Sensors) 

Remote monitoring of aerospace equipment, material 

properties, and environmental conditions occurs 

through deployed IoT sensor networks. A combination 

of sensors produces unbroken data streams that report 

temperature information alongside pressure data and 

measurements of material stress. Apache Kafka 

functions as a distributed messaging system to receive 

and process large data volumes in real time through data 

ingestion. The data processing infrastructure comprises 

two components: Apache Spark and Delta Lake. 

Following data ingestion, the system must implement 

processing functions. The open-source system Apache 

Spark supports two processing capabilities: batch 

processing and stream processing. Apache Spark works 

together with Delta Lake to implement a storage layer 

that provides transactional safety through ACID 
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principles alongside metadata management scalability. 

The Data Lakehouse pattern emerges through this 

coexistence, creating a reliable framework for handling 

extensive data analysis from multiple sources (Menon, 

2022). 

Real-Time Dashboards 

Cloud-based dashboards display processed information 

using Kubernetes and Airflow frameworks. Kubernetes 

operates containerized applications through scalable 

and resilient administration, while Airflow executes 

sophisticated workflows to automate data validation, 

result transformation, and reporting activities. 

Stakeholders benefit from this dashboard system 

because it shows practical insights about recycling 

operations, allowing them to track material movement, 

spot irregularities, and base decisions on data 

information. 

 

 

Figure 7: Customer Clustering End-to-End Data Pipeline with Airflow and Tableau Cloud 

6.3 Technologies Stack Example 

The development of circular aerospace solutions 

requires this specific combination of technologies in a 

technology stack: 

• Apache Spark: Spark functionality enables massive 

data analysis and process management while 

supporting real-time and batch data operations. 

• Apache Kafka: Real-time data ingestion and 

streaming capabilities emerge from event-driven 

communication facilitated through Apache Kafka. 

• Delta Lake: The Data Lakehouse pattern needs Delta 

Lake to deliver unified, reliable storage capabilities. 

• Kubernetes: The scalable management of 

containerized applications requires systems to 

optimize deployment and orchestration methods. 

• Airflow: Airflow serves to automate workflow 

processes while managing data pipeline tasks, which 

enforces dependable data quality and processing 

consistency (Mannocci, 2017). 

7. Modernizing Monolithic Recycling Systems: 

Architectural Patterns and Best Practices 

The given and constantly growing external 

pressures for the aerospace industry mean that the 

industry has to come up with more efficient and faster 

ways of recycling and reusing composite and rare 

metals. Typically, traditional recycling systems can only 

work in a batch mode, meaning their software 

organization is rigid and incapable of scaling up, 

expanding, and adapting to new demands. This part 

outlines the problems arising from using old aerospace 

recycling software and the safety precautions to take to 

update the software. It shows how to implement Apache 

Spark and Kafka software for an effective modular 

structure for the recycling process. 

7.1 Challenges with Legacy Aerospace Software 

Many aerospace recycling systems come pre-installed 

with single-unit software packages that interlink all the 

recycling processes into one unified system. Such 
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systems work on a batch process. Hence, they cannot 

handle real-time information and adapt to change with 

new conditions. Proprietary single-layered software 

structures hinder system evolution and lead 

development to produce low-performance quality 

solutions that are also non-scalable in structure (Malek 

et al, 2011). It also lacks the flexibility and computational 

strength necessary for recovering metals and shredding 

composites. These legacy systems pose problems as 

they are not modular; thus, there is a concern about 

adapting new technology and compliance requirements. 

These systems also show a high level of inflexibility and 

high maintenance costs, which pose a challenge in 

incorporating modern approaches to recycling that 

include online monitoring, predictive modeling, and 

control of the recycling process of the aerospace 

industry. 

7.2 Transition Path: Strangler Fig Pattern, Anti-

Corruption Layer for Safe Modernization 

Being an efficient strategy, the Strangler Fig Pattern 

allows for the transition from the monolithic systems of 

the organizations. Thus, the pattern's name comes from 

a tree surrounding its object, isolates selected 

monolithic system components, replaces them with new 

services, and allows other components to work during 

this process. This method helps reduce the extensive 

system-wide overhauls to a level with less financial cost 

and risks associated with implementing it. This pattern 

could be useful for aerospace recycling systems, where 

the first such processes should be determined for 

microservice conversion, such as metal recycling and 

composite shredding. The microservices team has a 

process to add new programs to the existing systems 

while having the old and new systems run independently 

but in parallel. The monolithic system features become 

completely outdated as time passes, when 

microservices replace all its fragmented parts. There is 

also the Anti-Corruption Layer (ACL), the primary 

instrument of transformation in the given system for 

modern aerospace recycling. Through the ACL 

boundary, the old monolithic system remains separated 

from new microservices while protecting them from 

legacy software corruption. An ACL functions as an 

isolation mechanism between new microservices and 

legacy complexities, which results in efficient transitions 

and protects modernized architecture integrity 

(Dhanagari, 2024). 

 

 

Figure 8: Strangler Fig Pattern: How to migrate from an old to a better architecture 

7.3 Implementing Microservices for Modular Recycling 

Processes 

Modern aerospace recycling systems benefit 

significantly from microservices architecture since this 

design separates metal recovery, composite shredding, 

and chemical treatment operations into independent 

units. Monolithic software decomposition into smaller 

separate services generates an opportunity to optimize 

individual processes at any scale. Microservices divide 

complex shredding functions between dedicated 

composite shredding modules alongside separate 

modules for real-time data analytics of chemical 
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treatment processes. The splitting of components into 

modules streamlines aerospace recycling systems' 

ability to adapt to new materials, technological 

developments, and regulatory demands while 

maintaining compliance and operational efficiency. 

Through this approach, each microservice becomes self-

contained, enabling separate problems to affect only 

their designated functionality. Teams using 

microservices technology work independently on 

components that protect the entire system and speed 

up development cycles (Newman, 2019). 

7.4 Leveraging APIs to Integrate Spark + Kafka with 

Legacy Systems 

Apache Spark and Kafka effectively create live 

connections between existing legacy frameworks and 

contemporary microservices across systems. The 

distributed streaming platform Apache Kafka provides 

real-time data exchange functionality for all units 

operating within the recycling system. Through this 

platform, users can transmit sensor information while 

conducting material type analyses and operational 

assessments in real time. Apache Spark processes 

massive data volumes through scalable operations that 

deliver predictive modeling capabilities alongside 

process optimization features (Tang et al, 2020). Real-

time data from metal recovery processes enters Kafka, 

which Spark uses to discover metal recovery trends 

before sending optimized operational data back to the 

system. Organizations can merge Apache Spark and 

Kafka platforms with their existing systems through well-

defined APIs to discover real-time data analytics 

capabilities and seamlessly migrate to contemporary 

architectural designs without interrupting their ongoing 

operations. Both modern and legacy systems have to be 

able to interface with each other in order to work as the 

transition occurs. 

7.5 Cost and Performance Benefits of Modernization 

Using aerospace recycling systems classified by 

standardization brings economic benefits and 

operations improvements. By adopting microservices, 

organizations can reduce the overall maintenance cost 

of large monolithic software programs and improve 

efficiency in resource management. Microservices, 

therefore, enable an organization to scale processes 

with available resources in areas with high demand, in 

this case, metal recovery during a production rush. 

Apache Kafka and Spark's real-time processing 

capabilities improve operational efficiency in recycling 

processes. The use of accurate and collected data, 

equipped with better monitoring and predicting 

capabilities, will help organizations to minimize 

disruption of operations and the amount of waste being 

generated while at the same time increasing the 

effectiveness of the recycling system (Meng et al, 2018). 

These lead to the generation of environmental 

regulatory compliance and operational efficiency, 

reducing costs. 

8. Case Studies: Success Stories in Circular Aerospace 

Using Data and AI 

With recycling activities more advanced in the 

aerospace industry, and the last few years involving 

increased circularity of composites and rare metals. The 

growing interest in sustainability forces Aerospace 

OEMs and MRO firms to apply big data processing 

solutions like Apache Spark, Kafka, and Artificial 

Intelligence (AI). The extraction of scarce metals is done 

by these systems with particularity in recycling while 

minimizing waste management. Two examples from 

commerce explain how these technologies enforce 

circular economy systems in several aspects of aviation 

production industries. 

8.1 OEM Using Spark for Rare Metal Recovery 

Prediction Models 

A major challenge to aerospace recycling is recycling 

rare metals found in end-of-life aircraft. Aircraft 

manufacturing industry newcomers require heavy base 

metals such as titanium and aluminum. High popularity 

of Apache Spark as an open source data processing 

engine enabler and OEMs to develop necessary 

predictive models to extract valuable metals from end–

of–life aviation products. Scrap metal attributes and 

records of aircraft materials are transformed into 

specific historical data that spark processes and 

disseminate the results in ways that prompt the best 

metal recovery approaches and schedules from a 

distributed computing system. An aerospace 

manufacturer employed Spark to process multiple kinds 

of data, including flight records, aircraft, logging, and 

material composition information. Analyzing diverse 

material data streams allowed the company to make 



INTERNATIONAL JOURNAL OF MANAGEMENT AND BUSINESS 

DEVELOPMENT (IJMBD) 

https://aimjournals.com/index.php/ijmbd 

 

 

   pg. 33 

improved predictions about recycled material values 

and achieve better recovery performance. The applied 

techniques enhanced rare metal recoveries by 15%, 

which produced substantial financial savings and 

reduced industrial carbon emissions during production. 

The case study proves that aerospace recycling benefits 

deeply from implementing real-time big data analytics 

systems. Dhanagari (2024) outlines how Spark's scalable 

platform and predictive modeling become crucial for 

industrial supply chains and material recovery 

processes, especially in aerospace manufacturing, 

where compliance and sustainability standards matter 

most. 

8.2 MRO Company Implementing Kafka for Real-time 

Waste Tracking 

An MRO company dedicated to aircraft component 

maintenance leveraged Apache Kafka's distributed 

event streaming platform to track real-time waste 

throughout its maintenance and repair operations. 

During standard maintenance operations, the 

organization needed to address accurate recyclable 

material management challenges with composites and 

metals. The system's inability to provide immediate 

tracking data created recycling efficiency problems and 

waste disposal compliance issues between facilities. 

Using Kafka technology enabled the MRO company to 

track waste streams in real time, which led to correct 

material identification, sorting, and recycling activities. 

Some of the data used by Kafka included waste 

performance logs from sensor sites in the workshops, 

employee records, and transport systems data. Kafka 

processing, therefore, enabled the organization to 

provide real-time, accurate rates of recycled material 

output, and the organization achieved its goal of 

increasing the recycled material output by 20% while 

still operating within the stated sustainability and 

compliance requirements. The integration of Kafka with 

the MRO company’s systems made the process more 

efficient (Wang et al, 2018). The company was also able 

to automate preparing its reports and tracking waste 

with fewer prospects of human errors. It introduced a 

clean corporate image of waste disposal and increased 

accountability for operational management, hence 

increasing regulation compliance. 

 

Figure 9: Real-Time Asset Tracking with Apache Kafka and Kafka Streams 

8.3 Business Outcomes: Higher Recycled Material 

Output and Increased Operational Workflow Efficiency 

Such results prove the high efficiency of data processing 

technologies and artificial intelligence systems 

implemented in the aerospace business field. Further 

application of these Spark-based models iteratively 

provided an increase in yield within the recycled 

materials by a percentage of 15%, thus cutting down on 

the costs of operation and the pressures exerted on the 

natural environment. The integration of Kafka into MRO 

brought about real-time waste tracking that saw an 

increase in recycling by twenty percent, high operational 

efficiency, and low cases of noncompliance. From the 

provided operational examples, the static and aerospace 

industries use data technologies to improve their 

circular economic outcomes. In conjunction with 

artificial intelligent systems, big data boards enable 

efficient recycling; therefore, sustainable aerospace 

processes that meet legal requirements are vital for 
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significant advancements in this industry (Ramirez-Peña 

et al, 2020). 

9. Future Trends: AI-Driven Circular Economy in 

Aerospace 

The new regulation and circular economy principles to 

handle composites and rare metals will transform the 

aerospace industry fundamentally. The use of artificial 

intelligence, as well as technologies such as Apache 

Spark and Kafka, will be paramount to ascertain 

sustainable solutions for minimizing environmental 

effects while boosting productivity for the industries in 

the future. This section indicates the future trends on 

how the circular economy in the aerospace industry 

could be enhanced by artificial intelligence through 

predictive analytics, blockchain technical applications, 

and cloud AI native solutions. With this, it looks at the 

policy changes that facilitate intake of technologies. 

9.1 Predictive Analytics for Lifecycle Extension 

The aerospace CE witnessed a significant transfer with 

the help of predictive analytics solutions that improve 

the lifecycle. The application of AI algorithms enables 

businesses to develop sound choices between repair 

and recycling specific aerospace components involving 

composites and rare metals. The implementation of 

predictive models processes massive sensor-derived 

data collections from aircraft components to predict 

their service limit duration. By identifying the critical 

parts' usable lifespan, operators can perform timely 

maintenance, which delays replacements, thereby 

minimizing material waste. According to Kumar (2019), 

predictive analytics plays a vital role in supporting 

operational excellence and cost minimization 

throughout the circular economy. Aerospace companies 

implementing this plan will transition from their current 

reactive maintenance model to a proactive approach 

that extends material lifespan and minimizes 

environmental waste from all disposal activities. 

9.2 Blockchain + Kafka processing for Immutable 

Recycling Chain-of-Custody 

The combination of Blockchain technology and data 

processing frameworks, Apache Kafka, will redefine 

aerospace recycling through their ability to create an 

unalterable chain-of-custody system for materials. 

Aerospace industry operations handle high-value 

materials containing rare metals that demand 

specialized tracking systems for recycling and future use. 

Through its blockchain system, organizations can 

securely track raw materials throughout the recycling 

process, from initial use until completion. Kafka 

operates as a distributed streaming platform to process 

data in real-time, so the recycling process produces 

complete documentation with timestamped 

information at every stage. The integration of these 

technologies creates robust data tracking systems that 

preserve material documentation integrity while 

maintaining environmental compliance measures. 

Combining blockchain technology with Kafka systems 

delivers solutions that match aerospace industry needs 

for tracked recycling operations and excels at building 

accountable circular economy frameworks (Wood, 

2017).

 

Figure 10: Apache Kafka and Blockchain - Comparison and a Kafka-native Implementation 
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9.3 Cloud-Native AI for Global Scaling 

The aerospace industry needs cloud-native AI solutions 

more than ever to develop circular economy practices at 

a global scale. Cloud-native architecture lets companies 

deploy AI systems that provide instant adaptability to 

multiple regions and industries, enabling real-time 

decisions and optimizations. Aerospace applications 

benefit from AI systems processing worldwide data 

streams, which extract trends and patterns that guide 

material recycling decisions and rain material reusability 

strategies. Using AI algorithms allows organizations to 

forecast which recycled materials will be available from 

diverse sources, thus improving supply chain efficiency 

and minimizing virgin material consumption. Cloud-

native AI provides businesses with flexible capabilities 

that enable them to speed up innovation while 

deploying circular economy solutions on a grand scale 

(Sasikala, 2011). Aerospace manufacturers who 

implement cloud computing technologies achieve lower 

environmental impacts during manufacturing and 

recycling operations, which leads to a future of 

sustainable operational efficiency. 

9.4. Policy Shifts Driving Further Tech Adoption 

Public sector policy interventions are fundamental to 

the aerospace industry's adoption of AI-based circular 

economy methods (Yusuf, 2010). Sustainable 

development and technological innovation continue to 

gain momentum through the EU's Green Deal and the 

US CHIPS Act. Through the EU Green Deal, the European 

Union established strict carbon emission reduction 

targets requiring aerospace to adopt circular economy 

principles. Through the US CHIPS Act, the government 

promotes sustainable technology development 

alongside requirements for industries to transition 

towards eco-friendly practices. The new policy changes 

establish supportive conditions encouraging AI adoption 

alongside blockchain and cloud computing technologies. 

Aerospace companies increasingly invest in advanced 

technologies because evolving regulatory frameworks 

require them to implement processes for recycling along 

with waste reduction protocols and environmental 

standard compliance. 

10. CONCLUSION 

The sector funding the innovation is called aerospace, 

and it exists in a strategically significant place. There are 

fundamental complexities in aerospace that require 

modifications in data processing and updated software 

systems with AI integration, mainly due to prescriptive 

sustainable practices and the implementation of the 

circular economy. They became the keystones of 

aerospace sustainability as they address recycling issues 

of composites and rare metals and revolutionize the 

industry. These technologies help efficiently use 

resources and provide key environmental and economic 

benefits to the concerned sector. This era is all about 

data and AI, hence the importance of systems that 

provide intelligence in decision-making processes. 

Integrating data processing platforms from Apache 

Spark with Kafka real-time data streaming systems 

enabled aerospace companies to work with operations 

and manufacturing data and environmental data. 

Aerospace industries also use new technologies to track 

raw materials in supply chains and monitor components' 

efficiency in real-time. The scalability and ability to 

process big data quickly make Apache Spark a perfect 

solution for complex material data involving composites 

and rare metals. In this way, the aerospace companies 

get the streaming data for real-time monitoring during 

the recycling process to identify operational issues and 

get Social signals about the betterment of the process. 

With the push for the circular economy in the aerospace 

industry, action must be taken towards modernizing 

existing systems in organisational reform. Existing 

architectural designs and implementing conventional IT 

models cannot tackle such rising stringencies of building 

sustainable practices. Today's demand dictates utilizing 

microservices, cloud computing technologies, and 

artificial intelligence as the necessities in aerospace 

organizations. It is a necessity. The scale and flexibility in 

design patterns of new modern aerospace firms make it 

possible to have circular regenerative production 

systems. Today, manufacturing has adopted a closed–

loop recycling technique that reuses aircraft materials as 

components of new products to avoid extracting new 

raw materials. Another issue is that aerospace 

modernization involves using state-of-the-art AI 

algorithms and machine learning solutions. The use of 

these technologies in predictive analysis allows 

companies to identify material degrading while at the 

same time minimizing their usage and advancing 

recycling. Some of the benefits aerospace industries gain 

through AI include its help in meeting the regulatory 

necessities of business, as well as addressing issues of 
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environmental concerns through enabling proper 

decision making. AI systems support the overall 

recycling process, and extensive supply chain risk 

prediction and the development of recycling-extensive 

supplies created through the selection of different 

materials provide the necessary advantages of the 

circular economy for the industry. 

An operation demands immediate implementation. 

Manufacturers in the aerospace industry should 

integrate digital circularity practices that leverage data-

driven transformations across their business for 

recycling and tracking waste, materials, and 

sustainability. It has to invest in forums to acquire better 

processing systems and an adequate workforce to use 

new artificial intelligence technologies. In this way, 

aerospace companies keep competitive in the market 

and contribute to making the world slightly better. 

Technological improvements in today's society advance 

the aerospace industry in securing long-term firm 

growth and establish environmentally sustainable 

aviation by sustaining high operational efficiency. 
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