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Abstract: Progressive Web Apps or PWAs can be described as the next big advancement in site design and building, as they give web
application - like functionality within a web browser without the need for app downloads. This paper discusses how PWAs build the
path between normal mobile applications and web applications using service workers; web application manifests, and contemporary
JavaScript frameworks. PWAs have functionalities like offline capability, push notification, and background refresh that address the
users' engagement; scalability and dependability of web application that facilitate the functionality of the PWAs. The given features
enable PWAs to provide an unbroken and captivating interface to individuals, even during certain circumstances when one has
intermittent or no Internet connection. The research aims to evaluate the increasing engagement of users with the help of PWAs and
what parameters should be involved: time to loading, interactivity, and re - engagement rates. The paper assesses the development of
PWAs and measures how organizations such as Twitter, Uber, and Flipkart have adopted PWAS to increase their profits, client
satisfaction, and performance based on research studies. This research gathers data from PWA developers to understand the motivation
and barriers to its use. Studies show that applying PWAs yields significant performance enhancements as they cache data and do not
require a constant Internet connection. In addition, the study shows how push notifications and background sync features help enhance
user engagement since clients are reminded to be active without having to install an application. However, the various benefits of this
research bring some understanding and realization of certain drawbacks like technical difficulties, support from only a limited number
of browsers, and perceived impressions, which may slow its uptake.
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1. Introduction
1.1 Background to the Study

The use of Progressive Web Apps (PWAS) is regarded as a
revolutionary solution in web development mainly because
they occupy the territory between web applications and
native mobile applications and offer improved user
experiences through web browsers (Osmani, 2018). The
development of web applications from simple HTML pages
to new complex interactively reflecting interfaces is due to
the calls for improvements in web interfaces. When the
mobile device usage exceeded that of the desktop, the
requirement for mobile app - like web experiences was
realized (Bigrn - Hansen et al., 2017).

Problems like web application dependence on network
connectivity and no access to the device’s features showed
that something new should be developed. HTMLS5, CSS3,
and the modern JavaScript frameworks were an outcome of
the shift towards Rua, Le Page, 2017, p.32)). However,
service workers and web app manifest laid the foundation
for the PWA model.

Service workers are intermediate between the web
application and the network, providing functionality for
cache strategies and offline (Hope, 2017). They allow the
developer to determine the handling of network requests,
which empowers the ability to render cached content when
the network is unreachable or slow. This, in turn, improves
the consistency and efficiency of the web applications.

The web app manifest is a JSON file containing information
about the application’s icons, colors, and preferred display,
enabling users to install PWAs to the home screen that
appear more like native apps (Osmani, 20181). This feature

helps the usability of an application increase the chances of
the user using it again, excluding app store distribution.

Angular, React, and Vue. js act as modern JavaScript
frameworks and have helped many work as powerful tools
for constructing complex, high - performing web apps
(Gartner, 2017). These frameworks enable the building of
progressive, well - structured applications critical to the
success of PWAs.

1.2 Overview

A Progressive Web App takes the best of mobile and web
applications and offers users the full experience of an app
directly from their browser (Majchrzak & Bigrn - Hansen,
2019). A significant aspect in the definition of PWAs is the
offline - first capability of the application or, at the very
least, the capability of running the application under low
connectivity conditions, and this is mediante service
workers, files are cached. This allows users to have constant
content, increasing reliability and satisfaction.

Another aspect of PWAs is that the developer is able to
directly message a particular user regarding an application of
their interest, even if the latter is not frequently used (Gaunt,
2016). This capability is as strong as the native applications
and will boost user retention and engagement levels, as
studies suggest.

In this background synchronization technique, the PWAs
can wait until the connection with the best network is
gained, enhancing the result and detail of the stored data (as
cited in Rauber & Creutzburg). For some time, as in the case
of the following instance, if the user has filled out a form
and submits it when the device is offline, the service worker
will cache such requests and push them online.
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From the business perspective, the main perks of PWAs are
significantly lower cost and respective implementation
compared to the native applications as they do not require
two distinctive codebases for iOS and Android (Larsen &
Hornbak, 2019). Application developers can leverage
standard Web technologies and engage users directly via
URLSs without the intermediary of app stores.

1.3 Problem Statement

Standard internet and mobile interfaces have performance,
interaction, and scalability issues as numerous drawbacks.
Web applications depend on an uninterrupted internet
connection, which can cause unresponsive user experiences,
especially in areas of low internet connection. Moreover,
they are slower in response time and not very ‘rich’
regarding the interaction, which makes it challenging for app
developers to capture the users’ attention. In the same way,
compared to Web apps, native mobile apps offer higher
performance and enhanced user access to the device
features. However, they also need more resources for
developing, testing, and selling across various platforms.
This results in increased costs of development and an
elongated development period.

Besides, mobile application services must be downloaded
from markets available from the hard copy offerings. This
cannot entice users to install new applications whenever they
want to use a new service. This can put off many people and
reduce the number of people who visit this site. It is also a
problem for businesses with web and application
management because making a separate code basis results in
comprehensive costs and is time - consuming when scaling

up.

These challenges compel the search for an optimal choice
between web and mobile apps with high performance and
offline access, free from inherent disadvantages. These
constraints share some drawbacks inherent with other web
apps, but PWAs have developed into a successful option that
improves engagement and scalability.

1.4 Objectives

1) In this study, the author aims to analyze the basic
characteristics of Progressive Web Apps (PWASs) and the
distinctions between them and web and mobile
applications.

2) To evaluate the effectiveness of PWAS on interaction in
terms of engagement and retention.

3) In this regard, the purpose is to determine how PWAS
enhance the performance of web apps wherein load times
and offline support are factors.

4) To assess how much PWAs can ease the management of
digital platforms by businesses that operate across
different types of devices,

5) To understand the issues of adopting PWAs and how
some could be addressed.

1.5 Scope and Significance

It is crucial to study PWAs because efficiency and
continuity of user experience across devices are increasingly

popular right now. Today’s connected users demand instant
and reliable access to services at any network quality or
hardware platform. When it comes to the execution of these
expectations, conventional web and mobility solutions fail to
deliver — and businesses lose out, and users get impatient.
The PWAs solve these problems because the browser
environment takes the superiority of both web and mobile
applications and gives a rich, fast, and dependable
experience.

In this study, technical and practical concerns of PWAs are
considered within the desired scope of the research. More
so, it will explain how progressive web application features,
including service workers, web app manifest, and responsive
design, affect performance and offline capability. In an
empirical vein, part of the research will discuss the
applicability of PWAs in the context of various sectors such
as e - business, social media, and news to assess how these
tools increase user interaction and drive concurrent market
expansion.

This research also discusses the business benefits of
adopting PWAs. For instance, there will be cost savings
since there will only be one code base, and there will be
much flexibility in the type of users who can download the
application without restrictions from the different app stores.
Thus, this work offers notable contributions that will be
most beneficial to the developers, firms, as well as investors,
primarily in constructing a general view of the possibility of
PWAs and the possibilities of utilizing the future of digital
intentions within a competitive environment.

2. Literature Review
2.1 The Evolution of Web Applications

The transition of web applications from document type with
added interactivity to actual applications is one of the
biggest web causes. In the beginning, a website was
comprised of static HTML pages that provided a minor
interface with the users and which, in the event of added or
modified content, the coder required the creation of new
pages (Zakas, 2010). The absence of interactivity and
responsiveness was evident in these early websites, so there
was a search for better solutions.

The most important step towards dynamic and
interactiveness was taken in 1995 with the debut of
JavaScript, which makes client - side scripting possible,
permitting Web pages to react to user activity without
sending a request to the server (Flanagan, 2011). JavaScript
enabled new and improved features like validations,
dynamic content updates, and simple movements that helped
make the website more user - friendly. However, with the
increased sophistication of web applications, problems arise
because of improper coding and browser deficiencies
(Zakas, 2010).

Ajax, which emerged in the early 2000s, changed web
interactivity paradigms by enabling asynchronous data
transfer without refreshing the whole page (Garrett, 2005).
That was possible due to this innovation that allowed web
applications to provide users with experiences similar to
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desktop applications, as realized earlier by Google Maps or
Gmail.

As we progressed into the HTML5 and CSS3 period, new
semantic elements, multimedia, and more elaborate styling
possibilities were available to developers, and web
application functionality and graphic design improved
(Pilgrim, 2010). With these technologies and the increase in
popular JavaScript frameworks like Angular, React, and
Vue. js, single - page applications (SPA) were developed
that offered viewers quicker loading times and a more app -
like experience (Heitkotter et al., 2013).

Nevertheless, the use of conventional web applications
remained limited by factors including performance footprint,
offline availability, and access to mobile device attributes
(Bigrn - Hansen et al., 2017). Users started to expect the
experience running on one device to be as smooth as running
on another, which birthed Progressive Web Apps (PWAS).
Like traditional Web 2.0 applications, PWAs use service -
workers and web app manifest to support functionality such
as offline, notification, and installation on the home screen,
thus making the transition between web and native
applications (Google Developers, 2018).

Therefore, it can be concluded that the further development
of web applications has been brought by the constant desire
for the highest performance and_Utilisé_the improvement of
the usage experience. Every advancement in technology has
solved some existing problems. For PWAs, the new
limitations previously hindered the direct delivery of rich,
interactive, and reliable applications solved through web
browsers.

2.2 Key Features of PWAs

Progressive Web Apps (or PWAS) leverage a variety of
modern web technologies to deliver an app - like experience
that is accessible through the web browser. One of the tenets
of PWASs is service workers, which are scripts that run in the
background and handle network requests, storage, and
offline capabilities. Service workers allow PWAs to load
immediately and work offline by storing critical resources,
separating performance from dependability.

Another important feature is the web app manifest that
contains metadata, which enables users to add the PWA on
the homepage with a selected icon and to open the PWA in a
standalone window without any browser frame. (Wasson,
2018). It also helps to improve the usage of the PWA since
the application will seem more exceptional than a standard
website.

Reminders serve as an essential component of conversing
with users of PWAs. They can be used to notify the users of
the application’s new contents, whether open or not (Gaunt,
2016). This feature helps to have higher user retention
because users will receive information that will be
interesting to them and similar to native applications.

Another feature is known as background synchronization,
where the PWAs can delay certain actions until a stable
connection to the internet is available; the function helps to
avoid situations where a device awaits a connection to send
data, where the information is correct, and the user does not
need to intervene (Mills, 2016). For instance, a PWA can
store some details written in a form at a certain time. The
user does not necessarily have to be connected online but
rather upload the information, and the device connects to the
internet.

In addition, PWAs are built for reusability and progression,
which implies that the application is usable throughout the
device, and is dependently rendered on the browser of the
device (Osmani, 2017). This makes such general usability
and functionality characteristic of several interfaces on
different gadgets.

In other words, it demonstrates that the features made
available to PWAs, such as Service Workers, Web App
Manifest, Push notifications, Background Sync, and
Progressive Enhancement, are of value to the end user. They
include some of the qualities found in both web and native
applications, such as high - performance offline capability
together with better end - user interaction without having to
develop new native applications.

KEY FEATURES OF PROGRESSIVE WEB APPS (PWAS)
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Figure 1: An image illustrating the Key Features of Progressive Web Apps (PWAS)
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2.3 Performance and Scalability

PWAs improve performance and scalability through caching
functionality and offline mode, mainly for service workers.
These are responsible for being a programmable network
layer so that service workers can intercept these requests to
allow the developer to effectively cache some of them (Li &
Manoharan, 2017). This is because PWAs use critical
resource caching, meaning that they download, no matter the
network available, in a faster way.

Not only does such functionality increase the efficiency but
also the stability of the web applications. Such a level of
satisfaction is achieved because the customer is allowed to
browse the content even in areas with a poor or no internet
connection at all (Palma et al., 2018). This offline capability
is paramount in scalability as the application increases the
user capacity without limitations informed by the network.

Also, PWAs are free of burdening the server due to avoiding
consecutive network requests. Because required resources
are stored locally in the client, interaction with the server
decreases on subsequent visits to the application, thus
minimizing bandwidth usage and reducing latency (Wang et
al., 2019). This benefits high - loading applications as it lets
them easily scale up while remaining efficient.

Service workers also enable background sync to a degree,
meaning that a PWA can delay action until it has a good
connection to the internet available (LePage, 2017). This
feature allows a secure check on data integrity since offline
data operations can be uploaded or aligned with the copied
server data when an internet connection becomes available.
Therefore, PWAs are contextually ongoing and offer a
boundless user interface, which is necessary for an app to
get real - time results.

Furthermore, PWAs rely on contemporary web technologies
and performance - enhancing features to improve such
factors as the TTI and FCP benchmarks (Google
Developers, 2021). These enhancements allow more users to
continue utilizing an application because of its rapid loading
and responsiveness.

In conclusion, the benefit of PWASs is enriched performance
and scalability due to using service workers for caching and
offline, the release of load with the help of APIs, and the
usage of resources. These improvements precede more
precise and effective web applications, fulfilling the
expectations of the contemporary user.

2.4 User Engagement and Push Notifications

REMINDERS ON PUSH/ NOTIFICATIONS are one of the
most critical aspects of Progressive Web Apps or PWAs that
dramatically improve engagement or re - engagement to a
level comparable with native mobile apps. In this way, web
applications can send timely and relevant templates to the
user even when the app is not open, thus providing
continuity of this contact (Biswas & Biswas, 2020). This
capability makes users stick to the application since the
application is always present in the front of the user’s mind.

Research has found that push notifications increase user
interactions by offering customers original text to catch their
attention and make them return to the application (Chen et
al., 2018). For example, in e - commerce, PWAs can show
notifications about available discounts or items left behind in
shopping carts. This targeted communication is very
effective for bringing a more lively dynamic interactivity to
the consumer usage of the website.

Additionally, push notifications enhance users’ satisfaction
due to the provision of extra product - related services, such
as up - to - date information in the news or a social media
application (Rodriguez & Mai, 2019). The avenue of
information also emphasizes the increased perceived
usefulness of the application, hence improving the rates of
loyalty and usage.

Push notifications in PWAs benefit developers and
companies, which will be discussed in the next section.
Since PWAs are web applications that do not need to be
downloaded from an app store, push notifications offer an
essential avenue of communicating with users apart from
native app installations (Vallée & Panchenko, 2020). They
found this ease of access can lead to a broader area of users
and more chances for interaction.

However, notifications should be used strategically, as
excess could result in users ignoring notifications on the app
- off site (Morrison et al., 2020). This problem can be offset
by giving users choices of how they would like to receive
messages or in what frequency to increase their satisfaction.

Thus, push notifications are effective PWA tools that help to
reach users and rehab users and provide them with timely
and relevant messages. They continue the experience from
the web to the native application environment and provide
businesses with the tool to keep users engaged and the
application relevant.

2.5 Offline Capability and Service Workers

Another huge plus of the Progressive Web Apps is the
option to go offline, which is possible mainly thanks to
service workers. Service workers also work as an
intermediary between the web application and the network
through which developers can decide the flow of network
requests and how resources are cached (Shanmugam &
Thiyagarajan, 2021). The main concept of the service
workers is that when network requests are made from the
application, the service workers immediately respond with
cached content in case of no network or slow connection.

The service worker contributing to the offline - first
architecture offers impressive results regarding loading time
and performance (Shanmugam & Thiyagarajan, 2021). This
approach targets making the content and features always
available without heavily depending on network factors.
Therefore, users can review old content, be engaged further
with the application, and input data that can be synced if
there is connectivity (Pérez et al., 20182).

The caching mechanisms should be used to support offline
capabilities. Developers can use strategies like cache first,
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network, and stale while revalidating to find the right
measure between the freshness of content and availability
(de Oliveira & da Costa, 2019). These strategies define how
a service worker acquires a particular asset and decides
between the cache and the web based on certain
requirements, improving both speed and the user experience.

In addition, when used with service workers, Indexed DB
lets store more structured data on the client side in larger
amounts (Lacroix & Leclercq - Vandelannoitte, 20204). This
capability allows a PWA to have connectivity offline, which
means the PWA can handle complex features offline
dramatically, including data entry forms, interactive
features, or multimedia content.

The offline function also plays a key role in energy saving
and minimal usage of data, which is very useful if a user has
a limited data bundle or lives in a country that charges a lot
of money for the use of the internet (Jain & Gupta, 2019).
That is why PWAs are used more often and are more usable
because there are no unnecessary network calls.

Consequently, the offline feature of the PWAs, as evaluated
in this paper, points to service workers as critical for the
functionality of applications. Because the requests that
strengthen the solidarity of web applications to address any
interconnectivity issues are cached and the network is
optimized, it improves performance, reliability, and usage.

2.6 Challenges in Adopting PWAs

Despite the benefits attached to PWASs, several barriers
make adopting PWAs difficult. Some of the technical
limitations are web browser incompatibilities, particularly in
features such as push notification and background sync
(Poudel, 2019). Some of today’s popular browsers, such as
Chrome and Firefox, interact effectively with PWA features.
On the other hand, some, like Safari, have plenty of support
for PWA features but very limited firmware on some
gadgets.

Another concern is that web apps are starved of device
hardware interfaces and system ability, unlike native apps.
PWASs can be run through a browser and cannot access

features such as Bluetooth or NFC or any enhanced camera
capability necessary for some applications (Manjunath &
Kavitha, 2020). This can be a drawback, especially for
application developers who wish to see their end product
interact with a particular device's physical hardware.

Another obstacle is the awareness and perception of the
users. Most users are unaware of PWAs and, thus, may be
entirely unaware of how to work with them, or for a variety
of reasons, consider them less secure than native
applications from the official app stores (Gupta & Saini,
2019). This lack of awareness can reduce population
adoption and usage of the resulting services.

Also, the problem of monetizing PWAs still needs to be
developed further. As we have already pointed out in this
paper, in - app purchases and subscriptions are not
automatically available for PWAs; however, app stores offer
these features for applications natively. One of the main
problems of using PWA:s is that developers may need help in
the integration of safe and effective methods of payment in
PWAs while creating applications, which influences the
final profit.

From a business perspective, the fact that apps are not
placed in app stores means that PWAs also don’t get the
exposure and discovery attributes that app marketplaces
offer (Poudel, 2019). This can somewhat restrain the scale of
PWAs, particularly for newcomers without a pool of clients.

Security issues are also evident because the application
heavily relies on web technologies. Although PWAs are
compulsory to have HTTPS, web application security flaws
may represent threats (Singh & Chatterjee, 2020). Therefore,
Security features must be well implemented to avoid
exposure to awkward user information.

Thus, existing obstacles to the general adoption of PWAs are
technical constraints, weak browser support, confusing user
attitudes, PWA monetization problems, and risks related to
cybersecurity. Eliminating such barriers requires collective
work by browser vendors, application developers, and the
rest of the tech industry to improve PWA functions and
spread awareness of the technology.
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Figa’e 2: An image illustrating the Challenges in Adopting Progressive Web Apps (PWAS)

3. Methodology
3.1 Research Design

This research uses qualitative and quantitative methods to
gather rich data and arrive at the research objectives to
determine how PWAs affect the user experience. The first is
the qualitative interview with developers with a working
knowledge of developing PWAs across different industries.
The interviews help to address the challenges that PWA
experiences in practice and the benefits and best practices. In
addition, the actual performance of successful PWA
implementation examples like Twitter Lite and Flipkart are
analyzed to explain how all these special features can
positively contribute to the overall user response.

The quantitative approach is based on the metrics of existing
PWA applications that should demonstrate better load time,
bounce rates, user retention, and session length compared
with traditional web applications. Quantitative facts
estimates categorize how the features adopted in PWA
(including offline availability and push notifications) affect
the corresponding KPIs. As will be noted from the research
method used in the current study, the mixed - methods
approach provides a more dynamic manner of assessing the
effectiveness of PWAs within sectors.

3.2 Data Collection

The data collection involves three primary methods: surveys
through questionnaires and feedback forms, employee
information interviews, and organizational performance
assessment. User feedback is obtained using online surveys
administered among the current regular users of the most
popular PWAs concerning usability, efficiency, and user
engagement. Developer interviews provide a more detailed
outcome of technological problems and how the existence of
PWA influences users’ engagement.

Performance data gathered from web analytics tools is also
taken from pages, such as page speed, conversion rates, and
time spent on applications. A review of case studies from

organizations that have deployed PWAs is also presented,
which provides real - life experience and possible
performance enhancement and customer engagement. The
application of such data ensures that there is no biased view
of the effects of PWAs on the user experience and related
business performances.

3.3 Case Studies/Examples

Twitter Lite: Enhancing User Engagement Through
Lightweight Design

Twitter Lite is a perfect example of a perfectly working
Progressive Web App (PWA). The primary goal of Twitter
Lite was to deliver a fast and reliable experience of the
service and engagements to areas of the world with slow
connectivity. The company hoped to engage users in
developing markets where such challenges as limited
connectivity and slower data connection were some of the
most prevalent problems (Tomar & Sood, 2020).

Twitter had a clean design to accomplish this, with the core
application consuming less than 1 MB of storage. It allowed
it to download and run it via any network—cached assets
within service workers so the content could be delivered
offline and loaded quickly for certain uses. Last, push
notifications and background sync features were used to
keep the users engaged and update them periodically without
always being connected to the internet.

The findings were positive. Based on the impact analysis of
Twitter Lite, the number of pages per session increased by
65 percent, the number of tweets sent increased by 75
percent, and the client’s average bounce rates decreased by
20 percent. The success of PWA as the nature of a web app
that could be easy on the network, offline, and almost as
performant as native demonstrated the opportunities that
Twitter had in markets sensitive to data (Graham & Lomas,
2019).

Uber: Accessibility Across Networks
When adopting its PWA, Uber planned to realize the
availability of a reliable service that would perform fairly
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well even within the 2G connection. The goal was to
increase the number of clients as many people needed help
to rely on fast internet service to use Uber in certain areas
(Tomar & Sood, 2020). Uber’s PWA is specifically built to
be resource - friendly, with a core app size of about 50 kB,
which will take less than 3 seconds to load. This was done
through service workers handling network requests and
cache assets that can be used offline. The app could
recognize whether the network was slow and adapt to how it
was implemented to make it easy for the users (Kim & Ellis,
2018).

The results were impressive: The PWA also provided
backup access for potential Uber consumers in the more
developed markets whose connections may be problematic
while offering the Uber brand to users in the new markets.
This approach increased the number of people using the web
platform to make bookings, thereby proving the adaptability
of PWAs (Tomar & Sood, 2020).

Flipkart Lite: Transforming Mobile E - commerce

The case of Flipkart, an e - commerce giant in India,
exemplifies how a mobile web presence can be enhanced by
using a PWA, in this case, ‘Flipkart Lite. > The aim was to
respond to several issues that concerned the low speed of the
previous MWL and the lack of interest in the offered product
or service among users (Chaudhary & Verma, 2019). The
goals of Flipkart were simple: fast loading of the webpage so
that the buyers do not get bored, using push notifications on
the web page, and the ability to use the webpage offline like
a real application.

The implementation strategy included using service workers
that aid in caching so users could view the products from
this platform without an internet connection. Web app
manifests were URLs that awakened an interface and made
it possible for users to install the PWA on their home
screen—that provided the application - like interface.
However, it did not originate from an app store. Further,
push notifications were also implemented to remind users
about sales, cart abandonment, and other — exclusive offers.

Sales through Flipkart Lite rose to a 70% conversion rate
among those who installed the PWA on their home screens,
as well as 40% higher engagement rates from push
notifications. The effectiveness of Flipkart Lite just proved
that PWAs could be a promising solution for e - commerce

weak connectivity (Tomar & Sood, 2020). The PWA was
created to be fast, even in low connectivity areas, as it was
also equipped with offline - first browsing options. It also
included push notifications to bring back the users they
currently have with discounts and other information. To
solve this problem, AliExpress incorporates multiple
caching mechanisms to make sure that app can work even
under restricted connectivity (Wang & Hu, 2018).

The outcomes were remarkable. PWA also helped
AliExpress's new user conversion rates rise by 104% and
increase average session time by 74%. The app engagement
and user retention grew due to the stable and fast shopping
experience in various network conditions; the enhanced
commercial outcome proves the effectiveness of PWA usage
(Tomar & Sood 2020).

3.4 Evaluation Metrics

Several measures need to be taken into account when
assessing the success of PWASs as means that can improve
customer experience and interest. With load time, loading
speeds reflect users’ satisfaction and can dramatically
impact bounce rates. Compared to app - based applications,
PWAs take less time to load through caching and service
workers, even when the network connection is poor.

App engagement rates can be measured by metrics such as
the number of clicks, average time spent on the app, and
how frequently users return for more information. Push
notifications, for example, and offline mode promote higher
interactivity by reminding users to open the app and look at
content even if there isn’t access to the internet.

These conversion rates are very
organization and particularly for businesses such as
electronic commerce. This includes monitoring the
percentage of users who do prescribed activities, use or pay
for a particular service. The nature of the PWAS, being app -
like, supporting offline access, and having low friction due
to faster loading compared to apps, also leads to a large
increase in conversion rates.

important to any

Other metrics are bounce rate, where users escape after
viewing only one page, and Install to usage rate, where users
install the PWA on their home screen and actively engage
with it. Together, these figures offer quantized indicators of

platforms that want to improve their performance and PWA performance or business functionality and
engage customers (Sharma & Mittal, 2018). dependability among PWAs.
AliExpress: Driving Conversions with PWA Technology. 4. Results
As a global internet shop, AliExpress utilized the PWA to
solve the problems in terms of mobile site experience. They 4.1 Data Presentation
were to increase the conversion percentages and quality of
the perceived users of portable devices, especially in areas of
Table 1: Performance Metrics and Case Study Results for PWAs
Table 1: Performance Metrics and Case Study Results for PWAs | Twitter Lite | Uber PWA | Flipkart Lite | AliExpress PWA
Load Time (seconds) 3 2.8 2.5 3.1
Engagement Increase (%) 65 50 70 74
Increase in Conversion Rate (%) 20 15 40 104
Reduction in Bounce Rate (%) 20 18 35 30
Average Time Spent Per Session (minutes) 8.5 7 9.3 10.2
Push Notification Re - engagement Rate (%) 75 60 55 68
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Notes:

a) Load Time (seconds): This metric represents the
average time taken for the PWA to load, emphasizing
the importance of fast, efficient loading for user
retention.

b) Engagement Increase (%): Reflects the percentage
increase in user interactions (clicks, likes, shares) after
implementing the PWA.

c) Increase in Conversion Rate (%): Shows the boost in
users completing key actions like purchases,
highlighting how PWAs can drive business growth.

d) Reduction in Bounce Rate (%): Represents the
percentage decrease in users leaving after viewing one
page, indicating improved content engagement.

e) Average Time Spent Per Session (minutes): The
duration users spend on the app per session,
demonstrating how engaging the PWA is.

f)  Push Notification Re - engagement Rate (%): Shows the
percentage of users who return to the app after receiving
push notifications, emphasizing re - engagement
strategies.

Load Time (seconds)
100 | —s— Engagement Increase (%)
—e— Conversion Increase (%)
Bounce Rate Reduction (%)
Average Time Spent (minutes)
80 | —e— Push Notification Re-engagement (%)

—

60} et =
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Graph 1: A chart displaying the performance metrics for Progressive Web Apps (PWAS) based on the data from the table.

4.2 Findings

Table 1 below encapsulates metrics seen in different PWAs
and how they affected user interaction, conversion, and
effectiveness. For instance, while featuring on the Twitter
Network, Twitter ‘Lite’ experienced a boost in engagement
by about 65%, had a 20% decreased bounce rate & the load
time was 3.0 seconds on average. Uber’s Progressive Web
App, built for low connectivity, reported 50% usage and
reduced bounce rates by 18%.

The Flipkart Lite substantially enhanced users’ interaction
with the page, with 70 % overall use interaction, 40%
overall conversion rates, and decreased use bounce rates. Its
loading time of 2.5 seconds was further improved, thus
increasing the users’ average session by 9.3 minutes. The
highest progress was seen on AliExpress, which saw a 104%
growth in its gross conversion rates as a result of enhanced
offline capacity as well the efficient use of push notifications
by the representatives of the site, which has a 68 percent
reactivation rate.

The research provides an understanding of the effectiveness
of PWAs concerning performance indicators, which the

study correlates to enhance users’
conversion of the firms’ assets.

engagement and

4.3 Case Study Outcomes

Analyzing the usage of Twitter Lite, Uber PWA, Flipkart
Lite, and AliExpress PWA, users get numerous advantages
while using Progressive Web Apps, especially if their IP
connection can be considered unstable. Twitter Lite was
designed to address challenges like limited data and slow
networks, and it is mainly intended for developing markets.
A combination of lightweight design, offline access, and
caching created a more than 75% increase in sent tweets and
20% fewer people bouncing away. This approach benefited
Twitter in reaching out to clients who, under normal
circumstances, would need help utilizing what most
applications offer, especially because of connectivity issues.

Uber’s PWA enhanced the ride - hailing experience: the firm
ensured its app could operate well on 2G networks, which is
especially beneficial for residents of areas with low
connectivity. The success of this implementation has seen
increased usage of the web platform for booking rides; this
is the beauty of PWASs in terms of their scalability and
versatility.
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The issues that needed solving were the slow loading of the
previous mobile website and the fact that the shoppers were
not involved as much as Flipkart wanted them to be with the
Flipkart Lite mobile app. Through service workers and push
notifications, Flipkart Lite allows users to search for
products, get updates whenever there is a sale, and remind
users to shop on Flipkart even when they have no internet
connection. Such an approach increased conversion rates by
70%, indicating that PWAs could help businesses evolve
and succeed.

AliExpress PWA also demonstrated how PWAs can enhance
calls to action and consumer interactions. Due to the
concentration on such values as a fast loading speed, the
ability to use the platform offline, and targeted push
notifications, the service increased its new users’ conversion
by twice. The best practices presented in this case study
emphasize communication with users and the proper use of
loadable PWA features, no matter how saturated a market is.

4.4 Comparative Analysis

As can be seen from comparing the results of the mentioned
case studies concerning all the PWAs, all the organizations
improved significantly. Still, the focus areas and the
outcomes depended on business goals. Twitter Lite and
Uber’s goals were to work well in the areas with slow or no
connectivity. Both could do this by keeping the app size
small, predictive loading, and providing an offline
experience. However, even though Twitter aimed to enhance
user interactions by engaging as frequently as possible, Uber
aimed to flatten ride - booking over distinct network speeds.

For instance, Flipkart Lite and AliExpress focused more on
optimizing e - commerce services. Both reported increased
conversion rates, although AliExpress saw higher growth,
104%, partly due to proper push notifications to bring back
the users. Invoke the offline browsing of toOLS Flipkart
Lite, which has successfully improved bounce rates and
session durations.

In other words, the case studies indicate evidence of how the
PWAs can effectively adjust to the various needs of the
industry, from convenience to conversion. That is why many
of the elements of PWA, including caching, the ability to
work in offline mode, and push notifications, can be tuned —
this makes it applicable to various lines of business.

5. Discussion
5.1 Interpretation of Results

Hence, the results from the case studies support the
hypothesis that the deployment of PWAs results in enhanced
engagement, conversion, and performance uplifts, even
more so if it is cross - industry. The two innovations, Twitter
Lite and Uber PWA could address the problem of network
restraint as the app sizes were dramatically reduced and
performance enhanced, thereby increasing interaction and
frequency of service utilization. Hatch and Hop focused on
the improved e - commerce experiences of Flipkart Lite and

AliExpress, which achieved significant uplifts in
conversions and re - engagement through push and offline.

The data indicates that features like service workers for
caching, background synchronization, and push notifications
are essential to building smooth usability. In each site,
PWAs successfully decreased bounce rates and increased the
average time of sessions, thus suggesting user satisfaction.
Working on that airline, the speed of traffic discharge, and
the opportunity to deliver up - to - date information greatly
contributed to retaining users and stimulating frequent
interaction with the site. In sum, this present study posits
that PWA is a significant tool in the strategy of
organizations that seek to enhance consumer interaction and
acquire new customer bases, especially in scenarios that
have specific usage of data parameters.

5.2 Practical Implications

This present work has provided pointers to the practical
implication of the study as it reveals that businesses can
achieve the following objectives using PWAS. Some areas
that many organizations may wish to venture into may need
to offer more reliable internet connection or intermittently.
PWAs provide a good solution for such organizations
because they can load quickly and work offline. It is
especially relevant for such things as ridesharing (similar to
Uber) and social media (Twitter) when users only sometimes
have to be connected.

The transformation to PWAs yields many benefits to e -
commerce platforms through enhancing customer interaction
and conversion rate. For example, Flipkart Lite showed that
PWAs could revolutionize the mobile web experience: it
loaded in four seconds, it was dumb as a brick, but it didn’t
need to ask users to download anything; the ability to engage
users via push notifications was very important for sales,
AliExpress showed it.

As for most cases, PWAs remain even cheaper to develop
than linear native applications for several platforms and
expand the app’s accessibility at a more affordable price
than normal use apps.

5.3 Challenges and Limitations

However, the following challenges and limitations hinder
the use of PWAs. As was expected, browser support could
be better, which means that, for example, Safari supports a
limited number of features, especially push notifications and
offline modes. This may result in a less immersive or
coherent experience. While not an insurmountable issue with
PWAs, it keeps developers from making it the go - to
solution.

A third limitation is the selected sample of device
applications and hardware control. While native apps, PWAs
cannot integrate deeply with other system features like
complex cameras, Bluetooth NFC, etc. Also, the current user
knowledge about PWAs could be improved. This is
particularly because many users lack knowledge regarding
the download and usage of PWAS, meaning that the overall
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interaction with these applications is lower than that of
native applications readily found in application stores.

Finally, there are questions about profitability and how to
make money from this or that idea. With native applications,
payment systems are already embedded by the application
stores; on the other hand, integrating reliable and efficient
payment facilities in the PWAs could be challenging and
may, therefore, impact organizations planning to use the
PWA:s to create effective revenue models.

5.4 Recommendations

In evaluating the benefits of PWA, businesses and
developers should ensure that consumers are aware of the
benefits of PWA and ways of interacting with the installed
PWA. This can go a long way in guaranteeing closure
regarding the awareness of guest users in existing
applications and ultimately increase adoption. Moreover,
challenging interactions between the web developers and
browsers’ developers regarding the common PWA
characteristics’ improvements in all browsers also cause
current problems in terms of PWA functionality.

This enhances the business app based on the criteria that the
basic flows of the app work well on all devices while some
extra functionality is enabled where the browser supports it.
They should also ensure companies develop good caching
protocols and offline modes that can perform optimally
regardless of network quality.

Last, learning to cooperate with safe payment service
providers about in - application purchases is a solution for
possible monetization. With reliable and efficient updates
and executions, PWAs can be a universal solution that will
allow businesses to develop applications capable of
performing the core tasks of traditional apps and, in the
future, become a reliable tool for expanding the scope of
users’ engagement.

6. Conclusion
6.1 Summary of Key Points

The strength of PWAs has been established in this paper
with regard to engagement, efficiency, and application
responsiveness in various industries. While analyzing
Twitter Lite, Uber PWA, and Flipkart Lite & AliExpress, it
becomes clear that integrating PWA has the further benefit
of faster loading time, offline functionality, and a high
interaction rate in low network connectivity. Techniques like
service workers cache data, add notifications and
synchronize data in the background increase engagement
and improve AND conversion rates.

As such, there are inarguably some challenges:
inconsistency in browsers that support the feature, restricted
access to a device’s hardware, and the challenges of
monetizing the feature. However, the use of PWAS rises as
companies look for cheaper options to native applications
that can offer the same benefits to their users without
requiring much development investment.

Thus, PWASs have delegated their capabilities to redefine the
mobile web experience, which in turn became an operating
instrument for business objectives in the virtual environment
that aims at enhancing traffic interaction, conversion, and
customer loyalty.

6.2 Future Directions

Several fields present possibilities for future advancements
across the emerging application of Progressive Web Apps.
One major line of development is the enhancement of
browser support. Though today’s popular browsers natively
support most underlying PWA capabilities, there is still
fragmentation, especially with platforms like Safari, wherein
modern additions like push notifications and background
sync are restricted. Some of these shortcomings can be
alleviated by enhanced interactions between the browser
developers and the rest of the technosphere to make the
users’ experience more uniform across all platforms.

Another important direction is the development of specific
capabilities on a device level in PWAs. Expanding the
possibility of using hardware elements like Bluetooth, NFC,
and additional camera settings will also enable the usage of
features and exclusivities critical for PWAs to become
viable alternatives to native applications in industries where
deep system interaction is needed.

One area that could be exploited is user education.
Currently, most users need to learn about the possibilities or
benefits of PWAs. Future onboarding should be smoother,
and more obvious instructions about installation and
operation should be given to increase usage rates.

Last but not least, the ability to include secure payment
systems within PWAs is the next big thing, particularly for
digital stores. If businesses can open a dialogue with the
providers of payments and apply native payments, the
potential of PWAs as the primary platform for customers’
operations will be fully unleashed.

Addressing these areas allows the PWAs to develop the
future of expanding and strengthening their position in the
digital strategies between the web and mobile applications.
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