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I. INTRODUCTION
The web has shifted to a mobile-first platform, with mo-bile devices now serving as the primary channel for digital services. Progressive Web Applications (PWAs) address the limitations of traditional web applications on mobile platforms by combining the flexibility of the web with features typi-cally found in native applications. By using service workers, PWAs support offline access, background synchronization, and improved reliability, resulting in responsive and resilient user experiences.

Although these features make it much easier to use, it also poses new challenges on the issue of energy consumption. Mobile applications are strongly limited on battery, and certain background processes like synchronization, prefetching, and network retries will persist even in cases where the user is not actually interacting with the application. Most contemporary PWA implementations are defined with the behavior of service workers being specified at the development time. The use of caching methods, synchronization policies and request-handling mechanisms do not change during the application running even when battery level, charging status and network status vary. Such a deficiency in adaptability may lead to unnecessary background processes and the use of more energy especially when using low batteries.
Studies on mobile system behaviour consistently identify background network communication and periodic processing tasks as leading contributors to battery drain on handheld devices. To address this problem, native mobile platforms have embraced battery conscious and context conscious technolo-gies, like adaptive scheduling and work load deferral. Never-theless, similar mechanisms are not studied in detail in web-based systems. Specifically, Service workers have traditionally been treated as passive infrastructure components, associated primarily with offline reliability rather than as intelligent runtime controllers capable of managing device resources.
This paper argues that service workers can serve as effective control points for implementing energy-conscious adaptations in PWAs. Positioned between the network and the applica-tion, service workers can intercept requests, manage caching behavior, and control background synchronization control their caching behavior, and control the background sync- without requiring knowledge of application-level logic. By introducing context awareness at runtime, the service worker lifecycle can be dynamically enhanced by adding context awareness at runtime and hence improve to better balance performance and energy efficiency.
To overcome this, this paper presents an energy-conscious adaptive service worker framework that modulates its activities in real time based on power and network conditions. The

frameworks overlay the device context onto specific possi-ble operational modes and use strategies for caching, pre-fetching, and synchronization. We demonstrate, through both a prototype implementation and an experimental evaluation, that adaptive service worker behavior can significantly reduce unnecessary background activity at the expense of acceptable user-perceived performance.
The main innovations seen in this work are the architecture design of a context-sensitive service worker that incorporates energy-sensitive operations to the Progressive Web Apps, the construction of a multi-mode working strategy that can support adaptive caching and background-synchronization operations according to the device conditions, and a deep experimental assessment of how the under-bound conditions can result in considerable background network activity reduction without affecting the acceptable quality of performance.
II. RELATED WORK
Recent advancements have led to increased energy effi-ciency in web and mobile applications. Significant research interest has emerged due to the widespread adoption of mobile-first computing and the inherent limitations of bat-tery technology in handheld devices. Progressive Web Apps (PWAs) have been proposed as potential alternatives to native applications; however, their energy characteristics remain un-derexplored. This literature review examines energy-efficient mobile devices, service worker optimization, network-aware web applications, sustainable software systems, and battery-aware computing. It also delineates the scope of energy-efficient engineering and clarifies the specific focus of the present work.
A. Energy-Efficient Mobile Web Applications
A number of research in 2021-23 explored energy usage trends on mobile web applications. Dornauer and Felderer conducted a comprehensive survey of energy-saving strategies in mobile web applications, concluding that background net-work communication represents one of the primary causes of excessive battery consumption [1]. Comparative applications involving the PWAs versus the native and hybrid applications show that although PWAs should be capable of meeting similar performance, inefficient Background execution- tion is still a problem even at some workloads [2]. Empirical studies on PWA adoption indicate that service workers are predominantly used for basic offline support and caching, with very few implementations exploiting their potential for runtime adaptive control [3]. Although this research offers useful information in terms of energy consumption. sources, they mostly apply to the technique of static optimization. and fail to transform application behavior to a real-time device. battery level, charging state, or other conditions.
B. Service Worker Caching and Performance Optimization
Caching and offline-first are made possible by service workers. Initial empirical studies revealed that service work-ers do not expectantly cause significant increases in energy

consumption; inefficiencies are caused by the lack of proper use of caching and synchronisation policies [4]. Later stud-ies compared cache-first, network-first and the stale-while-revalidate algorithm, providing a trade-off between latency, data freshness and reliability.
Guidelines in the industry generally encourage fixed de-termination of caching techniques when developing a product [5].The strategy of caching is usually determined to be fixed in developing a product, as recommended in industry guidelines [6]. The exercises in the industry usually advise that caching techniques be fixed. These techniques rely on the assumption of constant operating conditions, and do not believe in the variability of runtime of battery or network state. Offline-first architecture studies focus on availability, ignoring the issue of energy efficiency specifically. Consequently, the behaviour of service workers is very stagnant even though they work under dynamic mobile environments.

C. Network-Aware Web Systems
Network-engineered adaptation enhances the performance of web applications by adjusting content throughput and request rate based on bandwidth and latency [7]. One can further investigate the use of the Network Information API as a source of information that guarantees connectivity to shape application behaviour through browser-level research [8]. Nonetheless, network-conscious systems mainly trade off performance for energy savings. Adaptation logic rarely includes battery level, and most adaptations occur in the application layer rather than in the service worker lifecycle.

D. Battery-Aware and Context-Aware Computing
Native mobile environments have been the subject of many studies on battery-aware computing. It has been demonstrated that context-sensitive scheduling, workload deferral, and adap-tive throttling can greatly increase the battery life of devices [9], [10]. Newer literature investigates the concept of multi-context adaptation, in which system signals are used to opti-mise dynamically changing energy consumption [11].
These methods, however, rely on operating system power management and cannot be used by web applications or service workers due to restrictions on execution and APIs.

E. Sustainable and Green Software Engineering
Recent studies focus on the second-class software qual-ity attribute, energy consumption. Research identifies major antipatterns in web applications and offers suggestions for reducing unnecessary network and computational costs [12]. General questionnaires put energy efficiency as a fundamental issue in future software systems [13], and IEEE and ACM journals indicate the importance of realistic solutions [14]. Standardisation campaigns do recognise the power efficiency of the web application, but do not provide any tangible architectural structures [15], [16].

F. Summary and Research Gap
The current research advances knowledge of energy use and optimisation in mobile web-based environments, but suf-fers several critical limitations, including the fixed course of service worker strategies, the lack of battery awareness in web applications, and insufficient application of native energy-saving methods to PWAs. As far as we know, none of the previous literature offers a single framework that dynamically adapts service worker behaviour based on battery and network conditions. This is the gap addressed in this paper.
III. SYSTEM ARCHITECTURE
The suggested model supplements the traditional Progres-sive Web App (PWA) architecture with adaptive and context-sensitive decision-making into the service worker life cycle. The proposed architecture allows runtime change based on the energy usage and the device connectivity circumstances, as opposed to the traditional PWAs, in which the behaviour of service workers is static and defined at development time. The architecture can be described as comprising three components that are closely tied, namely: device context monitoring, a decision engine, and an adaptive service worker. Collectively, all these elements enable the service worker to function as an active runtime controller rather than a passive
background component.
The device context monitoring module will collect the signals of the runtime system that affect the energy consump-tion. Such signals are battery level, charging state, network features, including effective connection type and latency. The framework takes advantage of the APIs that are offered by the browser to acquire this information in a non-invasive way. Context data is sampled or updated periodically when there is the occurrence of significant changes and is reported to the decision engine.
The decision engine takes the information obtained con-cerning the current situation and decides on the best mode of operation to give to the service worker. The main assumption is that battery state is the main constraint, energy preservation is first due, with limited resources being utilised. Secondary inputs in the form of network conditions are introduced to help refine battery-constrained behaviour. The decision engine uses transition and debouncing mechanisms based on thresholds to ensure that the engine does not oscillate between different operation modes too frequently.
The adaptive service worker implements the choices with-drawn by the decision engine by changing its performance dynamically. On the choice of the mode, the service worker adapts request blockage rationale, caching decisions, and pre-empting pattern, and the rate of synchronisation in the back-ground. These adaptations are implemented in a transparent manner without having to make changes in the basic business logic of the application.
By and large, this layered architecture allows a fine-grained context-sensitive control of background activities with compat-ibility with the current PWA standards. The framework offers a realistic and scalable basis of energy-conscious web apps by
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Fig. 1. System architecture of the energy-aware adaptive service worker framework.


incorporating the logic of adaptation into the life-cycle of the service worker.

IV. ADAPTIVE SERVICE WORKER OPERATIONAL MODES
The adaptive service worker runs in several runtime modes that indicate the device’s current power and network condition. The service worker is highly dynamic and adjusts its behaviour based on the device’s capacity to support background activity, rather than implementing a fixed policy. This design allows the application to continue running with ample resources and relatively low background pressure, even as constraints increase.

TABLE I
ADAPTIVE SERVICE WORKER OPERATIONAL MODES

	Mode
	Battery Level
	Network Quality
	Behavior

	Aggressive
	High
	Good
	Immediate background synchronization, network-first requests

	Balanced
	Medium
	Moderate
	Selective synchronization, stale-while-revalidate caching

	Conservative
	Low
	Poor
	Deferred synchronization, cache-first strategy

	Ultra-Conservative
	Critical
	Any
	No background sync, only essential requests




At high network connectivity, the device battery level, the service worker is in aggressive operational mode. This is the main goal of this state: to make the data as responsive and up-to-date as possible. Background synchronisation work is carried out immediately, network-first request serving is given priority, and preload of resources likely to be required in the foreseeable future is enabled. Active energy-consumption

constraints do not apply in this mode, since it is assumed that there is sufficient battery capacity.
A balanced operational mode is reached as the battery level drops or the network quality reduces. This mode aims to achieve usability while minimising extraneous background. Synchronisation routines are run in a discriminative manner, with high-priority updates favoured over key updates and infrequent background updates. Request processing uses a stale-while-revalidate approach that allows cached content to be served and updates to occur asynchronously.
When the battery is operating at low voltage, the service worker goes into a conservative mode. Power conservation is the most important issue in this state. Background syn-chronisation activities are postponed, non-essential prefetching is disabled, and cache-first request handling is implemented. Access to the network is restricted only when the data stored in caches is unavailable or of paramount importance. This mode minimises network wake-ups and background execution, thereby consuming less energy.
The service worker operates in ultra-conservative mode in extreme conditions when the battery is critical. Background synchronisation is completely disabled, and only important network requests initiated by foreground user actions are allowed. The service worker prioritises the survival of appli-cations over the functionality of the background, ensuring that the rest of the battery resources are available for interactions with core users.
All these operational modes allow the background behaviour to degrade gradually rather than suddenly. The framework can achieve energy-conscious adaptation by coordinating service workers’ activities with real-time device constraints and avoid-ing predictable, user-transparent behaviour.
V. IMPLEMENTATION DETAILS
The framework proposed was designed and implemented as a pilot project to estimate the viability and realistic implica-tions of adaptive service worker behaviour. Instead of relying solely on simulation, the implementation is centred on realistic service worker logic and runtime behaviour that is observable and within the limitations of existing browsers.
A. Prototype Implementation
The prototype has been built and tested on an Acer laptop with Google Chrome (v. 120 and above). The application simulates a lightweight news reader, as these applications are usually based on background updates, periodic updates, and content caching. The user interface is mainly defined by static assets, with content updated dynamically via JSON endpoints that also require background updates.
Two sets of service workers were put in place for com-parison. The former is a traditional PWA implementation that employs a fixed caching and synchronisation policy in a static service worker. The second arrangement implements the suggested adaptive service worker, which selectively alters its behaviour based on runtime conditions. Besides the service worker logic, both configurations will use the same application code, allowing a fair comparison.
B. 
Context Simulation
Modern browsers do not allow direct control over battery status. Because of this, threshold-based triggers were used to simulate different battery conditions, which is a common approach in mobile systems research when direct instrumen-tation is not possible. The battery levels were then mapped to predefined operational modes so that the energy state could be controlled throughout the experiment.
Browser conditions were simulated using browser developer tools, where throttled network profiles such as Wi-Fi and slow 3G were applied. Manual interface controls were used to keep the experimental runs repeatable and to change the context whenever needed.
C. Decision Engine
The decision engine is the major coordination part of the framework. Its main role is to analyse the signals of the context and establish which mode of operation should be taken by the service worker. The state of the battery is considered the main one during decision-making. This means that once the battery has depleted to a certain level, this system will automatically switch to a less aggressive mode, independent of the quality of the network.
Secondary inputs are received in terms of network con-ditions in order to refine the behaviour within the limits of the battery. In order to eliminate frequent oscillations among modes, the decision engine uses debouncing logic that shapes the debate control to ensure the minimum dwell periods regarding mode switches.
In this framework, battery level is treated as the primary constraint for decision-making, since energy efficiency is the central objective of the system. Network conditions are consid-ered as secondary inputs that refine the behavior within each operational mode, without overriding battery-driven decisions.
D. Adaptive Service Worker Behavior
The adaptive service worker implements the choices deter-mined by the decision engine by changing its runtime be-haviour whenever events such as fetches and synchronisations occur. In more vigorous modes, the network worker prioritises network-first requests, enables background synchronisation, and performs partial prefetching to be more reactive.
Background activity is gradually reduced on the part of the service worker as the availability of energy declines. Conserva-tive modes prioritise cache-first, handle requests, non-essential prefetching, and leave background synchronisation tasks to be performed later when conditions become better. Background synchronisation does not exist in the most restricted state, and the network interface is closed to all, but necessary foreground requests too.
These adaptations are transparently implemented in both the lifecycle of service workers, and they do not need mod-ifications to the fundamental business logic of the applica-tion, enabling energy-awareness behaviour to be added to the already-established PWAs with workload implications largely ambivalent to the architecture.
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Fig. 2. Decision flow inside the adaptive service worker.


VI. EXPERIMENTAL EVALUATION
The experimental appraisal will evaluate the possibility of the adaptive service worker behaviour to minimise unnecessary background activity in case of energy-constrained conditions without seriously impairing user-perceived performance. The assessment is based on the observable proxy metrics that are typically used in web and mobile energy research, owing to the limitation of browsers to direct battery measurements.
A. Experimental Setup
Experiments were carried out with the prototype described in Section V. Each trial lasted 10 minutes and followed a predetermined interaction pattern. In every run, the application loaded the content pages, downloaded dynamic data on a periodic basis, and remained silent in the background so that the behaviour could show itself.
Two scenarios were tested under the same conditions: a stationary service worker with fixed policies and an adaptive service worker. Experiments were all carried out at simulated low-battery conditions unless otherwise stated.
B. Evaluation Metrics
The test was on the background network requests, frequency of background synchronisation, foreground responsive latency, and predicted energy price due to network activity.
Adaptive service worker minimised the amount of back-ground network activity by about 65%-75% percent in low-battery scenarios.
C. Foreground Response Latency
The results presented in Table IV indicate that the adaptive service worker introduces a slight increase in response latency

TABLE II
BACKGROUND NETWORK REQUESTS (10-MINUTE RUNS)

	Condition
	Mode
	Requests

	High Battery
High Battery
	Static
Adaptive
	48
45

	Medium Battery
Medium Battery
	Static
Adaptive
	47
28

	Low Battery
Low Battery
	Static
Adaptive
	46
14




TABLE III
BACKGROUND SYNCHRONIZATION FREQUENCY

	Condition
	Mode
	Sync Events

	High Battery
High Battery
	Static
Adaptive
	12
10

	Medium Battery
Medium Battery
	Static
Adaptive
	11
5

	Low Battery
Low Battery
	Static
Adaptive
	10
2




TABLE IV
FOREGROUND RESPONSE LATENCY

	Condition
	Mode
	Avg Latency (ms)

	High Battery
High Battery
	Static
Adaptive
	110
115

	Medium Battery
Medium Battery
	Static
Adaptive
	120
130

	Low Battery
Low Battery
	Static
Adaptive
	125
140




TABLE V
IMPACT  OF  NETWORK  CONDITIONS  ON  ADAPTIVE  BEHAVIOR

	Network Condition
	Mode
	Requests

	Fast
	Balanced
	30

	Slow
	Balanced
	22

	Offline
	Conservative
	5





compared to the static approach. Under high battery condi-tions, the difference in latency is minimal, as both strategies primarily rely on network-first fetching. However, as the battery level decreases, the adaptive approach progressively shifts toward cache-first and cache-only strategies, resulting in increased latency due to reduced background synchronization and deferred network requests.
Despite this increase, the latency remains within acceptable limits for typical user interactions. The observed trade-off demonstrates that the adaptive system effectively prioritizes energy efficiency and reduced background activity, while maintaining a reasonable level of responsiveness.
Table V shows how the system reacts when the network conditions change. When the internet is fast, the system sends more requests because it can easily fetch data without any delay. When the network becomes slow, the system tries to reduce the number of requests so that it does not waste time or resources. In offline situations, the system mostly depends on already stored (cached) data, so almost no network requests are made.
From this, we can understand that network conditions do

affect how the system behaves, but they are not the main deciding factor. The battery level is what mainly controls how the system works. The network condition just makes small adjustments depending on whether the connection is good, slow, or unavailable.
D. Estimated Energy Impact
The direct battery-drain measurement was not performed due to limitations in the device browser. In its place, back-ground network activity was used as a proxy metric to infer the energy impact. Reduced background network requests mean that more energy is saved. This approach is consistent with established mobile energy research methodology, where network request volume serves as a reliable indicator of energy expenditure in absence of direct power measurement instrumentation [9].
To provide a consolidated view of the experimental results, Table VI summarizes the overall comparison between static and adaptive strategies across key metrics.

TABLE VI
OVERALL COMPARISON SUMMARY

	Metric
	Static Mode
	Adaptive Mode

	Avg Requests
	47
	29

	Avg Sync Events
	11
	5

	Avg Latency (ms)
	118
	128

	Reduction (%)
	–
	60–70%



The summarized results clearly indicate that the adaptive ap-proach significantly reduces background activity while main-taining acceptable latency, thereby validating the effectiveness of the proposed framework.
E. Discussion
The findings indicate that adaptive service worker behaviour leads to a significant decline in the background activity without much adverse effect on the background performance. The en-ergy efficiency-versus-responsiveness trade-off is small, which supports the viability of energy-conscious service workers in real-world PWAs.
VII. CONCLUSION AND FUTURE WORK
This paper considered the possibility of converting the service worker of a Progressive Web App into an active runtime controller reactive to both device energy and network conditions. The proposed solution dynamically adapts the caching policy, background synchronisation, and request pro-cessing according to real-time constraints by implementing a lightweight, context-aware decision layer that operates within the boundaries of existing browser execution environments.
As the analysis shows, using a working prototype and a se-ries of controlled experiments, it is possible to demonstrate that adaptive service worker behaviour can significantly reduce un-necessary background activities during low-battery situations. In particular, the observed reduction in background network traffic by 65%–75% points to the practical effectiveness of the proposed solution in curbing one of the primary sources of

energy waste in mobile web applications. Notably, the energy savings were achieved with a small and acceptable increase in response latency in the foreground.
In addition to quantitative findings, the given work has a practical side to architecture. The framework can run in the current service worker without requiring modifications to browser internals or application business logic, making it easy to port to existing PWAs and allowing existing web standards to be used with it.
There are various directions in which future work will be oriented. Adaptation quality could also be enhanced by adding predictive methods to foresee context variations, e.g. battery depletion about to occur or a network degradation. Stronger empirical validation would be possible by testing the framework using real mobile devices and larger-scale applications. Lastly, cooperation with vendors of browsers and standards organisations can assist with unveiling richer energy-associated APIs, as they can facilitate more precise energy-wise adjustment.
A. Threats to Validity
Several factors could influence the generalisability of the experimental findings. Using simulated battery conditions af-fects internal validity because modern browsers do not allow direct control over the battery state. Even though the use of threshold-based simulation is a common practice in mobile system research, it might not reflect the entire picture of battery behaviour in the real world.
External validity is reduced by the limitations of the pro-totype and the experimental setting. The test was run on a desktop-calibre device with browser-based network throttling, which does not reflect the practice of PWAs across multiple mobile hardware and operating systems.
Construct validity is influenced by the use of proxy metrics of energy consumption. The energy impact finding was based on the activity during energy background measurements at network stations, rather than on actual power consumption. Although network communication has been established as a factor contributing to mobile energy consumption, battery savings can vary in real-world applications.
In spite of these shortcomings, the consistency of trends observed in various measures indicates that the conclusions made are strong. The impact of these threats by real-device experimentation and better energy instrumentation is an inter-esting way forward in future work.
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