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Abstract

As DevOps accelerates software delivery, its energy footprint grows,
necessitating sustainable solutions. This paper proposes a sustain-
able DevOps pipeline that leverages reusable software modules
and persona-based UI/UX to optimize resource usage and mini-
mize redundant computations. By containerizing modular com-
ponents, we reduce recurrent download and instantiation of re-
dundant layers, improving deployment efficiency while lowering
energy consumption. Additionally, adaptive UI/UX rendering tailors
resource-intensive processes to user needs, reducing unnecessary
background operations.

From an ethical perspective, sustainability trade-offs must be
balanced against performance, accessibility, and fairness. Optimiz-
ing for efficiency may inadvertently limit software usability for
certain user groups or introduce biases in resource allocation. This
paper presents a case study on territorial monitoring and multi-
agent evacuation simulations, which demonstrates how reusable
modules and adaptive deployments can reduce energy waste while
maintaining software performance. Our findings show that inte-
grating energy awareness into DevOps is both feasible and ethically
complex, requiring careful trade-offs.
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1 Introduction

The rapid evolution of DevOps! has led to increased automation and
frequent software releases, often at the expense of higher energy
consumption [15]. Organizations are now prioritizing sustainabil-
ity in software development, necessitating a shift in deployment

1A portmanteau of development operations
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strategies, infrastructure management, and resource allocation [22].
Modern ICT systems contribute significantly to global energy con-
sumption and carbon emissions, requiring novel strategies to mit-
igate their impact [24]. Sustainable DevOps is a crucial step to-
ward reducing software-related energy footprints by integrating
energy monitoring, modular architectures, and optimized deploy-
ments [20]. However, a major challenge in sustainable DevOps is
balancing high-performance demands with energy-efficient com-
puting [23, 24]. While cloud-based services offer scalability and
availability, they also introduce redundant computational cycles,
excessive data replication, and inefficient workflows that increase
energy consumption [2]. Addressing these inefficiencies requires a
comprehensive approach that integrates intelligent automation [21],
persona-based resource management [18], and containerized so-
lutions [14]. Containerized modules reduce resource wastage by
supporting flexible, reusable, and modular software ecosystems
that dynamically scale with demand and deploy across environ-
ments with minimal reconfiguration, thereby lowering energy use
and development overhead [9, 14]. This paper proposes a sustain-
able DevOps pipeline that leverages reusable software modules and
persona-based > adaptive user interface (UI) and experience (UX) that
tailors resource-intensive processes to user needs. To structure this
effort and to optimize resource usage, we propose developing a
Software Ecosystem (SECO) [3, 11]. This allows for containerizing
modular components, reducing recurrent download and instanti-
ation of redundant layers, and improving deployment efficiency
while lowering energy consumption. This adaptability has been
achieved through a multi-user centered design (MCD) process [8], op-
timizing computational resource usage, while examining the ethical
trade-offs [12, 13] involved in sustainability optimizations, particu-
larly concerning accessibility, fairness, and data privacy [10, 22].

The remainder of this paper is structured as follows. Section 2
details key strategies for optimizing DevOps pipelines for energy
efficiency. Section 3 explores the proposed approach that addresses
the outlined challenges via a sustainable software ecosystem. Sec-
tion 4 presents a case study demonstrating the application of these
strategies in territorial monitoring and disaster response simula-
tions, and Section 5 concludes the paper and discusses the ethical
implications of sustainable DevOps.

2 Related Work

As software development becomes increasingly reliant on automa-
tion and cloud-based infrastructure, optimizing energy efficiency
in DevOps workflows is critical [15]. This section details key strate-
gies for reducing resource consumption and their relationship to
performance and scalability. Sustainable practices not only could

ZPersonas are a hypothetical archetype and descriptive model of real users as a com-
plement for real human participation in software engineering [6] and this relates to
the user interface elements of their interest.
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reduce costs, but also align with global initiatives to minimize the
carbon footprint of computing systems [1, 10].

The concept of software modularity plays a crucial role in sus-
tainable DevOps [17]. By designing systems with reusable compo-
nents, teams can minimize the need for redundant computations
and downloads. This approach could ensure that frequently used
dependencies are cached and shared across different applications,
thereby reducing both bandwidth consumption and resource load.
Moreover, reusable modules enable more consistent and predictable
deployments, reducing inconsistencies and inefficiencies caused by
redundant installations [19]. Even though blind usage of software
framework and external libraries can negatively impacts energy
efficiency in software applications [4].

Containerization has changed software deployment by providing
lightweight, portable, and consistent environments [16]. Container-
ization software (e.g., Docker) enables developers to build, ship, and
run applications with minimal overhead. However, inefficient use
of containerized environments can lead to increased energy con-
sumption [15]. To optimize containerized deployments for energy
efficiency, it is essential to use multi-stage builds, layer caching,
and efficient dependency management. Multi-stage builds reduce
the final image size by excluding unnecessary build-time dependen-
cies [7], while layer caching minimizes redundant downloads by
reusing existing image layers. Additionally, reducing the number
of active containers through dynamic scaling based on workload
demand helps optimize energy consumption. Automated orchestra-
tion tools such as Kubernetes can further enhance efficiency by dy-
namically managing container workloads, ensuring that computa-
tional resources are allocated optimally [27]. Using these strategies,
organizations can balance high availability with energy-conscious
resource utilization. User interface and experience (UI/UX) are of-
ten overlooked in discussions on energy efficiency. However, UI
rendering and UX-relative background processes can significantly
impact system resource consumption.An energy-efficient UI/UX
should adapt its complexity to user interactions while preserving
necessary decision-making capabilities [12]. For instance, applica-
tions can implement lazy loading, where only essential UI compo-
nents are rendered initially, deferring non-critical elements until
needed. Similarly, reducing animation complexity and minimiz-
ing redundant Ul refresh cycles can lower CPU and GPU usage,
contributing to overall energy savings. Server-side rendering can
also be leveraged to offload processing from client devices, further
improving energy efficiency [5]. Furthermore, persona-based Ul
design ensures that computationally intensive features are selec-
tively enabled based on user profiles [18]. A combination of these
approaches, validated through recent implementations [25, 26],
demonstrates strong adaptability and suitability for integration in
diverse real-world scenarios. This not only enhances usability but
also optimizes resource allocation, contributing to a more energy-
efficient user experience, as detailed in the following section 3.

3 The Proposed Approach to Sustainable
Software Ecosystems

This section presents a development pipeline for flexible software

ecosystems built around containerized, reusable modules. These

modules support a wide range of applications, including territorial
monitoring, disaster response, and environmental analytics.
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Modules within the SECO are designed for adaptability, han-
dling data collection, preprocessing, analysis, and visualization. By
having each module instantiated within a container, the ecosys-
tem allows applications to scale and be repurposed for different
use cases, reusing the same modular architecture. Data collection
can support streaming pipelines to ensure continuous input, but
modules can be shut down if not needed for a fixed amount of time.
Preprocessing employs spatial and temporal alignment techniques
to maintain consistency, while machine learning models provide
predictive insights for dynamic decision-making.

The proposed solution is illustrated in Figure 1.
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Figure 1: The proposed approach to Software Ecosystem de-
velopment.

In this approach, each module communicates with an Orchestra-
tor via an Extensible API, which manages the data flow between
modules, gathering their inputs and storing their outputs. It is the
central controller that ensures synchronized data processing, coor-
dinating various stages of data collection, preprocessing, analysis,
and reporting. The inclusion of an Extensible API Layer further
enhances flexibility, allowing external applications and additional
modules to seamlessly integrate into the ecosystem. This design
ensures that the system remains adaptable for various use cases,
beyond the initial deployment scenarios.

All module outputs are stored in a Document-Oriented Data-
base, an unstructured, NoSQL storage optimized for managing
diverse, evolving data formats. This database handles the spatio-
temporal unaligned data formats typically fetched in early stages,
as well as the aligned and processed data generated later.

In Figure 1, four modules (i.e., the ones labeled with numbers
from (1) to (4)) are detailed since they are the ones implemented so
far. The right-most modules, labeled with n, serves as an example
of how the framework can be extended. Each instantiated module’s
inputs, processing steps, and outputs are defined as follows.

3.1 Data Collection Modules

The approach begins suggesting the need for Streaming Data
Collection ((1)), where data is continuously fetched from satellites
or ground station sensors. This raw data is usually fetched in a
spatio-temporal format that varies depending on frequencies and
sources. A Data Fetching Specification defines the parameters for
each source, ensuring that the relevant data streams are targeted for
collection. Most data fetching modules can be efficiently managed
within a Linux container equipped with Python, enabling execu-
tion of data scraping, retrieval, and API querying while ensuring
scalability and resource efficiency.
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3.2 Data Preprocessing Modules

After data collection, the information stored in the unstructured
database often requires semantic and spatio-temporal alignment,
necessitating one or more Scheduled Preprocessing & Interpo-
lation modules ((2)). In this module, raw data from diverse sources
is aligned both spatially and temporally to create a cohesive data
stream suitable for analysis. These preprocessing modules are usu-
ally only needed after data collection and can free up resources for
the remainder of the time.

3.3 Data Analysis, Simulation and Machine
Learning Modules

The data collected, either raw or preprocessed, could optionally
move into one or more Exploratory Data Analysis (EDA), Sim-
ulation & Machine Learning (ML) modules ((3)). Here, Processed
Data & KPI Specifications guide the generation of insights or pre-
dictions based on Key Performance Indicators (KPIs) relevant to
the stakeholders of the SECO. KPI-Based Insights & Predictions are
generated, which can be fed into alerts, dashboards, or any other
output-communicating module. These modules should be kept in
standalone containers if they extend the main Python libraries.
Technologies and their relative models change over time, and it
could be beneficial to keep them in disposable containers until they
are considered stable.

3.4 Dashboard Creation and Reporting Module

The process begins with the identification of user personas, which
is crucial for eliciting dashboarding requirements and ensuring that
the outputs align with the specific needs of different users. Various
output communication modules can then be encoded in the SECO,
i.e., Plotting, Dashboarding & Reporting ((4)), usually involving
visualizing the EDA results into Per-Persona Dashboards & Reports,
varying in layout and content. The dashboards can either be stored
and managed in the Document-Oriented Database or offered through
other interfaces (e.g., a web page or a mobile app), allowing flexible
and rapid retrieval for different persona types (i.e., for territorial
monitoring scenarios, citizens, decision-makers, urban planners,
civil protection, etc.).

3.5 Extensible API Layer for Future Integration

To enhance flexibility and sustainability, the proposed software
ecosystem includes an Extensible API Layer, which allows the
seamless integration of additional modules beyond the initially im-
plemented ones. Through standardized API endpoints, third-party
applications and domain-specific modules can interact with the
orchestrator, leveraging existing data pipelines and processing ca-
pabilities. The API layer enables new applications to be developed
independently and plugged into the system without requiring major
modifications. And as new technologies emerge, they can be inte-
grated as additional nth modules without disrupting the core system
and reusing existing pipelines instead of duplicating computational
workloads, aligning with sustainable DevOps principles.
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4 Case Study: Territorial Monitoring and
Multi-Agent Simulation

This section presents the case study to illustrate the methodology

described above in Section 3, to implement a platform able to sup-

port scenarios like territorial monitoring, disaster response, and
environmental analytics.

Figure 2: Persona-based UI/UX for Adaptive Data Processing
and Visualization.

To validate the effectiveness of sustainable DevOps strategies,
we have employed them to implement multiple case studies focus-
ing on territorial monitoring and multi-agent simulation. These
scenarios integrate modular and reusable software components for
environmental monitoring and evacuation planning. We developed
a flexible, containerized software ecosystem that aggregates real-
time data from various sources, such as air quality sensors, land
pollution monitoring, citizens quality of life monitoring, GIS map-
ping systems, and disaster response simulations. Each analysis and
simulation module runs independently, avoiding redundant data
processing while enabling dynamic scaling based on computational
demand. Persona-based UI/UX adaptations ensure that stakehold-
ers, including city planners and emergency responders, receive
tailored insights without unnecessary computational overhead. As
shown in Figure 2, the interface selectively presents UI elements
based on user roles and interests. For instance, policymakers may
only see and request to compute risk monitoring and pollution ex-
posure insights (right panels), while analysts may access historical
trends and simulation tools (left panels), avoiding redundant data
fetching and preprocessing.

4.1 Persona-Based Resource Management via
Containerization

In our case study, a traditional monolithic deployment [26] required
a constant allocation of 8 vCPUs, 16 GB of RAM and approximately
120 W of power consumption, while the optimized setup is com-
posed of three lightweight Linux-based containers. The first is a
database container based on MongoDB, which is activated only
when required, thus minimizing background resource usage. The
second is a data processing container responsible for fetching, pre-
processing, and analytics, and is dynamically instantiated depend-
ing on user activity or system triggers. The third container runs the
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FastAPI server, which remains persistently active to serve mostly
cached dashboards and user interfaces.

Only the FastAPI container operates continuously, consuming
approximately 1 vCPU, 2 GB of RAM, and 25 W of power, while
the other two containers are started on demand. By leveraging
this on-demand containerized architecture, the system achieves
an overall reduction in idle CPU usage, 88% decrease in RAM
consumption, and up to 80% lower power consumption. These
results demonstrate the potential of containerized, event-driven
systems to support sustainable software development.

By aligning the interface with the specific needs of each user
role, the system avoids unnecessary computation, such as executing
analyses irrelevant to non-analyst users. The lower computational
demand per request can improve system response time. The cur-
rently reported metrics were gathered through continuous system
monitoring over a 30-day period, but do not include how the sys-
tem handles high volumes of concurrent requests. Measurements
were conducted using Docker-native tools such as docker stats,
along with host-level profiling utilities including top, pidstat, and
power consumption tracking via powertop, ensuring reproducible
evaluations.

5 Conclusion

This paper underscores the importance of adopting sustainable
DevOps practices to reduce the environmental impact of software
development. By integrating containerized, reusable modules and
persona-based user interfaces, we suggest that it could be possi-
ble to optimize energy consumption without compromising user
experience. The proposed approach supports dynamic resource allo-
cation and tailored user interactions, which contribute to significant
reductions in idle computational overhead. Our case study validates
these benefits within a real-world scenario, highlighting the poten-
tial for broader application across domains such as environmental
monitoring and disaster response. Future research should further
explore the intersection of energy-aware DevOps with emerging
paradigms like edge computing and Al-driven automation.
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