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Abstract

The aim of the article is to investigate the factors affecting the performance of Progressive Web Applications (PWAs) on
mobile devices. For research purposes, a custom PWA website was created, which served as the primary object of anal-
ysis. Various optimization techniques were then applied to the site, including resource minimization, lazy loading, and a
distributed content delivery network. The performance analysis of the PWA site was conducted using assessment tools
such as PageSpeed Insights, DebugBear, Uptrends, and WebPageTest. The research results were grouped according to
several criteria, such as page load time, interactivity, and overall application performance. The obtained results were
analyzed after each optimization was implemented. Based on the conducted analysis, conclusions were drawn regarding
the impact of the applied optimization techniques on the performance of the PWA. The article emphasizes the importance
of continuous optimization and monitoring of applications to ensure high-quality user experiences, as well as presenting
an effective alternative method for developing applications for mobile devices.
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Streszczenie

Celem artykutu jest zbadanie czynnikéw wptywajacych na wydajnos¢é progresywnych aplikacji internetowych (PWA) na
urzadzeniach mobilnych. W celach badawczych stworzono wtasna strong internetowa PWA, ktora postuzyta jako pod-
stawowy obiekt analizy. Nastepnie na stronie zastosowano roznorodne techniki optymalizacji, w tym minimalizacje
zasobow, leniwe tadowanie oraz rozproszong sie¢ zasobow. Analiz¢ wydajnosci strony PWA przeprowadzono przy
uzyciu narzedzi oceny, takich jak PageSpeed Insights, DebugBear, Uptrends oraz WebPageTest. Wyniki badan zostaty
pogrupowane wedhug kilku kryteriow, takich jak czas fadowania strony, interaktywno$¢ oraz ogolna wydajnosc¢ aplikacji.
Otrzymane wyniki przeanalizowano po kazdej wprowadzonej optymalizacji. Na podstawie przeprowadzonej analizy
wyciagnigto wnioski dotyczace wpltywu zastosowanych technik optymalizacji na wydajnos¢ aplikacji PWA. Artykut pod-
kresla znaczenie ciaglej optymalizacji oraz monitorowania aplikacji w celu zapewnienia wysokiej jakosci do§wiadczen
uzytkownikow, a takze prezentuje skuteczng alternatywna metode tworzenia aplikacji na urzadzenia mobilne.
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1. Introduction creation of the first calculators, palmtops, and personal
digital assistants (PDA). Further research gradually in-
creased the capabilities of phones, and by 1996, access to
the first website from mobile phones via the GSM ne-
twork was enabled [10].

The launch of the first Apple phone in 2007 [11] and
the first Android phone in 2008 [12] significantly impac-
ted the development of mobile technologies. The intro-
duction of touchscreens blurred the lines between phones
and computers, and smartphones began offering functio-
nalities comparable to personal computers. However, the
development of mobile technologies comes with new
challenges, such as limited battery capacity and the va-
riety of operating systems, which requires adapting so-
ftware to the specifics of each. Mobile apps must be de-
signed considering touch navigation and the varied con-
ditions of Internet usage.

Therefore, one approach to software development is
to create a Progressive Web Apps (PWA), which allows

For several decades, we have been observing the dyna-
mic development of mobile technologies, which have
revolutionized the way we use the Internet. Mobile pho-
nes are owned by 70.3% of the population [1], and accor-
ding to the "Digital 2024" report [2], over 5.35 billion
people worldwide have access to the Internet, and 5.16
billion use mobile phones. These numbers highlight the
importance of mobile devices in everyday life.

There is a constant increase in the popularity and
number of mobile phone users year by year. This is indi-
cated by studies on the number of phone subscription
subscribers and data for individual countries regarding
the increase in the number of mobile phone users [3, 4, 5,
6, 7]. Screen time increased by 30% from 2013 to 2023
[8]1[9], highlighting the growing role of technology in our
lives. Already in the 20th century, the need for portable
computing devices was recognized, leading to the
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for reducing the number of tests and focusing on a single
platform.

This article focuses on studying the factors affecting
the performance of PWAs on mobile devices. PWAs
combine the advantages of websites and mobile apps,
making them an increasingly popular solution. The work
includes optimizing web application code and techniques
for improving loading time and smooth operation, which
are crucial for positive user experiences. The research fo-
cuses on optimization techniques such as resource mini-
mization, lazy loading, and the use of content delivery
networks, which can be a valuable source of knowledge
for developers and designers.

2. Literature Review

In recent years, websites have evolved from simple static
text pages to interactive web applications. With the gro-
wing interest in mobile devices and the increasing num-
ber of users, websites optimized for mobile devices have
become essential. Website performance optimization is
crucial for smooth operation on mobile devices, as long
waiting times impact user experience and business me-
trics like conversion rates [13]. Performance affects not
only user experience but also the success of websites,
particularly in e-Commerce [14].

Web application performance is broadly defined and
typically measured by load time, response time, and re-
source usage stability [15, 16, 17]. In the context of mo-
bile devices, minimizing delays and reducing resource
consumption is essential [18, 19].

Slow application loading is often caused by resources
like images and scripts. Therefore, one frequently discus-
sed performance optimization element is reducing image
and video sizes [16, 20]. Media optimization studies
show that lowering image resolution or using formats like
WebP can reduce their size by 30-50% while maintaining
sufficient quality for most mobile devices [21]. Similar
effects are achieved by minifying HTML, CSS, and Ja-
vaScript, reducing their size by approximately 20% [22].

Network bandwidth and latency significantly impact
web application performance, especially for users on 3G
or LTE networks with poor coverage [23]. Studies show
that low-bandwidth networks can double resource lo-
ading times compared to high-speed Wi-Fi [24]. Network
optimization includes using Content Delivery Networks
(CDNps) that distribute resources across multiple geogra-
phic locations, resulting in faster loading for users world-
wide [25, 26].

PWA gains popularity as an alternative to native apps
due to better responsiveness and offline capabilities.
Comparative studies show that well-optimized PWAs
load 15-20% faster than traditional mobile sites, thanks
to asynchronous resource loading and browser caching
[17, 27]. Performance gains, however, depend on imple-
mentation and optimization of individual components
[28]. Given the increasing importance of mobile techno-
logy and the growing popularity of PWAs, further rese-
arch on their optimization is needed. Better understan-
ding of ways to enhance PWA performance on mobile

devices will help create applications that offer smooth,
responsive, and satisfying experiences for mobile users.

3. Purpose of the Study

The purpose of this study is to examine the performance

and optimization of a PWA. The website was created and

then modified to investigate the potential impact of opti-

mization techniques on its performance.

The study is divided into several parts:

e Selection of tools for analyzing website performance.

e C(Creation of a website and optimization using selected
techniques.

o Examination of the website using the presented tools.

e Analysis of the research results.

e Conclusions.

4. Research Methodology
4.1. Research Tools

To create a PWA and measure its performance, the follo-

wing tools were used:

e Visual Studio — an integrated development environ-
ment that allows for creating web applications in va-
rious programming languages, such as HTML, CSS,
and JavaScript. With rich features like IntelliSense
and debugging, Visual Studio simplifies the process
of writing and testing code.

o PageSpeed Insights — a tool provided by Google that
evaluates the performance of a website on both mo-
bile and desktop devices. It analyzes various aspects
such as load time, image optimization, and cache
usage, providing detailed recommendations for im-
proving performance.

e Uptrends — a platform for monitoring website perfor-
mance that allows tracking load times and site availa-
bility from various global locations. Uptrends also
offers real-time performance analysis, enabling quick
identification of issues.

o DebugBear — a website performance analysis tool
that enables monitoring and comparing performance
results over time. DebugBear provides detailed re-
ports on load times, interactivity, and visual stability,
allowing for the optimization of user experiences.

e  WebPageTest — an advanced tool for testing website
performance that enables testing from various loca-
tions and browsers. WebPageTest provides detailed
data on load times, resource analysis, and charts that
help identify performance bottlenecks.

4.2. Creation of the Website

A simple website was created using HTML, CSS, and Ja-
vaScript technologies, which allowed for the deve-
lopment of an interactive and responsive user interface.
The Bootstrap framework was used for rapid and aesthe-
tically pleasing design, facilitating the creation of layouts
and styles. Additionally, the API of the National Bank of
Poland (NBP) was utilized to obtain real-time exchange
rate data, enabling dynamic content.
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4.3. Research Scenarios

To analyze the impact of performance optimization on

the website, five different scenarios were conducted, fo-

cusing on optimizing specific elements of the site. The
website's performance was verified using key metrics:

o First Contentful Paint (FCP): Measures the time it
takes for any content element to be rendered. It si-
gnals the beginning of the visual loading progress
[29] and helps monitor loading progress and detect
early delays.

e Largest Contentful Paint (LCP): Measures the time
it takes for the largest content element to become vi-
sible. Studies confirm that faster result correlates with
lower bounce rates and higher conversion rates [30].

e Speed Index (SI): Measures the speed of the visual
loading progress [31].

e Time to First Byte (TTFB): Measures server re-
sponse time. A high result negatively impacts the ove-
rall page load time [32].

e Download Size: total amount of data, measured in
bytes, that must be transferred over the network to
load a web page in the browser.

e Score: A synthetic performance score aggregating
multiple metrics, with an emphasis on Core Web Vi-
tals [33]. A higher score indicates better overall per-
formance.

The research scenarios were as follows:

o S1: Minification of scripts and styles, WebP format
instead of PNG and JPG — JavaScript and CSS files
were minified by removing comments, special cha-
racters, and spaces, which reduced their size and ac-
celerated loading times. Additionally, using the
WebP format for images instead of traditional PNG
and JPG formats further reduced the size of graphic
resources without compromising the visual quality of
the images.

e S2: JSON Data Format Instead of XML — In this sce-
nario, the format of transmitted data was changed
from XML to JSON.

e S3: Asynchronous Script Loading — Implementing
asynchronous loading of JavaScript scripts allowed
for background resource loading.

e S4: Lazy Loading — Applying the lazy loading tech-
nique for images and other resources ensured that
only elements visible on the user's screen were lo-
aded.

e S5: Use of CDN —The use of a CDN enabled the di-
stribution of resources across multiple geographic lo-
cations and optimized resource loading by leveraging
caching functionality.

Each of these scenarios aimed to improve the website's

performance, and their effects were thoroughly analyzed

using the previously mentioned metrics, providing valu-
able insights into website optimization.

5. Results

In this chapter, the results of the analysis of the imple-
mented optimization techniques are presented. Tables 1 -
6 illustrate the results of the analysis for each case and
the average of all analyzers. The use of multiple analy-
zers allowed for more accurate results, which increases
the reliability of the conducted research.

Table 1: Performance Analysis of the Baseline Version of the

Website

alyzers Pa- Up- Debug- WebPage
Metrics geSpeed Trends Bear Test
FCP [s] 1.21 1.02 3.05 3.85
LCP [s] 15.32 1.02 3.05 3.86
SI [s] 1.24 X 3.05 3.88
TTFB [s] X 0.34 0.80 1.27
Dow-
nload X 3.01 2.93 2.99
size [MB]
Score 74.83 X 87.13 X
[points]

Table 2: Performance Analysis After Data Compression

alyzers
Pa- Up- Debug- ‘WebPage
. geSpeed Trends Bear Test

Metrics
FCP [s] 1.23 0.57 2.74 2.81
LCP [s] 3.96 0.57 2.74 2.85
SI [s] 1.23 X 2.73 2.87
TTFB [s] X 0.22 0.89 1.04
Dow-
nload X 0.58 0.62 0.62
size [MB]
Sco.re 876 X 90.73 X
[points]

Table 3: Performance Analysis After JSON Format

Implementation
alyzers
Pa- Up- Debug- WebPage
. geSpeed Trends Bear Test

Metrics
FCP [s] 1.21 1.07 3.32 3.35
LCP [s] 14.22 1.07 3.32 3.38
SI [s] 1.20 X 3.31 3.41
TTFB [s] X 0.36 0.88 1.02
Dow-
nload X 3.01 2.93 2.99
size [MB]
Score 75.00 X 84.77 X
[points]
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Table 4: Performance Analysis After Implementing Asynchro-
nous Script Loading

alyzers
Pa- Up- Debug- ‘WebPage
. geSpeed Trends Bear Test

Metrics
FCP [s] 1.25 1.41 2.23 2.57
LCP [s] 1.71 1.41 2.24 2.67
SI [s] 1.30 X 2.23 2.69
TTFB [s] X 0.45 0.91 1.02
Dow-
nload X 3.01 2.93 2.93
size [MB]
Score 100.00 X 96.00 X
[points]

Table 5: Performance Analysis After Implementing Lazy Loading

alyzers
Pa- Up- Debug- WebPage
. geSpeed Trends Bear Test

Metrics
FCP [s] 1.15 0.51 2.14 3.26
LCP [s] 14.68 0.53 2.14 3.26
SI [s] 2.58 X 2.27 3.30
TTFB [s] X 0.25 0.89 1.03
Dow-
nload X 0.77 2.93 2.99
size [MB]
Score 74.23 X 93.97 X
[points]

Table 6: Performance Analysis After Implementing CDN.

alyzers
Pa- Up- Debug- WebPage
A geSpeed Trends Bear Test
Metrics
FCP [s] 2.05 0.99 2.61 3,43
LCP [s] 4.16 0.99 2.61 3,46
SI [s] 2.05 2.61 3,47
TTFB [s] X 0.30 0.90 1,01
Dow-
nload X 0.59 0.57 0.62
size [MB]
Score 85.13 X 92.70 X
[points]

Based on the data presented in the tables, an average
was calculated for each metric. Then, charts (Figures 1-
5) were created to show the data for the baseline website
and after applying the performance optimization tech-
niques. These visualizations allow for easy comparison
of the effects of the introduced optimization and its

impact on key performance metrics. For the metrics on
the left side, a lower value indicates a better result. For
the metric on the right side, score, a higher value indica-
tes a better result. The analysis of the results will enable
drawing conclusions regarding the effectiveness of the
applied optimization methods.

Figure 1 presents the results obtained after implemen-
ting the data compression technique. The introduction of
minification for JS and CSS files, along with image com-
pression to the WebP format, significantly improved the
website's performance

N Base website
mmm After implementation technique

Values [s]

Download
Size [s]

Speed
Index [s]

Score [points]

FCP [s] LCP [s] TTFB [s]

Metrics

Figure 1: Chart showing the differences in analyzer results for the ba-
seline website and after implementing the data compression technique.

FCP time decreased from 2.28s to 1.84s, accelerating
the initial loading of the page. LCP time improved from
5.81s to 2.53s, reducing the perceived loading time for
users. Speed Index dropped from 2.72s to 2.27s, indica-
ting a smoother visual loading experience. TTFB slightly
improved from 0.8s to 0.72s, contributing to the overall
faster loading time. Download Size was reduced from
2.98MB to 0.6MB, greatly speeding up the loading pro-
cess, especially for users with slower internet connec-
tions. The overall performance score increased from
80.98 to 89.17 points, confirming the effectiveness of the
optimization techniques applied.

Figure 2 presents the results obtained after implemen-
ting the JSON format. After applying this optimization
technique, some performance metrics improved, while
others changed only slightly.

EEE Base website
mmm After implementation technique

Values [s]

Speed
Index [s]

Download
Size [s]

Score [points]

FCP [s] LCP [s] TTFB [s]

Metrics

Figure 2: Chart showing the differences in analyzer results for the ba-
seline website and after implementing the JSON format.
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FCP slightly decreased from 2.28s to 2.24s, indica-
ting a minor acceleration in displaying the first content
element on the page. LCP improved from 5.81s to 5.50s,
meaning the largest content element loaded faster. Speed
Index improved from 2.72s to 2.64s, suggesting a
smoother visual loading of the page. TTFB slightly im-
proved from 0.8s to 0.77s, indicating a slightly faster se-
rver response.

Download Size remained unchanged at 2.98MB, su-
ggesting that the implementation of the JSON format did
not affect the reduction in the size of the downloaded
data. The overall performance score slightly decreased
from 80.98 to 79.88 points, which may indicate a small
negative impact of this optimization technique on other
aspects of the website's performance.

Figure 3 presents the results obtained after implemen-
ting the asynchronous script loading technique. The in-
troduction of this technique significantly improved the
website's performance.

EEN Base website
mmm After implementation technique

6 5.81

Values [s]

Download
Size [s]

Score [points]

Speed

Index [s] TTFB [s]

FCP [s] LCP [s]

Metrics

Figure 3: Chart showing the differences in analyzer results for the ba-
seline website and after implementing asynchronous script loading.

FCP decreased from 2.28s to 1.86s, meaning that the
first content element on the page is displayed faster. LCP
reduced from 5.81s to 2.01s, indicating faster loading of
the largest content element.Speed Index improved from
2.72s to 2.07s, suggesting a smoother visual loading
experience. TTFB slightly improved from 0.8s to 0.79s,
indicating a marginally faster server response.

Download Size decreased slightly from 2.98MB to
2.96MB, indicating a minor reduction in data size. Most
importantly, the overall performance score increased si-
gnificantly from 80.98 to 98.00 points, confirming the ef-
fectiveness of the asynchronous script loading technique
in improving website performance.

Figure 4 presents the results obtained after implemen-
ting the lazy loading technique. This technique led to
several improvements in the website's performance me-
trics.

BN Base website
= After implementation technique

61 5.81

60

Values [s]

20

Download
Size [s]

Score [points]

Speed

Index [s] TTFE [s]

FCP [s] LCP [s]

Metrics

Figure 4: Chart showing the differences in analyzer results for the ba-
seline website and after implementing Lazy Loading.

FCP decreased from 2.28s to 1.77s, indicating faster
initial content rendering. LCP also improved, reducing
from 5.81s to 5.15s, which means that the most signifi-
cant content element loaded more quickly.

Speed Index remained the same at 2.72s, suggesting
that the overall visual loading experience did not change
significantly. TTFB improved slightly from 0.8s to 0.72s,
indicating a marginally faster server response. Download
Size decreased significantly from 2.98MB to 2.23MB, in-
dicating that lazy loading effectively reduced the amount
of data loaded initially. This reduction in download size
can be particularly beneficial for users with slower inter-
net connections, as it speeds up the overall page loading
time.

The overall performance score increased from 80.98
to 84.10 points, confirming the effectiveness of the lazy
loading technique in enhancing the website's perfor-
mance.

Figure 5 presents the results obtained after implemen-
ting the CDN technique. This technique resulted in nota-
ble improvements in various performance metrics of the
website.

I Base website 88.92
mmm After implementation technique

61 5.81

Values [s]

Download Score [points]

Size [s]

Speed

Index [s] TTEB [s]

FCP [s] LCP [s]

Metrics

Figure 5: Chart showing the differences in analyzer results for the ba-
seline website and after implementing the content delivery network.

FCP slightly decreased from 2.28s to 2.27s, indica-
ting a marginally faster initial content rendering. LCP si-
gnificantly improved from 5.81s to 2.8s, meaning that the
most substantial content element loaded much more qu-
ickly. Speed Index showed a minor improvement from
2.72s to 2.71s, suggesting a smoother visual loading
experience. TTFB improved slightly from 0.8s to 0.74s,
indicating a faster server response.
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Download Size saw a dramatic reduction from
2.98MB to 0.59MB, showcasing the effectiveness of the
CDN in minimizing the size of data transferred. This re-
duction is particularly beneficial for users with slower in-
ternet connections, as it considerably speeds up the ove-
rall page loading time. The overall performance score in-
creased significantly from 80.98 to 88.92 points, confir-
ming the effectiveness of the CDN technique in enhan-
cing the website's performance.

6. Conclusions

The aim of this article was to investigate and optimize the
performance of PWA on mobile devices. A PWA website
was created, and various optimization techniques were
applied, such as resource compression, lazy loading, data
format changes, CDN, and asynchronous script loading.
Performance analysis was conducted using tools like Pa-
geSpeed Insights, DebugBear, Uptrends, and WebPa-
geTest, measuring key performance metrics such as lo-
ading time, responsiveness, and visual stability.

The research results showed that each optimization
technique had both positive and negative impacts on the
website's performance. For instance, using a CDN signi-
ficantly reduced the LCP and the size of downloaded re-
sources, which is crucial for mobile users with limited
data. However, some cases observed a decline in the FCP
metric, meaning initial visual elements loaded slower.

Similarly, the Lazy Loading technique, which delays
the loading of non-critical resources, contributed to redu-
cing the loading time and data usage.

The analysis revealed that web application perfor-
mance optimization is a process requiring consideration
of many factors and trade-offs. A technique improving
one performance aspect might not be beneficial for
others. For example, minifying JavaScript and CSS code
and compressing resources reduce file sizes and speed up
downloads but may increase CPU load during parsing,
especially on older mobile devices.

The conducted research opens avenues for further
analysis and experiments. Future studies could investi-
gate the combined effects of various optimization tech-
niques on PWA performance and analyze performance
based on network conditions and mobile device specifi-
cations. Additionally, it would be essential to study the
impact of optimizations on user experiences, such as en-
gagement and conversion metrics.
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