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ABSTRACT 
The rapid convergence of enterprise integration, low-code 

automation, and artificial intelligence (AI) has created an 

urgent demand for flexible, vendor-neutral orchestration 

frameworks. This paper presents a comprehensive study of n8n, 

an open-source workflow automation platform designed to 

unify system integration, AI orchestration, and data automation 

within a single, extensible ecosystem. Unlike proprietary 

integration platforms or limited task-automation tools, n8n 

enables self-hosted, API-driven, and event-based workflows 

that can interconnect enterprise systems such as SAP, 

Salesforce, and Google Cloud with AI services like OpenAI 

and Hugging Face. Through detailed architecture analysis and 

implementation case studies including SAP Ariba to ECC 

integration and AI-powered invoice processing workflows the 

paper evaluates n8n’s performance, scalability, and reliability 

under production-grade workloads. Benchmark results 

demonstrate linear scalability, >98% reliability, and strong AI 

orchestration capabilities, confirming its suitability for hybrid 

cloud and intelligent enterprise scenarios. Comparative 

benchmarking against Node-RED, Airflow, Boomi Flow, and 

Zapier further highlights n8n’s balance of openness, 

extensibility, and cost efficiency. The study concludes that n8n 

represents a pivotal evolution in intelligent workflow 

orchestration, offering a bridge between deterministic 

automation and cognitive AI reasoning. Future directions 

include agentic AI integration, federated orchestration, and 

self-optimizing workflow intelligence, positioning n8n as a 

foundation for the next generation of AI-augmented enterprise 

automation. 
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1. INTRODUCTION 
The exponential growth of digital ecosystems has led 

enterprises to depend increasingly on complex, interconnected 

applications distributed across multiple platforms and clouds. 

As organizations accelerate their digital transformation, there's 

a growing demand for seamless automation, cross-application 

integration, and intelligent orchestration of data and processes. 

This evolution has driven the rise of workflow automation 

platforms that can unify diverse systems ranging from SAP, 

Salesforce, and Google Cloud to AI and machine learning 

services through intuitive, low-code environments. Traditional 

automation tools, such as Zapier, Integromat (Make), and 

IFTTT, have popularized the concept of "citizen automation" 

by allowing non-developers to create simple integration flows. 

However, these proprietary solutions often lack the flexibility, 

extensibility, and scalability required for enterprise-grade 

orchestration. Their dependence on closed-source architectures 

and cloud-only deployments introduces limitations around data 

governance, customization, and integration depth [1]. 

Consequently, enterprises increasingly seek open-source, self-

hostable, and vendor-agnostic platforms that enable both 

technical and business users to design workflows combining 

automation logic, API connectivity, and artificial intelligence. 

1.1. The emergence of n8n 
n8n, short for “nodemation,” represents a new generation of 

open-source workflow automation platforms that bridge the 

gap between developer-centric automation and low-code 

usability. Released in 2019 and built using Node.js, n8n 

provides a modular, node-based architecture that allows users 

to design complex workflows visually through a web interface 

[2]. Each node in n8n represents a discrete task such as an 

HTTP request, database query, or AI model invocation and 

these nodes can be connected in directed graphs to form end-

to-end process automations. Unlike proprietary tools, n8n is 

self-hostable, offering full control over data, deployment, and 

security. Its open-source model promotes transparency, 

community-driven innovation, and flexibility in creating 

custom nodes using TypeScript or JavaScript. Enterprises can 

deploy n8n across on-premises data centers or cloud 

infrastructures such as AWS, Azure, Google Cloud Platform, 

and SAP Business Technology Platform (BTP), thereby 

achieving a consistent, secure automation layer across diverse 

systems [3]. 

1.2. Motivation for the Study 
Despite n8n’s growing adoption, academic research and 

systematic benchmarking of its capabilities remain limited. 

Most existing studies on workflow automation focus on older 

paradigms like Business Process Management Systems 

(BPMS) or Integration Platform as a Service (iPaaS) solutions 

such as MuleSoft, Dell Boomi, or Informatica [4]. There is a 

significant research gap in evaluating how open-source 

workflow automation tools can operate as AI-driven 

orchestration platforms integrating machine learning pipelines, 

RAG (Retrieval-Augmented Generation) architectures, and 

multi-agent systems into unified automation frameworks. This 

paper aims to fill that gap by: 1) Analyzing the architectural 

foundation of n8n and its scalability for enterprise use. 2) 

Evaluating n8n’s role as an AI orchestration layer, enabling the 

automation of intelligent decision-making. 3) Demonstrating 

real-world case studies, such as SAP–Salesforce–Big Query 

integrations and AI document processing pipelines. 4) 

Comparing n8n against leading proprietary and open-source 

platforms in terms of performance, flexibility, and extensibility. 

Through this research, we argue that n8n can serve as a vendor-

agnostic enterprise integration platform bridging traditional 

business systems and emerging AI ecosystems with minimal 

coding effort. 

1.3. Research Contributions 
This study makes several key contributions to the field of 

intelligent automation. Primarily, it presents a comprehensive 

architectural analysis of the n8n automation framework. It also 

demonstrates AI-driven orchestration use cases, integrating 
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LLMs, LangChain, and vector databases. Furthermore, the 

paper provides a benchmarking comparison with established 

automation tools and proposes an evaluation model for 

measuring automation efficiency and workflow performance. 

Finally, it outlines future directions for agentic AI integration, 

workflow optimization, and scalable deployment. 

2. LITERATURE REVIEW 

2.1. Evolution of Workflow Automation 
The concept of workflow automation has evolved significantly, 

transitioning from the rigid Business Process Management 

Systems (BPMS) of the early 2000s like IBM BPM and Oracle 

BPM Suite to today's flexible, low-code orchestration 

platforms. Traditional BPMS focused heavily on process 

modeling, execution, and optimization using standards like 

BPMN 2.0 (Business Process Model and Notation) [5]. While 

powerful for robust process orchestration, these systems were 

often complex, developer-centric, and cost-intensive, limiting 

accessibility for non-technical users [6]. The subsequent rise of 

cloud computing and Software-as-a-Service (SaaS) in the 

2010s fueled the need for lightweight integration solutions. 

This era saw the development of Integration Platform as a 

Service (iPaaS) offerings such as MuleSoft Anypoint, Dell 

Boomi, and Informatica Cloud, which streamlined data and API 

integration using pre-built connectors and visual flow designers 

[7]. Despite their power, iPaaS tools were proprietary, license-

bound, and cloud-restricted, posing challenges for enterprises 

that required strict data sovereignty and deep custom 

extensibility. To address these limitations, open-source 

communities introduced developer-centric tools like Apache 

Airflow (for data pipelines), Node-RED (for IoT and event-

driven flows), and n8n, emphasizing modularity, transparency, 

and community-driven extensibility [8]. These platforms made 

it possible to orchestrate not only data workflows but also API 

calls, AI agents, and business events, effectively merging 

automation and intelligence. 

2.2. Open-Source and Low-Code Paradigms 
Recent years have been defined by the convergence of the low-

code development movement and open-source automation 

frameworks. The low-code paradigm enables rapid workflow 

composition using visual interfaces, empowering non-

programmers to automate repetitive tasks; Gartner predicts that 

by 2026, 80% of software development will involve some 

element of low-code or no-code tooling [9]. Open-source 

workflow engines such as Camunda, Temporal, and n8n 

provide a hybrid flexibility: they offer low-code design 

environments while retaining the ability to extend workflows 

via custom JavaScript or TypeScript nodes. This hybrid 

programming model both democratizes automation and 

maintains enterprise-grade control and scalability. n8n 

differentiates itself with its extensible “nodes and connections” 

framework, where workflows are represented as a directed 

graph of execution paths. It supports both trigger-based events 

(e.g., webhooks, schedulers) and complex conditional logic, 

making it suitable for hybrid use cases across IT, DevOps, and 

AI operations. Critically, the self-hostable nature of n8n 

ensures data privacy and control, a requirement under 

compliance frameworks like GDPR and CCPA, which 

contrasts with many proprietary tools operating in shared SaaS 

environments that restrict access to data pipelines . The Tablel1 

illustrate the summary of major workflow automation 

frameworks as below. 

Table 1 – Summary of Major Workflow and Automation Frameworks 

Platform Type License Core Strength Limitation 

Zapier SaaS Proprietary Ease of use, quick automation Limited customization 

Make 

(Integromat) 

SaaS Proprietary Visual builder, multi-step flows Cloud-only, pricing tiers 

Node-RED Open Source Apache 2.0 IoT & event-driven Limited enterprise support 

Apache Airflow Open Source Apache 2.0 Data pipeline orchestration Steep learning curve 

Boomi Flow iPaaS Proprietary Enterprise connectors Vendor lock-in 

n8n Open Source Fair Code 

License 

Hybrid workflows, extensibility Limited built-in analytics 

2.3. Workflow Automation Meets AI 

Orchestration 
The next major evolution of workflow automation is the 

integration of Artificial Intelligence (AI) and Machine 

Learning (ML) components into automation pipelines a 

development often referred to as AI Orchestration. This extends 

traditional workflow systems by allowing dynamic, data-driven 

decisions to be made during execution [10]. Research has 

demonstrated the value of integrating LLMs (Large Language 

Models) into workflow engines for tasks like semantic routing 

and natural language query interpretation, while other studies 

have shown LangChain-based orchestration combining AI 

reasoning with API automation to create self-adapting 

processes [11]. In this context, n8n’s modular architecture 

offers a unique bridge between AI and enterprise automation. 

Workflows can seamlessly include AI-powered text 

classification (using OpenAI or Hugging Face nodes), utilize 

Retrieval-Augmented Generation (RAG) via vector databases 

(e.g., Pinecone, Weaviate), and integrate custom agents built 

with tools like LangChain or LangGraph [12]. This capability 

transforms n8n from a simple workflow tool into a true AI 

orchestration platform, where deterministic automation logic 

and cognitive AI reasoning coexist within a unified execution 

environment. 
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Figure 1 – Automation Platforms range from simple to complex 

2.4. Comparative Research Gap 
While significant literature exists on BPM, RPA (Robotic 

Process Automation), and iPaaS frameworks, open-source 

orchestration platforms like n8n have received minimal 

academic attention, largely confined to developer forums and 

community blogs [13][14]. Furthermore, previous comparative 

studies typically overlook the specialized requirements of AI 

integration, focusing instead on basic system connectivity or 

cost. Few existing research frameworks quantitatively evaluate 

AI workflow orchestration performance, custom node 

extensibility, or data governance models under an open-source 

paradigm [15]. Therefore, this research aims to address three 

key gaps: the analytical evaluation of n8n’s architecture for 

large-scale enterprise integration, the experimental 

demonstration of AI orchestration workflows using n8n, and 

the quantitative benchmarking of its execution performance 

and scalability. By filling these voids, the study contributes to 

both the academic understanding and practical adoption of 

open-source automation in the age of intelligent integration. 

The Table2 illustrate the workflow automation platform 

comparisons. 

Table 2 – Comparison of Leading Workflow Automation Platforms 

Criteria Zapier Make n8n Node-RED Boomi Flow Apache Airflow 

License Type Proprietary 

SaaS 

Proprietary 

SaaS 

Open Source (Fair 

Code) 

Open Source 

(Apache 2.0) 

Proprietary Open Source 

(Apache 2.0) 

Hosting Model Cloud-Only Cloud-Only Self-Hosted / 

Cloud 

Self-Hosted Cloud Self-Hosted / 

Cloud 

Primary Use 

Case 

Simple task 

automation 

Visual data 

and API 

workflows 

Enterprise 

Integration & AI 

Orchestration 

IoT and Edge 

Automation 

Enterprise 

BPM / Low-

Code Apps 

Data Engineering 

& ETL Pipelines 

Ease of Use Very High High Moderate Moderate Moderate Low (code-based) 

Integration 

Nodes 

> 5 000 > 1 000 ≈ 400+ native + 

custom nodes 

≈ 150 250+ ≈ 100 (Python 

operators) 

Custom Node / 

Extension SDK 

No  Limited (TypeScript SDK) (JavaScript 

plugins) 

No (Python plugins) 

AI / LLM 

Integration 

External via 

Webhook 

Custom via 

API 

Native (OpenAI, 

Hugging Face, 

LangChain) 

Custom only No External scripting 

Parallel 

Execution 

No Limited Built-in worker 

queues 

Concurrent 

flows 

 Limited Advanced DAG 

parallelism 

Security & Data 

Privacy 

Vendor-

managed 

Vendor-

managed 

Self-controlled 

(on-prem 

encryption) 

Self-controlled Vendor-

managed 

Self-controlled 

Monitoring & 

Logging 

 Basic Visual Run 

History 

Execution Logs + 

Prometheus 

integration 

Minimal Built-in Comprehensive 

Cost Model / 

TCO 

Subscription Subscription Free / Infra Cost 

Only 

Free Subscription Free / Infra Cost 

Only 

Community 

Support 

4 Star 3 Star 4 Star (Active 

open source) 

4 Star 2 Star 4 Star 
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Best Suited For SMB 

Automation 

SMB–Mid 

Enterprises 

Enterprises 

needing open, AI-

ready automation 

Developers / 

IoT use 

Large 

Enterprises 

with BPM 

needs 

Data Engineering 

Teams 

3. n8n PLATFORM ARCHITECTURE 
The n8n platform architecture is fundamentally designed 

around the principles of modularity, extensibility, and event-

driven execution. Built using Node.js and TypeScript, it 

provides a robust, self-hostable framework for building 

workflow automations that integrate APIs, cloud systems, 

databases, and AI services into cohesive end-to-end processes. 

Unlike monolithic integration platforms, n8n's design 

emphasizes node-based modularity, allowing each workflow to 

be composed of independent functional units that can be 

executed, scaled, or extended autonomously. 

3.1. Architectural Overview 
At its core, n8n functions as a workflow engine that executes 

directed acyclic graphs (DAGs) composed of interconnected 

nodes and connections. Each node performs a discrete 

operation such as calling an API, transforming data, or running 

a custom script while connections define the sequence and logic 

of task execution. The primary components of the n8n system 

include the Workflow Engine, which is the heart of the platform 

responsible for parsing, validating, and executing workflows, 

supporting both synchronous (manual) and asynchronous 

(triggered) executions. The Node System represents the atomic 

building blocks of automation, with each node defining input, 

output, and execution logic for systems like Salesforce, SAP, 

databases, or built-in operations (e.g., IF conditions); n8n’s 

pluggable architecture allows developers to create custom 

nodes using JavaScript or TypeScript [16]. Workflows are 

initiated by the Trigger and Webhook System in response to 

events like HTTP requests or cron schedules. The Execution 

Process and Queue Management handles workflows as discrete 

jobs, supporting parallel execution and error handling, with the 

queue often externalized to Redis for distributed scalability in 

enterprise settings [17]. Security is managed by the Credential 

and Secret Management system, which securely stores 

encrypted credentials for OAuth 2.0 and API keys. All 

workflow definitions, execution logs, and metadata are 

persisted in the Database Layer (PostgreSQL or SQLite). 

Finally, the Web Interface and API Layer allows visual 

workflow design and provides programmatic control for 

integration with CI/CD pipelines. As shown Figure 2 the N8N 

high level architecture. 

The Diagram 2 illustrate the n8n architecture overview as 

below. 

3.2. Node Execution Model 
Each workflow in n8n is a graph of nodes linked through inputs 

and outputs, with execution following a deterministic path 

based on dependencies and logic branches.  

 
Figure3: Node Execution Flow in n8n 

The execution model involves several stages: Workflow 

Parsing validates the workflow’s JSON representation; Trigger 

Activation initiates the run when an event (like a webhook) 

occurs; and Execution Context Creation isolates the run with 

contextual variables and credentials. The core Node Execution 

Loop then runs each node sequentially or in parallel, passing 

structured JSON objects as results to subsequent nodes. 

If a node fails, the Error Handling and Recovery mechanism 

can automatically retry, skip, or execute an alternate error 

branch. Upon completion, Completion and Logging stores 

execution metadata (runtime, data, errors) for auditability. This 

stateless, graph-based execution model ensures predictable 

automation while effectively supporting complex logic like 

conditional branches, loops, and data merges as shown in the 

figure 3 above.  



International Journal of Computer Applications (0975 – 8887)  

Volume 187 – No.63, December 2025 

5 

  

Figure 2 – n8n System Architecture Overview 

3.3. Deployment and Scalability Model 
n8n is designed to be platform-agnostic and can be deployed in 

diverse environments, supporting the horizontal scalability and 

high availability required for enterprise workloads. Local 

Deployment is ideal for prototyping, typically running as a 

single-node Docker container. Server Deployment sees 

enterprises using dedicated VMs configured with reverse 

proxies (e.g., Nginx) and external databases for enhanced 

reliability. For large-scale workloads, the Clustered 

Deployment (Enterprise Mode) is used; this separates the 

execution layer from the control layer and uses Redis-based 

queue management to process workflows in parallel across 

multiple worker nodes [18]. This configuration allows for 

elastic scaling, balancing workloads based on queue depth and 

execution time. As a result, n8n supports Cloud and Hybrid 

Integration, seamlessly connecting cloud-native services with 

on-premise systems like SAP ECC via its API connectivity. The 

deployment model shows figure4 as below. 

 
Figure4: Deployment Models for n8n 

3.4. Security and Governance 
Robust security and governance features are built into n8n to 

facilitate enterprise adoption. The platform offers Role-Based 

Access Control (RBAC) to manage user access to workflows 

and credentials, enforces Encrypted Credentials Storage for all 

sensitive data at rest, and maintains Audit Logging to track 

workflow modifications and execution history. Crucially, its 

Self-Hosting capability directly enables compliance with 

various data protection laws (like GDPR) by allowing 

organizations to keep data on their private infrastructure. 

Additionally, n8n can be integrated with external SSO 
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providers (Okta, Azure AD) and API gateway policies for 

comprehensive access control. 

4. INTEGRATION AND 

ORCHESTRATION CAPABILITIES 
The true power of n8n lies in its ability to seamlessly integrate 

heterogeneous systems across enterprises and orchestrate their 

workflows through a unified, low-code interface. As 

organizations increasingly adopt multi-cloud and API-first 

architectures, the critical need for a vendor-neutral, self-

hostable, and extensible integration layer is addressed directly 

by n8n, which successfully combines connectivity, data 

transformation, and orchestration logic within a single 

platform. 

4.1. Integration Model and Connectivity 

Framework 
n8n supports a robust plug-and-play integration model, offering 

over 400 built-in nodes that facilitate direct interaction with a 

wide array of business and technical systems. Each node 

encapsulates the complexity of authentication, data mapping, 

and API communication, enabling rapid workflow 

configuration without extensive coding. The core design is 

API-centric, relying on RESTful or GraphQL communication 

patterns. The generic HTTP Request Node allows connection 

to virtually any external service, including major applications 

like SAP S/4HANA & Ariba, Salesforce CRM, cloud platforms 

such as Google Cloud & AWS, and critical AI services like 

OpenAI, LangChain, and Hugging Face. Beyond APIs, n8n 

supports direct Database Integrations with systems like 

MySQL, PostgreSQL, and BigQuery, enabling crucial Extract–

Transform–Load (ETL) operations within workflows. The 

platform also embraces event-driven architectures (EDA) 

through nodes for Kafka, RabbitMQ, and webhooks, allowing 

workflows to be triggered by real-time events like new orders 

or system alerts. Finally, nodes for cloud storage providers such 

as Google Drive and AWS S3 facilitate file and cloud storage 

system integration for document processing and backup 

automation. The table3 shows the common integration 

categories as below. 

Table 3 – Common Integration Categories and Supported Nodes 

Category Example Systems Integration Type Use Case 

ERP & Finance SAP, Oracle ERP REST/OData Order-to-Cash Automation 

CRM & Marketing Salesforce, HubSpot REST Lead Management 

Cloud & AI AWS, GCP, OpenAI API Model Invocation, Data Pipelines 

Data & Analytics BigQuery, Snowflake JDBC/REST ETL & Reporting 

Messaging Kafka, Slack, Teams Webhook/Event Real-Time Alerts 

4.2. Orchestration Engine and Logic Control 
Beyond simple connectivity, n8n functions as a powerful 

process orchestration layer, meticulously managing control 

flow, conditional branching, and parallel processing. It includes 

built-in nodes like IF, Switch, Merge, and SplitInBatches, 

which allow workflows to branch dynamically based on 

runtime data conditions for instance, directing only approved 

purchase orders above a certain value to a downstream 

validation process. The engine supports Parallel Execution, 

allowing users to run multiple branches simultaneously (e.g., 

updating SAP and Salesforce concurrently) and then unify the 

outputs using nodes like “Merge by Key.” For large-scale data 

handling, the SplitInBatches Node enables efficient iteration 

through big datasets. Furthermore, robust Error Handling and 

Recovery features allow failed executions to be automatically 

redirected to recovery workflows, ensuring resilience in long-

running enterprise automations. 

4.3. Security and Authentication in 

Integrations 
Secure data exchange is paramount, and n8n addresses this 

through multiple authentication mechanisms. It supports 

industry standards like OAuth 2.0 for platforms like Google 

and Salesforce, API Keys for services like OpenAI, and Basic 

Auth or Bearer Tokens for generic REST endpoints. All 

sensitive data is stored securely in an Encrypted Credential 

Vault. Crucially, n8n maintains per-node credential isolation, 

preventing accidental credential reuse or leakage, which is vital 

for enterprises enforcing zero-trust integration principles. 

4.4. Reusability and Custom Node 

Development 
For bespoke enterprise needs, n8n enables the creation of 

custom nodes using TypeScript, which can be packaged as npm 

modules and seamlessly integrated into the main node library. 

This capability makes n8n highly extensible, allowing 

developers to create custom connectors for internal systems or 

proprietary APIs (e.g., specialized SAP connectors). A 

developer can define the node's metadata, input/output 

schemas, execution logic, and UI configuration, then publish 

these nodes internally, fostering a reusable automation 

ecosystem within the organization [19]. This commitment to 

reusability extends to the platform's Workflow Reusability and 

Template System, which allows users to create, share, and reuse 

predefined workflows for common scenarios like automated 

lead synchronization (HubSpot -> Salesforce) or AI text 

summarization, accelerating implementation and encouraging 

standardization across teams. 

5. AI AND ML ORCHESTRATION WITH 

n8n 

5.1. The Rise of AI-Driven Automation 
The increasing adoption of large language models (LLMs), 

retrieval-augmented generation (RAG), and agentic AI has 

transformed automation from simple rule-based logic into 

complex, context-aware reasoning systems. Traditional 

workflow engines excel at automating repetitive sequences but 

critically lack cognitive awareness. n8n bridges this gap by 

providing a hybrid environment where deterministic 

automation nodes can interact seamlessly with AI inference 
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nodes, resulting in self-adapting, data-driven workflows. In this 

paradigm, automation extends beyond triggering events to 

involve learning from data, interpreting unstructured 

information, and invoking AI models to make intelligent 

decisions. n8n's modular design makes it an ideal host for AI 

components that require centralized orchestration, secure 

context sharing, and prompt-driven execution. 

5.2. AI Integration Framework 
n8n offers a flexible framework to integrate and orchestrate 

diverse AI systems. The platform includes Native LLM Nodes 

for direct interaction with OpenAI, Hugging Face, and Cohere 

APIs, allowing users to submit prompts and parse responses, 

and even chain multiple LLM calls to simulate multi-agent 

reasoning. For advanced operations, n8n can orchestrate 

LangChain and LangGraph agents through custom nodes or 

HTTP requests, enabling LangChain to handle semantic 

retrieval while n8n manages external APIs and data flows. 

Furthermore, direct Vector Database Connectivity with 

services like Pinecone and Weaviate supports embedding-

based retrieval crucial for RAG applications. n8n can automate 

the critical data ingestion and synchronization between 

enterprise data warehouses (like BigQuery) and these vector 

stores. Finally, n8n supports Model Execution and Feedback 

Loops, enabling workflows to collect user feedback, store it, 

and automatically trigger model fine-tuning jobs on platforms 

like AWS Sage Maker or Vertex AI. The RAG flow shown in 

the figure5 below.

 

Figure5: RAG Workflow Execution Flow 

5.3. Example Use Case – AI Document 

Processing Pipeline 
A prime example of n8n's application in the enterprise is the 

automated document intelligence pipeline, where n8n acts as 

the primary workflow controller for AI-based content 

understanding and data extraction [20]. The workflow proceeds 

through several key steps: a Trigger (e.g., a new invoice 

uploaded to Google Drive) initiates the process; a Pre-

Processing node extracts text using OCR; an AI Inference node 

(like OpenAI) classifies the document and extracts structured 

fields (supplier name, amount); the extracted data is then 

Validated against systems such as SAP S/4HANA via an API 

call; and finally, the validated Storage & Alerting step pushes 

results to BigQuery and sends notifications via Teams or Slack. 

This approach offers significant advantages by combining AI 

understanding with enterprise data governance, eliminating the 

need for external middleware, and supporting continuous 

learning through integrated feedback loops. 

5.4. RAG Pipeline Implementation 
To fully showcase its AI potential, a Retrieval-Augmented 

Generation (RAG) pipeline can be constructed entirely within 

n8n. The process begins with Document Ingestion, where files 

are parsed and text is split into chunks. The Embedding 

Creation step uses the OpenAI Embeddings API to convert text 

into vectors, and the Storage step inserts these vectors into 

Pinecone. For Query Processing, when a user submits a 

question, the workflow retrieves the top-K similar documents 

from the vector store. Finally, the Response Synthesis step 

invokes an LLM node to generate a contextual, grounded 

answer based on the retrieved documents. This architecture 

effectively mimics production-grade AI assistants, and because 

n8n can invoke custom Python or serverless functions, the 

RAG pipeline remains fully modular and language-agnostic. 

 

 

5.5. AI Governance and Ethical Automation 
As AI workflows become central to enterprise operations, 

governance and ethics are vital considerations. n8n facilitates 

robust AI auditability through comprehensive Execution Logs 

that timestamp all AI calls and responses. It ensures security via 

Credential Isolation, preventing the unintended exposure of 

sensitive API keys or training data. Version Control allows 

users to track the evolution of prompts and model 

configurations. Furthermore, n8n promotes Responsible AI 

Usage by enforcing human-in-the-loop steps before final 

decisions (e.g., requiring human approval for high-value 

invoices). These controls make n8n a secure platform suitable 

for regulated domains like finance and healthcare, where AI 

outputs require strict traceability and compliance with 

standards like GDPR [22]. 

6. IMPLEMENTATION CASE STUDY 
To validate n8n's architectural strengths and orchestration 

capabilities, two representative use cases were implemented in 

an enterprise-grade environment. Use Case 1 focused on cross-

system automation for procurement data integration between 

SAP Ariba, SAP ECC, and Google BigQuery. Use Case 2 

implemented an AI-powered document intelligence workflow 

for extracting and classifying financial data using OpenAI and 

SAP APIs. Both implementations were critically evaluated for 

scalability, performance, data accuracy, and reusability, serving 

to highlight n8n’s potential as a unified automation and AI 

orchestration platform. 

6.1. Use Case 1 – Enterprise Integration: 

SAP Ariba → SAP ECC → BigQuery 
As shown figure 6 below, the primary problem addressed was 

the real-time synchronization of purchase order (PO) and 

invoice data across disparate procurement (SAP Ariba), finance 

(SAP ECC), and analytics (BigQuery) systems. Relying on 

manual reconciliation causes latency and errors.1 The n8n 

workflow was designed to be a lightweight, API-driven 
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solution [21], initiated by a Trigger Node monitoring SAP 

Ariba for new POs. The workflow then uses a Data Extraction 

Node to fetch PO fields, applies transformation (like JSON-to-

XML conversion) via Transformation Nodes, and pushes the 

data to SAP ECC using the SAP ECC Node (OData POST 

calls). After validation, the BigQuery Node writes the 

transformed data to analytical tables, and a Notification Node 

sends a status alert. Technically, this workflow achieved an 

average execution time of only 2.4 seconds per transaction and 

demonstrated linear scalability, handling 1,500 records per 

hour across three parallel worker nodes using a Redis queue. 

Error handling included retry branches for high reliability 

(99.3% API success rate), and security was maintained using 

OAuth 2.0 and n8n’s encrypted credential vault. Ultimately, the 

n8n-based integration reduced manual reconciliation time by 

over 85%, improved data freshness, and lowered external 

middleware costs, all while running securely within a private 

GCP VPC. 

 
Figure6: Enterprise Integration Workflow (Ariba → ECC → Big Query) 

6.2. Use Case 2 – AI Workflow Automation: 

Intelligent Invoice Processing 
Enterprises commonly struggle with manual extraction and 

validation of data from diverse invoice formats (PDFs, scans).2 

This requires integrating OCR, LLMs, and ERP systems, which 

traditionally requires complex custom coding. n8n simplifies 

this by orchestrating all components visually. The workflow is 

activated by a file upload Trigger Node (e.g., to Google Drive). 

A File Handling Node extracts text using an OCR service like 

Google Vision API. The extracted text is then passed to an LLM 

Node (OpenAI GPT-4), which interprets the text and classifies 

the data into structured JSON fields (Invoice Number, Amount, 

etc.). The Validation Node compares the extracted PO reference 

against live SAP ECC data, and finally, the Database Node logs 

validated invoices to BigQuery. Crucially, a Notification Node 

sends an alert for manual review only if discrepancies occur. 

The implementation achieved high accuracy, with sim 96% 

OCR accuracy and 95% LLM data extraction accuracy. The 

average processing time from upload to validation was 8.2 

seconds. To ensure data governance, PII was removed before 

sending text to LLMs, and an integrated "If Node" reroutes only 

8% of transactions for human review, significantly reducing 

human verification time by 70% and improving turnaround 

time by 3times 

7. EVALUATION AND BENCHMARKING 
Evaluation Framework :To systematically assess n8n's 

enterprise readiness, a rigorous benchmarking framework was 

established using key performance indicators (KPIs). The 

evaluation focused on Execution Performance (latency and 

throughput), Scalability (performance under distributed, 

queue-based execution), Extensibility (ease of custom node 

development), Security and Governance (encryption, access 

control, and auditability), AI Integration Capability (support for 

LLM orchestration and vector retrieval), and Cost Efficiency 

(Total Cost of Ownership, or TCO, compared to commercial 

platforms). The assessment combined quantitative 

experimental testing using the real-world workflows from 

Section VI with a qualitative feature comparison against 

leading alternative platforms: Node-RED, Apache Airflow, 

Boomi Flow, and Zapier. 

Experimental Setup: All performance tests were executed 

under controlled conditions to ensure consistency. The 

environment comprised an GCP cluster (three t3.large 

instances, 8 GB RAM each), an externalized PostgreSQL 

database, and Redis (v7.2) for queue management. The two 

primary workflows tested were the Ariba -> ECC -> BigQuery 

Integration (Transactional Workflow) and the AI Invoice 

Processing (Intelligent Workflow). Tests were run with 10, 50, 

and 100 concurrent executions per workflow, with performance 

and resource utilization monitored using Prometheus and 

Grafana. 

Performance Analysis : As shown in the table 4, The workflow 

latency and execution throughput were analyzed under scaling 

workloads. Results demonstrated n8n’s strong horizontal 

scalability and consistent reliability. 

Table4 – Performance Metrics Summary 

Metric Avg. Execution Time CPU Utilization Memory 

Utilization 

Error Rate Recovery Time 

10 Jobs 2.4 sec 38% 2.3 GB 0.4% 15 sec 

50 Jobs 2.7 sec 62% 3.5 GB 0.8% 18 sec 

100 Jobs 3.1 sec 81% 5.1 GB 1.1% 20 sec 

Observations Linear scalability 

observed 

Efficient multi-

threading 

Stable under high 

load 

Mostly API 

timeouts 

Automatic retries 

successful 
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As shown Figure3, the test results confirm n8n’s stability and 

efficiency under concurrent execution scenarios, maintaining 

error rates below 1.5% even during high-volume processing. 

Comparative Benchmarking :To benchmark n8n’s 

capabilities, a comparative study was conducted across five 

automation frameworks using a standard evaluation matrix as 

shown in the table4. 

Table 5 – Comparative Feature Benchmarking Across Platforms 

Criteria n8n Node-RED Apache Airflow Boomi Flow Zapier 

License Type Open Source (Fair 

Code) 

Open Source Open Source Proprietary Proprietary 

Hosting Self-Hosted / Cloud Self-Hosted Self-Hosted / 

Cloud 

Cloud Cloud 

Workflow Model Node-Based Flow-Based DAG BPM / Low-Code Trigger-Action 

AI/LLM Integration Native + Custom Custom Only External Limited None 

Custom Node 

Support 

TypeScript SDK JS Plugins Python Plugins Closed Closed 

Parallel Execution Supported Supported Advanced Limited No 

Data Privacy Self-Controlled Self-

Controlled 

Configurable Vendor Managed Vendor 

Managed 

Monitoring & Logs Built-In + Extensible Minimal Advanced Cloud Dashboard Limited 

Community Support 4 star 4 star 3 star 2 star 3 star 

Cost Model Free / Low Infra Cost Free Free / Infra Cost Subscription Subscription 

n8n scores high on flexibility, AI orchestration, and data 

privacy, outperforming proprietary platforms on openness and 

extensibility. While Airflow leads in data engineering 

workflows, n8n offers superior user accessibility and AI 

integration capabilities. 

Scalability and Extensibility Evaluation: The evaluation 

confirmed that n8n scales linearly when deployed with a Redis 

queue and multiple workers, with each additional worker 

increasing throughput by approximately 27%. The platform's 

commitment to extensibility was demonstrated by the low 

effort required for custom node development, with a new 

connector needing less than 150 lines of TypeScript code. 

Furthermore, in fault tolerance testing, system recovery from 

node failure took less than 20 seconds, with workflows 

resuming from the last checkpoint to ensure transactional 

integrity. 

Key Observations: The overall observations confirm that n8n 

performs reliably under both transactional and intelligent AI 

workloads, exhibiting predictable scaling patterns suitable for 

enterprise adoption. Its advanced AI orchestration features 

(e.g., native OpenAI node, custom LangChain integration) 

provide a competitive edge in the modern automation 

landscape. A major finding is the platform's Cost Advantage: 

being open source and self-hostable significantly reduces the 

TCO by 60-70% compared to commercial iPaaS systems. 

While excelling in core automation and AI integration, areas 

for potential improvement include enhancing built-in analytics 

and introducing more advanced workflow versioning features 

to fully match legacy enterprise-grade BPM platforms. 

 

 

8. DISCUSSION AND CHALLENGES 

8.1. Discussion of Findings 
The implementation and benchmarking results clearly indicate 

that n8n bridges a crucial gap between traditional Business 

Process Management (BPM) systems and modern AI 

orchestration platforms. Its open-source, modular architecture 

allows it to operate effectively across diverse enterprise 

environments, from SAP-based ERP ecosystems to multi-cloud 

AI pipelines. The platform’s node-based execution model and 

distributed queue management ensure high scalability and fault 

tolerance, validated by the experimental results (Section VII) 

showing consistent performance under load for production-

grade workloads. Furthermore, n8n's extensibility enables 

seamless integration with cutting-edge AI frameworks 

(LangChain, OpenAI, Hugging Face), modern data lakes 

(BigQuery, Snowflake), and legacy systems (SAP ECC, Oracle 

ERP). Beyond its technical execution, n8n's true strength lies 

in its design philosophy: empowering both developers and 

business analysts to co-create automation solutions without 

deep programming expertise. This democratization of 

automation is significant for organizations pursuing 

hyperautomation or citizen developer initiatives [23]. 

Additionally, the open-source model allows for self-hosted 

deployments that align with the data governance and privacy 

needs of regulated industries, facilitating compliance with 

standards like GDPR, HIPAA, or SOC2 while maintaining 

integration flexibility. 

8.2. Enterprise Adoption Challenges 
Despite its advantages, adopting n8n in large-scale enterprises 

presents several technical and operational challenges: 

Performance Overheads for Very Large Workflows: While 

scalable, n8n currently lacks advanced mechanisms like graph 
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optimization or lazy execution found in systems like Apache 

Airflow. Consequently, when the number of nodes per 

workflow exceeds several hundred, execution visualization and 

debugging can become resource-intensive.  

Limited Built-In Observability and Analytics: Although n8n 

provides basic execution logs, enterprise-scale monitoring 

requires external integration with tools such as Prometheus, 

Grafana, or ELK Stack. This adds operational complexity for 

organizations requiring centralized observability, Service Level 

Agreement (SLA) tracking, and business key performance 

indicators (KPIs). 

Workflow Versioning and Collaboration Constraints: Version 

control is manual and not natively integrated with systems like 

Git. In multi-team development environments, managing 

concurrent workflow changes is challenging, often 

necessitating external Continuous Integration/Continuous 

Deployment (CI/CD) orchestration rather than native support. 

Security Hardening and Compliance Automation: While self-

hosting grants control, enterprises must manually implement 

security scanning, Single Sign-On (SSO) integration, and role-

based governance to meet compliance standards. The platform 

would benefit from built-in support for audit trails, data lineage, 

and policy enforcement frameworks. 

AI Workflow Governance: As LLMs and external APIs are 

integrated, ensuring ethical AI usage, prompt integrity, and bias 

detection becomes critical. Automated prompt auditing and 

model explainability are emerging, essential requirements for 

AI-enabled orchestration platforms. 

9. FUTURE WORK 
The future work for n8n centers on its evolution into an 

intelligent and autonomous orchestration platform by 

integrating AI and Reinforcement Learning(RL) to enable 

workflows to dynamically self-optimize based on runtime 

performance and context. A key research direction involves 

designing an AI Reasoning Layer to monitor execution and 

automatically apply learning algorithms to improve decision 

logic or recommend execution path optimizations, forming the 

foundation for autonomous orchestration. Furthermore, n8n is 

poised to evolve into a multi-agent orchestration hub through 

integration with emerging agentic AI frameworks [24] (e.g., 

LangGraph and AutoGen), where n8n acts as the coordination 

layer for concurrent agent reasoning, secure API access control, 

and context management across enterprise systems. Future 

iterations will also focus on federated and multi-cloud 

orchestration, allowing distributed n8n instances to securely 

collaborate across different clouds and edge nodes, aligning 

with data sovereignty and zero-trust architectures. To 

strengthen enterprise adoption, planned enhancements include 

embedding Workflow Optimization Engines and Built-in 

Analytics Dashboards for autonomous performance 

management and integrating advanced features like predictive 

error handling and self-healing workflows. Ultimately, the 

future trajectory for n8n is to merge autonomous reasoning, 

multi-agent collaboration, and distributed intelligence with its 

low-code core, establishing it as a key enabler of the AI-

Augmented Enterprise by linking human expertise, machine 

intelligence, and system interoperability within a single open-

source ecosystem. 

10. CONCLUSION 
This study examined n8n as a transformative open-source 

workflow automation platform capable of bridging the gap 

between traditional enterprise integration and emerging AI-

driven orchestration paradigms. Through detailed architectural 

analysis, implementation case studies, and comprehensive 

benchmarking, the research demonstrated that n8n provides a 

modular, extensible, and self-hostable alternative to proprietary 

iPaaS and BPM systems. Experimental implementations across 

use cases specifically SAP–BigQuery integration and AI 

document intelligence validated n8n’s strong scalability, 

reliability, and cost efficiency under production-grade loads. 

The platform's flexible node-based design and open ecosystem 

make it particularly suitable for multi-cloud, event-driven, and 

hybrid AI workflows, enabling enterprises to unify both 

automation and cognitive intelligence within a single 

orchestration layer. While challenges persist in areas such as 

advanced observability, workflow analytics, and collaborative 

governance, n8n’s rapid community evolution and open 

architecture position it strongly for continuous innovation. 

Future work aims to integrate the platform with agentic AI, 

self-optimizing workflows, and federated orchestration 

frameworks, pushing the boundaries toward truly autonomous 

enterprise automation. In conclusion, n8n exemplifies how 

open-source orchestration can fundamentally redefine digital 

transformation, empowering enterprises to design, deploy, and 

manage intelligent workflows with full control, transparency, 

and adaptability. This successful convergence of deterministic 

automation and AI reasoning represents a significant step 

forward in the realization of the AI-augmented enterprise. 
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