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ABSTRACT

Modern web applications increasingly demand architectures that support independent
development, deployment, and scaling of application components across distributed teams.
Module Federation, introduced in Webpack 5, and its evolution into Native Federation for
Angular applications represent significant advances in micro-frontend architecture patterns.
This paper presents a comprehensive performance and scalability analysis comparing Module
Federation and Native Federation implementations within Angular applications. We evaluate
these approaches across multiple dimensions including initial load time, runtime performance,
memory consumption, bundle size optimization, and developer experience. Through controlled
experiments using realistic enterprise application scenarios, we measure the impact of different
federation strategies on application performance under varying load conditions and
architectural complexities. Our findings reveal that while both approaches enable effective
micro-frontend implementations, Native Federation demonstrates superior performance in
Angular-specific scenarios through better integration with Angular's compilation and
optimization pipeline. The study provides practical guidance for architects and developers
selecting federation strategies for large-scale Angular applications, including recommendations
for specific use cases and implementation patterns that maximize performance while
maintaining architectural flexibility.

Keywords: Module Federation, Native Federation, Angular, micro-frontends, performance
analysis, scalability, webpack, build optimization

1. INTRODUCTION

The evolution of web application development has witnessed a fundamental shift from
monolithic architectures toward distributed systems composed of independently deployable
components. This transformation reflects the growing complexity of modern applications and
the organizational need to enable autonomous teams working on different features without
creating deployment bottlenecks or coordination overhead (Mezzalira, 2021). Traditional
approaches to building large applications involved either maintaining massive monolithic
codebases that became increasingly difficult to manage, or implementing multiple separate
applications that struggled with shared functionality and inconsistent user experiences.

Micro-frontend architecture emerged as a response to these challenges, extending the
microservices concept to frontend development. By decomposing user interfaces into smaller,
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independently developed and deployed pieces, organizations gain the ability to scale
development teams, adopt different technologies for different features, and deploy updates
without coordinating across the entire application (Jackson, 2019). However, early
microfrontend implementations often relied on iframe-based composition or runtime script
loading that introduced significant performance penalties and complicated state management.

Module Federation, introduced as a core feature of Webpack 5 in 2020, revolutionized
microfrontend implementation by enabling multiple separate builds to work together as if they
were part of a single application. Instead of duplicating shared dependencies across bundles or
loading entire applications at runtime, Module Federation allows applications to share modules
dynamically, significantly reducing bundle sizes and improving load times (Kovalyov and
Larkin, 2020). This technology has been rapidly adopted across various frameworks including
React, Vue, and Angular, transforming how teams architect large-scale applications.

Angular, one of the most widely used frameworks for enterprise applications, initially adopted
Module Federation through Webpack 5 integration. However, the Angular team recognized that
framework-specific optimizations could further improve performance and developer
experience. This recognition led to Native Federation, a reimplementation of Module
Federation concepts specifically designed for Angular's architecture and build system (Steyer,
2023). Native Federation maintains API compatibility with Module Federation while providing
deeper integration with Angular's ahead-of-time compilation, dependency injection system, and
optimization pipeline.

Understanding the performance and scalability characteristics of these federation approaches
is crucial for architects making technology decisions that will impact application performance
for years. While both Module Federation and Native Federation enable micro-frontend
architectures, their different implementation strategies and framework integration levels
produce varying performance profiles. This paper provides empirical analysis comparing these
approaches across multiple performance dimensions, helping practitioners make informed
decisions based on quantifiable data rather than theoretical considerations alone.

2. MICRO-FRONTEND ARCHITECTURE
FUNDAMENTALS

Micro-frontend architecture represents a paradigm shift in how large web applications are
structured, moving from monolithic frontends to compositions of smaller, independently
developed pieces that work together seamlessly from the user's perspective.

The core principle behind micro-frontends involves decomposing user interfaces by business
functionality rather than technical layers. Instead of having separate teams for frontend and
backend, vertical slices combine all technical layers needed to deliver specific business
capabilities. Each micro-frontend team owns their features end-to-end, from database schema
through APIs to user interface components. This organizational alignment reduces coordination
overhead and allows teams to move faster since they control all aspects of their features
(Mezzalira, 2021).

3523 Sai Kiran Naik Banoth et al 3522-3537



Journal of Computational Analysis and Applications VOL. 33, NO. 5, 2024

10.48047/jocaaa.2024.33.05.69

Several technical approaches exist for implementing micro-frontend composition. Build-time
integration compiles all micro-frontends into a single bundle during the build process,
providing excellent runtime performance but sacrificing independent deployability. Serverside
composition assembles pages on the server, enabling independent deployment but requiring
server-side infrastructure and complicating client-side state management. Client-side runtime
composition loads micro-frontends dynamically in the browser, offering maximum deployment
flexibility but potentially impacting performance (Jackson, 2019).

Table 1: Micro-Frontend Composition Approaches

Approach Independen Runtime Shared State Build

t Performanc Dependencie Managemen Complexit
Deployment € S t y
Build-time  No Excellent Optimized Simple Low
Integration
iFrame Yes Poor Duplicated Isolated Low
Compositio
n
Web Yes Good Partially Complex Medium
Component shared
s
JavaScript  Yes Variable Duplicated Complex Medium
Runtime
Module Yes Excellent Shared Moderate Medium
Federation
Native Yes Excellent Optimized Moderate Low
Federation

Module Federation occupies a unique position among these approaches by enabling
independent deployment while maintaining excellent runtime performance through intelligent
dependency sharing. Instead of loading complete applications that duplicate common
frameworks and libraries, federated modules share dependencies dynamically at runtime. The
module federation runtime resolves dependencies across different bundles, loading shared
modules only once and making them available to all federated applications (Kovalyov and
Larkin, 2020).

The architecture distinguishes between host applications that load and orchestrate
microfrontends, and remote applications that expose specific features for consumption by
hosts. This host-remote relationship is flexible, with applications potentially acting as both host
and remote simultaneously. Federation configuration defines which modules each application
exposes for external consumption and which remote modules it consumes from other
applications. This declarative configuration approach simplifies the development experience
compared to manual dynamic module loading (Steyer, 2023).

Dependency management in federated architectures requires careful consideration to balance
bundle size optimization with version compatibility. Singleton dependencies ensure that only
one version of critical libraries like Angular framework code exists in the browser at any time,
preventing version conflicts and reducing memory consumption. However, singleton
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constraints can create deployment challenges when different micro-frontends require
incompatible library versions. Version range specifications allow some flexibility while
maintaining compatibility (Luca and Feldman, 2021).

3. MODULE FEDERATION ARCHITECTURE AND
IMPLEMENTATION

Module Federation, as implemented in Webpack 5, provides a sophisticated runtime system for
loading and sharing JavaScript modules across separately built applications.

The technical foundation relies on Webpack's container plugin, which creates special bundle
entry points that expose selected modules through a standardized interface. When an
application exposes modules via Module Federation, Webpack generates a container that wraps
those modules with metadata describing their dependencies and required shared libraries. This
container serves as the boundary between the federated module and the host application
consuming it (Kovalyov and Larkin, 2020).

Runtime module resolution happens through the Module Federation runtime, a lightweight
JavaScript library included in both host and remote applications. When a host application
requests a remote module, the runtime first loads the remote container's manifest file, which
describes available modules and their dependencies. The runtime then determines which
dependencies are already loaded in the host and which need to be fetched from the remote.
Shared dependencies are loaded only once, with the runtime coordinating version resolution to
ensure compatibility (Luca and Feldman, 2021).

Figure 1: Module Federation Architecture and Runtime Flow
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This figure illustrates the complete Module Federation system architecture and operational
flow:

«  Build Phase:

o Host Application Build: Webpack bundles with ModuleFederationPlugin

configuration

o Remote Application Build: Separate Webpack process creating exposed
modules

o Shared Dependencies: Common libraries marked as shared (Angular, RxJS,
etc.)

o Container Generation: Webpack creates remoteEntry.js files for each remote o
Output: Independently deployed bundles with federation metadata
«  Runtime Initialization:

o Browser loads Host Application o Host bootstrap loads remoteEntry.js from
configured remotes o Remote containers register with Module Federation
runtime

o Dependency graph constructed showing shared vs. remote-specific modules

«  Module Resolution:

o Host requests remote module (lazy-loaded component) o  Runtime  checks
shared dependency versions o Loads missing dependencies from
appropriate sources o Instantiates remote module with resolved dependencies o

Returns module to host application
« Dependency Sharing:

o Version conflict resolution (singleton vs. multiple versions)

o Shared scope containing loaded dependencies o Fallback loading when
shared version unavailable o Memory optimization through single module
instances

« Performance Characteristics:

o Initial load: Host bundle + remote manifests (small overhead) o  Lazy load:
Only required remote modules fetched on demand o Shared
dependencies: Loaded once, reused across remotes o Network requests:
Minimized through intelligent caching

The sharing configuration controls how dependencies are handled across federated modules.
Libraries can be marked as singleton to enforce single-version loading, preventing framework
version conflicts that could cause runtime errors. Version ranges specify acceptable version
compatibility, allowing some flexibility while preventing breaking changes. Eager loading
forces dependencies to load during initial application bootstrap rather than waiting for lazy
module requests, trading faster subsequent loads for slower initial startup (Steyer, 2023).

Angular integration with Module Federation requires additional configuration beyond standard
Webpack federation setup. Angular's ahead-of-time compilation produces optimized JavaScript
that references framework internals expecting specific version alignment. The Angular CLI's
Webpack configuration must be customized to properly expose and consume Angular modules
through federation while maintaining compatibility with Angular's build optimizations. Third-
party builders and schematics have emerged to simplify this configuration process (Mezzalira,
2021).
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Performance characteristics of Module Federation depend heavily on configuration choices and
application architecture. Well-configured federation significantly reduces bundle sizes by
eliminating duplicate dependencies, potentially cutting initial load sizes by 40-60% in
applications with substantial shared code. However, misconfiguration can actually worsen
performance by loading dependencies multiple times or creating inefficient loading waterfalls.

The flexibility Module Federation provides requires thoughtful architecture to realize its
performance benefits (Jackson, 2019).

4. NATIVE FEDERATION FOR ANGULAR

Native Federation represents an Angular-specific reimplementation of Module Federation
concepts, designed to provide better integration with Angular's build system and optimization
pipeline while maintaining API compatibility with standard Module Federation.

The fundamental difference lies in implementation approach. While Module Federation is
implemented as a Webpack plugin that operates at the JavaScript bundle level, Native
Federation integrates more deeply with Angular's compilation and build process. This deeper
integration allows Native Federation to leverage Angular-specific optimizations including
differential loading, tree-shaking of Angular decorators, and ahead-of-time compilation
optimizations that generic Webpack-based federation cannot access (Steyer, 2023).

Configuration syntax in Native Federation closely mirrors Module Federation to ease
migration, but the underlying mechanics differ significantly. Native Federation uses Angular's
own module resolution and dependency injection systems rather than relying solely on
Webpack's runtime. This allows Native Federation to maintain type safety across federation
boundaries and provide better tooling support including IDE autocomplete and compile-time
error checking for federated modules (Luca and Feldman, 2021).

Table 2: Module Federation vs. Native Federation Comparison

Implementation Webpack 5 plugin Angular-specific builder
Framework Integration Generic JavaScript ~ Deep Angular integration
Build Process Webpack bundling  Angular CLI + optimization
Type Safety Runtime only Build-time and runtime
Tree Shaking Standard JavaScript Angular-aware optimization
Differential Loading Limited Full support

AOT Compilation Compatible Optimized

Configuration Complexity Moderate Lower

Bundle Size Larger Smaller

Initial Load Time Slower Faster

Migration Path Webpack required ~ Angular CLI native
Community Maturity Established Emerging

Tool Support Extensive Growing
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Version Compatibility Broad Angular-focused
The build process in Native Federation leverages Angular's existing optimization pipeline more
effectively than Webpack-based federation. During compilation, Native Federation can apply
Angular-specific optimizations including component template inlining, style processing, and
metadata generation in ways that preserve their effectiveness across federation boundaries. This
results in smaller bundles and better runtime performance compared to federated modules built
through generic Webpack processes (Mezzalira, 2021).

Type safety represents a significant advantage of Native Federation over standard Module
Federation. Because Native Federation integrates with TypeScript compilation, it can validate
that federated module interfaces match between producer and consumer at build time. This
catches integration errors during development rather than at runtime, reducing bugs and
improving developer experience. Standard Module Federation relies on manual TypeScript
declarations that can drift out of sync with actual implementations (Jackson, 2019).

5. PERFORMANCE ANALYSIS METHODOLOGY

To rigorously compare Module Federation and Native Federation performance characteristics,
we designed controlled experiments measuring multiple performance dimensions across
realistic application scenarios.

The test application architecture simulates a typical enterprise Angular application comprising
a shell application hosting multiple feature micro-frontends. The shell provides shared
navigation, authentication, and layout components while dynamically loading feature modules
for customer management, order processing, and reporting functionality. Each feature module
contains multiple lazy-loaded components, services, and shared dependencies representing
realistic application complexity (Kovalyov and Larkin, 2020).

FIGURE 2: PERFORMANCE TESTING ARCHITECTURE AND METRICS COLLECTION
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Figure 2: Performance Testing Architecture and Metrics Collection
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This figure depicts the comprehensive testing environment and measurement

approach:

« Test Application Structure:
o Shell Application (Host): Navigation, auth, shared layout (150 KB
baseline) o  Feature Module 1: Customer Management (220 KB,
15 components)

o Feature Module 2: Order Processing (280 KB, 22 components) o
Feature Module 3: Reporting Dashboard (310 KB, 18 components,

charts library)

o Shared Dependencies: Angular core, RxJS, Angular Material
(combined 450 KB)

+  Test Scenarios:

o Cold Start: First application load with empty cache o Warm
Start: Reload with cached resources o Feature Navigation:
Lazy load individual features o Concurrent Features: Multiple
features loaded simultaneously o Memory Pressure: Extended

usage simulating real user sessions
+ Performance Metrics Collected:

o Initial Bundle Size: Total JavaScript downloaded for first load o
Time to Interactive (TTI): When application becomes fully responsive
o First Contentful Paint (FCP): When first content appears o
Largest Contentful Paint (LCP): Largest content element rendered o
Total Blocking Time (TBT): Cumulative time main thread blocked o
Feature Load Time: Time from navigation to feature ready o
Memory Consumption: Heap size after feature loading o Network
Requests: Total HTTP requests during session o Bundle Parsing
Time: JavaScript parse and compile duration o Hydration Time:
Angular bootstrap and component initialization

+  Testing Infrastructure:

o Browser: Chrome 120 with performance profiling o Network:
Simulated 3G, 4G, and broadband conditions o Device: Desktop
and mobile device profiles o Repetitions: 30 runs per configuration
for statistical significance o Automation: Puppeteer for consistent
test execution

«  Comparison Configurations:

o Baseline: Monolithic Angular application o Module Federation:
Webpack 5 implementation o Native Federation: Angular-optimized
implementation o Variations: Different sharing strategies and lazy
loading patterns

Implementation variations tested different federation configurations including strict singleton
shared dependencies, version range sharing, and eager versus lazy dependency loading. Each
configuration was tested under multiple network conditions simulating 3G mobile, 4G, and
broadband connections to understand performance across different user environments. Device
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profiles included both desktop and mobile emulation to capture performance differences across
hardware capabilities (Steyer, 2023).

Measurement tools included Chrome DevTools Performance profiler for detailed runtime
analysis, Lighthouse for standardized performance scoring, and custom instrumentation
measuring Angular-specific metrics like component initialization time and change detection
cycles. Each test scenario executed 30 times to achieve statistical significance, with outliers
removed using standard deviation thresholds. Results were aggregated using median values to
reduce impact of environmental variance (Luca and Feldman, 2021).

6. PERFORMANCE RESULTS AND ANALYSIS

Experimental results reveal significant performance differences between Module Federation,
Native Federation, and monolithic baseline approaches across multiple dimensions.

Initial bundle size measurements show that both federation approaches substantially reduce the
initial JavaScript payload compared to the monolithic baseline. The monolithic application
required downloading 1.2 MB of JavaScript for initial load, while Module Federation reduced
this to 680 KB through shared dependency optimization. Native Federation achieved even
better results at 520 KB, leveraging Angular-specific tree-shaking and compilation
optimizations. This represents a 57% reduction compared to the monolithic baseline and a 24%
improvement over standard Module Federation (Mezzalira, 2021).

Table 3: Performance Metrics Comparison (Median Values)

Initial Bundle Size 1.2 MB 680 KB 520 KB 57% reduction
Time to Interactive 8.4 sec 5.2 sec 3.8 sec 55% faster
BG)

First Contentful 2.1 sec 1.8 sec 1.4 sec 33% faster
Paint

Largest Contentful 3.6 sec 2.9 sec 2.2 sec 39% faster
Paint

Total Blocking 1850 ms 980 ms 640 ms 65% reduction
Time

Feature Load Time Instant 420 ms 280 ms N/A

Memory 145 MB 98 MB 87 MB 40% reduction
Consumption

Network Requests 12 18 15 +25%

(initial)

Bundle Parse Time 580 ms 320 ms 240 ms 59% faster
Lighthouse 68 82 91 +34%

Performance Score
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Time to Interactive measurements demonstrate the practical impact of bundle size reductions
on user experience. On simulated 3G connections, the monolithic application took 8.4 seconds
to become fully interactive, while Module Federation reduced this to 5.2 seconds. Native
Federation achieved 3.8 seconds, providing a 55% improvement over the baseline and
representing the difference between acceptable and frustrating user experience on slower
connections (Jackson, 2019).

Feature lazy-loading performance reveals advantages of the federation approach for modular
applications. The monolithic baseline had no lazy loading since all code bundled together,
providing instant feature navigation but at the cost of large initial load. Module Federation
averaged 420 milliseconds to load and initialize lazy-loaded features, while Native Federation
achieved 280 milliseconds. This faster feature loading stems from Native Federation's
optimized Angular component compilation and smaller feature bundle sizes (Steyer, 2023).

Memory consumption patterns showed significant differences across approaches. The
monolithic application maintained a memory footprint of 145 MB after loading all features,
while Module Federation reduced this to 98 MB through better code organization and shared
dependency management. Native Federation achieved the lowest memory usage at 87 MB,
benefiting from both dependency sharing and more efficient compiled code that reduced
runtime overhead (Kovalyov and Larkin, 2020).
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Figure 3: Performance Comparison Across Network Conditions This

figure presents comparative performance across different network scenarios:

« Broadband Performance (50 Mbps):
o Line graph showing Time to Interactive over 10 runs o
Monolithic: 2.1-2.4 seconds (average 2.2s) o
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Module Federation: 1.6-1.9 seconds (average 1.7s) o
Native Federation: 1.2-1.5 seconds (average 1.3s)

o Minimal difference due to network speed masking

bundle size impact
« 4G Performance (10 Mbps):

o Time to Interactive increases across all approaches o
Monolithic: 4.8-5.4 seconds (average 5.1s) o
Module Federation: 3.2-3.7 seconds (average 3.4s) o
Native Federation: 2.4-2.8 seconds (average 2.6s) o
Native Federation advantage becomes more
pronounced

+ 3G Performance (3 Mbps):

o Dramatic performance divergence o Monolithic: 8.1-
8.9 seconds (average 8.4s) o Module Federation: 4.9-
5.6 seconds (average 5.2s) o Native Federation: 3.5-
4.1 seconds (average 3.8s) o Bundle size optimization
critically important

«  Mobile Device Profile:

o Additional CPU constraints impact all approaches o
Parse and compile times increase 40-60%

o Native Federation maintains smallest relative overhead
o Bar chart comparing parse times across device
types

«  Memory Pressure Scenario:

o Simulated 4 hours of typical usage o Memory growth
tracked over time o Native Federation shows most
stable memory profile o Module Federation
experiences some memory fragmentation o Monolithic
shows significant memory creep over time

Network request count showed an interesting trade-off. The monolithic baseline made only 12
initial HTTP requests since everything bundled together, while Module Federation made 18
requests loading separate remote entry points and chunks. Native Federation optimized this to
15 requests through better chunk splitting strategies. While more requests can theoretically
slow loading, the smaller total payload size and parallel loading more than compensated for the
additional request overhead under HTTP/2 (Luca and Feldman, 2021).

7. SCALABILITY ANALYSIS

Scalability characteristics determine how federation approaches perform as application
complexity grows through additional features, teams, and dependencies.

Team scaling represents a critical dimension for enterprise applications where multiple
autonomous teams contribute features. We simulated scenarios with 3, 6, and 12 microfrontend
teams each maintaining separate feature modules. The monolithic approach showed severe
degradation as team count increased, with build times growing exponentially and merge

3532 Sai Kiran Naik Banoth et al 3522-3537



Journal of Computational Analysis and Applications VOL. 33, NO. 5, 2024

10.48047/jocaaa.2024.33.05.69
conflicts creating deployment bottlenecks. Both federation approaches maintained consistent
performance since teams built and deployed independently (Mezzalira, 2021).

Feature count scaling tested applications with 5, 15, and 30 distinct feature modules. The
monolithic baseline showed linear bundle size growth with each added feature since all code
bundled together regardless of user needs. Module Federation demonstrated sublinear growth
through dependency sharing, while Native Federation achieved the best scaling characteristics
with optimized tree-shaking eliminating unused code even within shared dependencies
(Jackson, 2019).

Dependency complexity scaling examined applications with varying numbers of shared
libraries. Simple applications with only Angular core dependencies showed minimal
performance differences across approaches. However, as shared dependency count increased
to include state management libraries, Ul component libraries, utility collections, and
domainspecific frameworks, Native Federation's superior dependency optimization became
increasingly impactful. Applications with 20+ shared dependencies showed 35% smaller
bundles with Native Federation versus standard Module Federation (Steyer, 2023).

Figure 4: Scalablity Analysis Across Dimensions
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Figure 4: Scalability Analysis Across Dimensions
This figure illustrates how different approaches scale with increasing application complexity:

« Team Scaling (3 to 12 teams):
o X-axis: Number of independent teams o Y-axis: Build
time (minutes) o Monolithic: Exponential growth (5 min to
45 min) o Module Federation: Linear growth (3 min to 8
min) o Native Federation: Linear growth (2 min to 6 min)
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o Native Federation maintains lowest build times

throughout

« Feature Module Scaling (5 to 30 features):
o X-axis: Total feature modules o Y-axis: Total bundle
size (MB) o Monolithic: Steep linear growth (1.2 MB

to 6.8 MB) o Module Federation: Sublinear growth (0.7
MB to 2.4 MB) o Native Federation: Sublinear growth (0.5
MB to 1.8 MB) o Shared dependencies prevent proportional
size increase
«  Dependency Complexity (5 to 25 shared libraries):
o X-axis: Number of shared dependencies o Y-axis:
Initial load overhead (KB) o Module Federation: Linear
increase (200 KB to 850 KB) o  Native Federation:
Sublinear increase (150 KB to 580 KB) o Tree-shaking
effectiveness improves with complexity
«  Concurrent Feature Loading (1 to 8 features):
o X-axis: Features loaded simultaneously o Y-axis: Total
load time (seconds) o Monolithic: Instant (all pre-loaded)
o Module Federation: Linear increase (0.4s to 2.8s) o
Native Federation: Linear increase (0.3s to 1.9s) o
Network parallelization limits scaling
«  Memory Footprint by Application Size:
o Small app (5 features): MF 78MB, NF 68MB o
Medium app (15 features): MF 112MB, NF 95MB o
Large app (30 features): MF 168MB, NF 135MB o
Native Federation maintains 20-25% advantage across
sizes

Deployment frequency scaling examined how federation approaches handled increasing
deployment velocity. Traditional monolithic deployments required full application rebuilds and
redeployments, limiting practical deployment frequency to weekly or bi-weekly cycles.
Module Federation enabled individual feature deployments without rebuilding the shell,
supporting daily deployments. Native Federation's faster build times and simpler configuration
further enabled multiple daily deployments per team while maintaining quality gates
(Kovalyov and Larkin, 2020).

8. DEVELOPER EXPERIENCE CONSIDERATIONS

Beyond pure performance metrics, developer experience significantly impacts long-term
success of architectural approaches through effects on productivity, maintainability, and code
quality.

Configuration complexity differs substantially between approaches. Module Federation
requires intricate Webpack configuration including manual specification of exposed modules,
shared dependencies with version ranges, and remote entry points. Angular applications
additionally need Webpack configuration customization that conflicts with Angular CLI's
standard build process, requiring custom builders or ejection from standard CLI workflows.
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Native Federation simplifies this through Angular CLI integration and sensible defaults,
reducing configuration to essential elements (Steyer, 2023).

Type safety across federation boundaries presents ongoing challenges. Standard Module
Federation operates at the JavaScript level, requiring manual TypeScript declarations to
maintain type checking across remote boundaries. These declarations can drift from actual
implementations, creating runtime errors despite clean compilation. Native Federation's deeper
TypeScript integration enables build-time validation of federated module contracts, catching
interface mismatches before deployment (Luca and Feldman, 2021).

Debugging federated applications introduces complexity regardless of approach. Source maps
must correctly map across remote bundles, error messages need clear indication of which
remote module triggered failures, and development server setups require running multiple
applications simultaneously. Native Federation provides better debugging experience through
Angular DevTools integration and clearer error messages that understand Angular-specific
patterns (Mezzalira, 2021).

Testing strategies require adaptation for federated architectures. Unit testing remains
straightforward, but integration testing across federated boundaries requires running multiple
applications. End-to-end testing must handle asynchronous remote loading and potential
version mismatches. Both federation approaches complicate testing, though Native
Federation's type safety reduces certain categories of integration bugs (Jackson, 2019).

9. IMPLEMENTATION RECOMMENDATIONS

Based on performance analysis and practical experience, several clear recommendations
emerge for teams implementing federated Angular applications.

Choose Native Federation for new Angular projects where performance is critical and the team
values strong typing and Angular CLI integration. The performance advantages, particularly
on slower networks and mobile devices, justify adoption despite the newer technology's less
mature ecosystem. The reduced configuration complexity and better developer experience
provide additional benefits that compound over project lifetime (Steyer, 2023).

Consider Module Federation when broader framework compatibility is needed or when
integrating with existing Webpack-based tooling. Organizations with heterogeneous frontend
stacks mixing Angular, React, and Vue can use Module Federation as a common federation
layer across frameworks. The more mature ecosystem and extensive documentation make
Module Federation safer for teams new to micro-frontends (Kovalyov and Larkin, 2020).

Regardless of chosen approach, optimize shared dependency configuration carefully. Mark
framework code as singleton to prevent version conflicts, but allow flexibility for utility
libraries where version compatibility is broader. Measure actual bundle sizes during
development to validate sharing assumptions, as misconfiguration can eliminate expected
benefits (Luca and Feldman, 2021).

Implement comprehensive monitoring of federated applications in production. Track bundle
sizes over time to detect dependency bloat, monitor lazy loading performance to ensure features
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load acceptably, and measure memory consumption to catch leaks that span federated

boundaries. Federation's distributed nature makes problems harder to diagnose without good
observability (Mezzalira, 2021).

10. CONCLUSION

This comprehensive analysis of Module Federation and Native Federation in Angular
applications reveals significant performance and scalability differences between approaches,
providing empirical evidence to guide architectural decisions.

Native Federation demonstrates clear performance advantages over Module Federation in
Angular-specific scenarios, achieving 24% smaller bundle sizes, 27% faster time to interactive,
and 11% lower memory consumption. These improvements stem from deeper integration with
Angular's compilation and optimization pipeline, enabling framework-specific optimizations
unavailable to generic Webpack-based federation. The performance gains prove most impactful
on slower networks and mobile devices where every kilobyte and millisecond significantly
affects user experience.

Both federation approaches vastly outperform monolithic architectures in applications
requiring independent feature deployment, team autonomy, and incremental migration. The
ability to deploy features independently while maintaining shared dependencies and consistent
user experience makes federation essential for large-scale Angular development. Organizations
must weigh performance considerations against ecosystem maturity, with Native Federation
offering superior performance but Module Federation providing broader compatibility and
more established tooling.

Future work should examine federation approaches in even larger-scale applications,
investigate integration with emerging web platform features like import maps, and analyze
performance characteristics of federated applications using different state management
patterns. As micro-frontend architectures become increasingly prevalent in enterprise
development, continued research into optimization techniques and best practices will help
teams maximize the benefits while minimizing the complexity inherent in distributed frontend
systems.
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