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Abstract 

In recent years, there has been an increase in concern about sustainability. Information and 
communication technologies are a problem in this regard. Smartphones, tablets, and other 
linked devices have become increasingly important in society. Additionally, a lot of activities are 
done online, including shopping, banking, meal ordering, music listening, various public service 
operations, and so forth. The environmental footprint of information and communication 
technology has increased because of all these new demands and advances. This way, knowing 
how to create software that is more environmentally friendly is crucial. 

Green Software is an emergent discipline that supports the idea that software should be 
created and utilized to ensure little or no environmental impact. It covers every stage of a 
software product's lifecycle, including design, usage, and the effects on the economy, society, 
and environment. Software practices and architecture, hardware and data center layout, 
electrical markets, and climate change are all considered by this discipline. 

International Energy Agency states that the global data center energy use in 2021 was between 
220 and 320 TWh, excluding crypto mining, corresponding to around 0.9-1.3% of the final 
energy demand. Improvements in hardware and cooling systems are holding back the rise in 
energy consumption but, even with these advancements, demand growth is still contributing 
to rising energy consumption, which has increased by 10 to 30% over the past few years. This 
way, improving the hardware components it’s not enough, it is also needed to look at software 
energy consumption to increase the efficiency. 

The main objective of the work documented here is to understand how the maintainability and 
performance of the software can be affected when adopting programming techniques to 
reduce energy consumption. Thus, some approaches and tools were identified. 

A Java desktop application was modified. The changes improved the maintainability and the 
performance of the application, but also, as expected, the energy consumption. 

 

Keywords: energy consumption, Java, maintainability, performance. 
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Resumo 

Nos últimos anos, houve um aumento na preocupação com a sustentabilidade. As tecnologias 
de informação e comunicação são um problema nesse sentido. Smartphones, tablets e outros 
dispositivos tornaram-se cada vez mais importantes na sociedade. Além disso, muitas 
atividades são realizadas online, incluindo compras, transações bancárias, pedidos de refeições, 
audição de música, várias operações de serviço público, etc. A pegada ambiental da tecnologia 
de informação e comunicação aumentou devido a todas estes novos avanços. Desta forma, 
saber criar um software mais amigo do ambiente é crucial. 

Green Software é uma disciplina emergente que apoia a ideia de que o software deve ser criado 
e utilizado de forma a garantir pouco ou nenhum impacto ambiental. Abrange todos os passos 
do ciclo de vida de um produto de software, incluindo design, uso e os efeitos na economia, 
sociedade e meio ambiente. As práticas e arquitetura do software, o layout do hardware e dos 
data centers, os mercados elétricos e as mudanças climáticas são elementos considerados por 
esta disciplina. 

International Energy Agency afirma que o uso global de energia dos data centers em 2021 foi 
entre 220 e 320 TWh, excluindo mineração de criptomoedas, correspondendo a cerca de 0,9-
1,3% do consumo final de energia. Melhorias nos sistemas de hardware e refrigeração têm 
travado o aumento do consumo de energia, mas, mesmo com esses avanços, o crescimento do 
uso de software ainda contribui para o aumento do consumo de energia, que aumentou de 10 
a 30% nos últimos anos. Assim sendo, as melhorias nos sistemas de hardware não são 
suficientes, é também necessário analisar o consumo energético do software, de forma a 
aumentar a sua eficiência. 

O principal objetivo deste estudo é entender como a manutenibilidade e a performance do 
software podem ser afetados ao adotar técnicas para reduzir seu consumo de energia. Assim 
sendo, foram identificadas algumas técnicas e ferramentas.  

Uma aplicação desktop escrita em Java foi modificada. As alterações melhoraram a 
manutenibilidade e a performance da aplicação, e também, como esperado, o consumo 
energético.  

 

Palavras-chave: consumo energético, Java, manutenibilidade, performance.
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1 Introduction 

This chapter introduces the dissertation developed during the master’s degree in Software 
Engineering at Instituto Superior de Engenharia do Porto. Firstly, a brief contextualization is 
presented, as well as the definition of the problem, and the investigation’s main objectives. 
Finally, there is a description of the general structure of the document.  

1.1 Context 

There has been a growing concern about sustainability in the past few years. This concern 
extends to Information and Communication Technologies (ICTs). It is important to understand 
how to build greener software.  

Green Software is an emerging discipline that defends that software should be developed and 
used in a way that guarantees minimal, or no, impact on the environment. It includes all the 
phases of a software product’s lifecycle, including the design, use, and economic, social, and 
ecological impacts. Green Software takes into consideration software practices and software 
architecture, hardware and data center design, electricity markets, and climate change. The 
main aim of this discipline is to generate fewer greenhouse gas emissions and reduce the 
software’s carbon footprint (Principles.Green, 2022; Rosencrance, 2022).  

The 2030 Agenda for Sustainable Development was endorsed by all the United Nations 
countries in 2015. Seventeen goals were defined on this agenda: goal number seven related to 
energy. The objective is to ensure that everyone has access to reliable, sustainable, and modern 
energy sources. To do this, various stages were laid out, one of which is to double the rate of 
progress in energy efficiency on a worldwide scale (United Nations, 2022a; World Health 
Organization, 2022).  

Also, the Paris Agreement aims to keep the global temperature rise below two degrees. Since 
the ratification of this agreement, many countries have committed to net zero emissions targets, 
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which means that green gas emissions should be reduced to as close to zero as possible. Since 
the energy industry was recently accountable for around three-quarters of all worldwide 
greenhouse gas emissions, it is critical to address the issue of energy efficiency (iea, 2022; 
United Nations, 2022b). 

Additionally, Russia’s invasion of Ukraine caused the supplies of Russian gas, needed for heating, 
industrial processes, and power, have been cut by more than eighty percent. This cut caused an 
unprecedented crisis in the European energy system. One of the most impactful ways to 
respond to the energy crisis is energy efficiency and conservation (Zettelmeyer et al., 2022).  

As well, the evolution of large language models, such as ChatGPT, can contribute to higher 
energy consumption. There are estimations that ChatGPT’s monthly energy consumption now 
is in the millions of kWh (Kasper Groes Albin Ludvigsen, 2023). 

For all the reasons mentioned above, it’s important to understand how to make software that 
consumes less energy, to make the world greener. In the last years, some research on software 
energy efficiency has been performed. However, many of those focus on mobile applications 
because smartphones are used to pervasively accomplish important daily tasks, but they have 
a limited battery life, which can ruin the user experience (Cruz et al., 2019). This work has a 
different context, as it does not intend to study mobile applications. 

1.2 Problem 

Society has become increasingly dependent on smartphones, tablets, and connected devices. 
Also, many tasks are carried out online: listening to music, shopping, bank activities, ordering 
food, some actions in public services, and so on. All these new needs and developments have 
led to an increase in the environmental footprint of Information and Communication 
Technology (ICT). 

A report of September 2022 made by the International Energy Agency states that the number 
of internet users worldwide has more than doubled since 2010, while internet traffic has 
expanded 20-fold. Global data center energy use in 2021 was between 220 and 320 TWh, 
excluding crypto mining, corresponding to around 0.9-1.3% of the final energy demand. The 
energy consumed for cryptocurrency is estimated to be between 100 and 140 TWh in 2021. 
Since 2010, the energy consumed by data centers, when excluding crypto mining, has grown 
only moderately despite the strong growth in demand. This happened due to efficiency 
improvements in hardware and cooling systems, and a shift away from small and inefficient 
enterprise data centers to more efficient cloud and hyperscale data centers. However, even 
with those improvements, the growth in demand is still causing growth in energy consumption, 
which has been growing between 10 to 30% over the past several years (Kamiya, 2022). To 
improve the energy efficiency of ICT it’s important to keep improving the hardware components 
but it is not enough, since it is still verified a consumption growth. It is also needed to look at 
software energy consumption to increase the current efficiency. 

This way, it is urgent to tackle this subject and understand how the energy consumed by ICT 
can be reduced. Some companies are aware of this subject and trying to reduce their footprint. 
In 2021, Microsoft, Accenture, GitHub, and ThoughtWorks established with the Joint 
Development Foundation Projects LLC and the Linux Foundation the Green Software 
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Foundation. This foundation aims to reduce the carbon emissions of software, caused also by 
energy consumption, encouraging companies and individuals to join the movement. This 
foundation aims to establish green software standards, promising to create and publish green 
patterns, and practices across various computing disciplines (Sandquist, 2021). Currently, 
according to the official website, there are already 38 member organizations, including Intel, 
Mastercard, Shell, Vmware, and others, and 802 individuals (Green Software Foundation, 2022).  

Although Software Sustainability has been more and more of a concern, it is a relatively new 
topic that is not yet deeply analyzed. For companies and developers is not clear how to build 
greener software and the impacts it can have on software maintainability and performance. 
Companies need to understand this relationship to make informed decisions and take action to 
conserve energy and create a more sustainable future. 

1.3 Objectives 

The main objective is to understand how the software's maintainability and performance can 
be affected when adopting techniques to reduce the energy consumption of software. The 
energy consumption will also be measured and analyzed to validate the application of the 
techniques.  

This way, the research questions are: 

1. How the combined use of energy-efficient techniques impacts performance? 

2. How the combined use of energy-efficient techniques impacts maintainability? 

Some tasks were defined to fulfill the goal and answer the research questions. First, it will be 
studied how to measure or estimate the energy consumption of software. For that, a search 
and comparison of the existing tools to measure energy consumption will be performed. 

Next, the existent patterns and approaches to decrease software’s energy consumption at the 
source code level will be studied. An application should be used to perform some experiments. 
Due to the time, it was prioritized the use of an already known application. This way, the 
experiments will be realized in a desktop application developed in Java. 

Finally, based on the original and final solutions, it will be verified that there was a decrease in 
energy consumption, and it will be analyzed the effects on maintainability and performance 
quality attributes. 

1.4 Document Structure 

This document is divided into seven chapters, these being Introduction, State of Art, Value 
Analysis, Design, Implementation, Tests and Solution Evaluation, and, finally, Conclusions. 

The current chapter is the Introduction, whose objective is to present the context, the problem 
to analyze, and the objectives to achieve. This chapter ends with the current section, explaining 
the document structure. 
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The State of Art chapter is divided into five sub-chapters. The first one aims to explain the 
difference between energy and power consumption. After, a list of tools and methods to 
measure or estimate the energy consumption of software is presented. Next, there are 
presented some works where some techniques to reduce energy consumption were explored 
and their respective conclusions. Lastly, there are presented the quality attributes that will be 
analyzed. 

Next, the Value Analysis chapter includes a value analysis of the research, applying the Analytic 
Hierarchy Process. 

The Design chapter includes a description of all the decisions taken to carry out the controlled 
experiment. This includes the selection of the tool to measure the energy consumption and the 
project to use in the experiments. 

The Implementation chapter explains the changes performed to the initial application until 
reaching the final solution.  

Then, the Tests and Solution Evaluation chapter define the hypothesis and objective of the 
evaluation. The evaluation technique to be used is described and explained in this chapter. The 
results are then presented, followed by an explanation of how they were analyzed to 
understand the differences between both solutions. 

Finally, the Conclusions chapter summarizes what was done, threats to validity, future work, 
and contributions. 
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2 State of the Art 

This chapter is divided into five sub-chapters. The first sub-chapter defines the difference 
between energy and power consumption. Next, a list of the available tools to measure or 
estimate the energy consumption of software is presented. Then, a list of tools to help 
developers identify energy leaks is shown. After, there are presented some works where some 
techniques to reduce energy consumption were explored and their respective conclusions. The 
quality attributes to analyze are presented at the end of the chapter.  

2.1 Energy vs Power Consumption 

As expressed in section 1.1, Green Software is an emerging discipline that aggregated eight 
principles that software engineers should follow. One of those principles is electricity, declaring 
that software should be energy efficient, to reduce carbon emissions. 

To improve the energy efficiency of software two measures can be considered: energy and 
power consumption. They are related, but power represents the amount of energy transferred 
per unit of time and it’s typically measured in Watts (W), while energy represents the total 
energy consumed in a time frame and it’s typically measured in Joule (J). This way, the energy 
can be calculated through the formula: 𝐸 = 𝑃∆𝑡, where P represents the power, in W, and ∆𝑡 
represents the amount of time, in seconds (Vedantu, 2022). 

Both energy and power consumption have been used to verify if the software’s consumption 
decreased or not, as can be seen in (Pereira et al., 2016) and (Acar et al., 2016), respectively. 
The value of energy permits verifying if the cumulative value of executing has reduced. The 
power consumption values allow the verification of the consumption over time, so it’s possible 
to verify peaks and if those peaks decrease.  

2.2 Measuring Software Energy Consumption 

There are two approaches to support the measurement of software’s energy consumption: the 
hardware-based approach and the software-based approach. 
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2.2.1 Hardware-based Approach 

In a hardware-based approach, a power meter is used to measure energy consumption. 
Normally, they are digital measurement devices that assess the energy or power consumed 
directly from the power supply in Joules, or Watts, respectively.  

To set up these kinds of tools, they should be connected directly to the socket, and then the 
computer or server is connected to the tool. Then, to have a reliable value of energy 
consumption, the consumption of the computer or server should be measured before and 
during the software’s execution. Software energy consumption is thus calculated by subtracting 
the energy the computer was consuming initially from the energy the computer consumed 
when executing the software.  

This approach is known to be very precise since it allows a direct measurement, instead of just 
an estimation, but it is not fine-grained and, possibly, represents an additional financial cost. 
Also, if the software to evaluate is running in the cloud, with no access to the physical server, 
this approach cannot be used. 

First, WattsUp Pro is a device that has been used in some works, for example (Acar et al., 2016). 
This device can measure nineteen variables, and between those are the real-time power 
consumption and the cumulative energy consumption. The data collected can be viewed on the 
device screen but can also be exported via USB to a spreadsheet. This product also works with 
Logger Pro and LabQuest apps to create graphs (Hirst et al., 2013). WattsUp Pro has been 
identified as very precise, but it was discontinued, so now the only way to acquire this tool 
would be second-hand.  

Moonson is also a commonly used and precise power meter. This power meter is on sale for 
939$ on the Monsoon Solutions Inc. official website (Monsoon Solutions, 2022). This device 
allows the measurement of energy consumed by mobile devices, so is commonly used to study 
the power measurement of mobile applications. Also, this tool allows connecting to a computer 
to obtain the data, including charts (Ghaleb, 2019).  

Besides these tools, there are cheaper power meters available in the most common online 
shops, but normally those are not developed to measure the energy consumption of software, 
they are developed to measure the energy consumption of home devices, like televisions, 
fridges, etc. Those devices can be used to measure power consumption, but the precision is not 
guaranteed, and normally they do not provide the option to export data, they just present 
values on a screen, which makes the measurement harder and possibly less accurate.  

Table 1 represents the comparison between the hardware-based approaches mentioned above. 
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Table 1 Hardware-based approaches comparison 

 WattsUp Pro Moonson Cheaper power meters 

Availability Not available Available Available 

Cost Not available 939$ From 20$ to 100$ 
average on (Amazon, 
2023) 

Energy 
Measurement 

Entire machine Entire machine Entire machine 

Precision Precise Precise No guarantee of 
precision 

Data treatment Yes Yes No 

Applications All kind Android All kind 

2.2.2 Software-based Approach 

In this approach, a software tool, normally cost-free, is used to estimate energy consumption. 
These tools, unlike hardware-based approaches, do not measure the energy, they provide an 
estimation.  

Normally, these software tools base their estimations on other hardware tools. All the tools 
listed below base the estimations on the Running Average Power Limit (RAPL). Intel CPUs use 
dedicated RAPL registries to retrieve the power consumption every millisecond, being capable 
of delivering the energy consumption of the CPU package and DRAM. RAPL tools were studied 
and (Khan et al., 2018) showed they have a high accuracy. 

Intel Power Gadget is a monitoring tool enabled for Intel Core processors from the 2nd up to 
the 10th generation of processors. This tool is supported both on Windows and macOS 
operational systems and allows estimations on the energy consumption of the CPU, in Joules. 
The tool can be used through the command line, but it also provides an interface with some 
graphics, including CPU utilization and frequency, GPU utilization, GT frequency, and energy 
consumption. After the log is stopped, an excel file is generated with the elapsed time, CPU 
frequency, CPU temperature, and average and cumulative energy consumption of the CPU 
(Intel, 2022). 

Powerstat is a command-line software tool that works only in Linux environments. It generates 
a report with the estimation of the power consumption of the CPU (King, 2015).  

PowerAPI is a project that englobes some tools to estimate the energy consumption of devices 
(RAPL formula), processes (SmartWatts formula), or an entire program (Jouleit). All these tools 
can be installed and run through the command line. The results will include an estimation of 
the total energy consumed by the CPU. The tools from PowerAPI only work in Linux operational 
systems (Spirals research group, 2022).  

PowerJoular is a tool released in 2022 that also estimates the CPU’s power consumption. The 
difference (increase or decrease) in power consumption from the last metric will also be shown. 
The tool is now only available for Linux (Noureddine, 2022).  
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In addition to these tools, there were more in the past that are not available or were 
discontinued: Joulemeter (Microsoft, 2010), GreenTracker (Mynatt et al., 2010), Jolinar 
(Noureddine et al., 2016), and Jalen (Noureddine et al., 2015).  

All the tools mentioned above are available online and are free to use. Table 2 compares them. 

 

Table 2 Software-based approaches comparison 

 Intel Power 
Gadget 

Powerstat PowerAPI PowerJoular 

Availability Available Available Available Available 

Cost Free Free Free Free 

Energy 
Measurement 

CPU CPU CPU CPU 

Data Treatment Yes No No No 

Environment Windows 
macOS 

Linux Linux Linux 

2.2.3 Summary 

In this section, a comparison between software-based and hardware-based approaches is 
performed.  

Regarding the reliability of the measurements, the hardware-based approaches are known to 
be more precise, since they measure the energy supplied by the socket. However, as stated in 
section 2.2.2, the RAPL method was proven to be accurate, even if it is just an estimation. 

The tools that are simple to use are the ones that provide the total amount of energy consumed 
and allow some data treatment. From the tools analyzed, the ones that allow the generation of 
excel files or charts are WattsUp Pro, Moonson, and Intel Power Gadget. 

Regarding the value of energy that the tools provide, the hardware-based tools will measure 
the total energy supplied by the socket, so all the energy that the computer is using is 
considered. The software-based tools will only consider the energy spent by the CPU. 

Finally, another aspect to consider is the cost. The hardware-based tools require a financial cost, 
to obtain the hardware. However, software-based tools are free to use and are available for 
download online. 

2.3 Tools to Identify Energy Leaks 

In this section, a list of tools to help developers identify the fragments of code that consume 
more energy is presented. The main aim of these tools is not to provide values for energy 
consumption, it is the identification of energy leaks in the code. 
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2.3.1 E-Debitum 

The concept of energy debt represents the additional energy cost of a system caused over time 
due to the occurrence of energy code smells. Energy code smells correspond to source code 
approaches that can cause more energy consumption.  

In (Maia et al., 2020) the authors based the definition of energy code smells on a review of the 
state of the art on green software that allows identifying experiments where some approaches 
were changed and resulted in lower energy consumption and then performed an estimation of 
the energy cost per usage time, for each one of the smells. After, they express energy debt as a 
function that considers the number of smells, the context where they were detected, and the 
expected usage time of the application.  

For future work, they defined the construction of an extension to be used within SonarQube, 
to help in the identification of the energy code smells. Now, this extension is already available 
– it’s called E-Debitum - and can help developers identify source code approaches that can be 
causing more energy consumption.  

This extension has only been tested in Android applications since most of the energy code 
smells defined are related to Android programming. Also, the authors emphasize that their 
energy debt approach can be used to have guidelines for energy consumption, but it should not 
be used to calculate extremely accurate estimates of energy values (Couto et al., 2020).  

2.3.2 SPELLing out energy leaks 

(Pereira et al., 2020) proposed a technique to detect energy-inefficient fragments in the source 
code of a software system. To measure the energy consumption test cases are run. Then, to link 
the energy consumption to the source code, a statistical method, based on spectrum-based 
fault location, is performed. 

The result is a ranking of components sorted by their likelihood of being responsible for energy 
leaks, essentially pointing the developer’s attention to the most critical red spots in the analyzed 
code. 

Currently, this technique is available for desktop and server-based systems. 

2.4 Reducing Software Energy Consumption 

In the last few years, software energy consumption has become an important topic and the 
subject of many studies. The goal of this chapter is to present some of the studies carried out, 
to obtain the set of approaches, at the code level, that can be used to reduce the energy 
consumption of software. 
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2.4.1 Energy Consumption of Java Collection Framework 

In 2016, an analysis of the energy consumption of the Java Collection Framework was done. In 
this analysis, the methods of three different groups of data structures were considered: Set, List, 
and Map, and, for each one of these groups, different data sizes were considered (Pereira et al., 
2016).  

 

Figure 1 Set results for a population of 25k 

From (Pereira et al., 2016) 

 

Figure 2 List results for a population of 25k 

From (Pereira et al., 2016) 
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Figure 3 Map results for a population of 25k 

From (Pereira et al., 2016) 

Figure 1, Figure 2, and Figure 3 present each one of the methods analyzed for the Set, List, and 
Map interfaces, assuming a population of 25 thousand records. For each one of the 
implementation methods, is presented the energy consumption, in Joules (J), and the execution 
time, in milliseconds (ms). The most energy-efficient approach is colored with green, the worst 
with red, and the others are colored depending on their consumption value when compared to 
the most inefficient and efficient implementation and colored accordingly.  

Considering the values presented above it is possible to get some conclusions (Pereira et al., 
2016): 

• Figure 1, regarding the Set results, permits to verify that the approach that includes 
most of the more efficient methods is the LinkedHashSet. However, this approach is the 
worst with the addAll and containsAll methods. 

• Regarding the List results, presented in Figure 2, it’s possible to verify that the 
RoleUnresolvedList and AttributeList are the ones that contain the most efficient 
methods. Although both extend ArrayList, they have better consumption values. Also, 
LinkedList is the worst approach regarding energy consumption.  

• Regarding the Map approach, presented in Figure 3, we can conclude that the 
ConcurrentSkipListMap is the one that performs poorly. Also, Hashtable, 
LinkedHashMap, and Properties do not contain any red method.  

• Regarding the relationship between energy consumption and execution time, in the 
add method, comparing HashSet and LinkedHashSet approaches, we can verify that the 
execution time and the energy consumption is smaller in LinkedHashSet. However, in 
the clear method, comparing the same approaches, the execution time is smaller for 
LinkedHashSet and this approach is the one that consumes more energy. This way, it is 
impossible to conclude the correlation between execution time and energy 
consumption.  

The results for populations of 250 thousand and 1 million records can be seen here: 
https://greenlab.di.uminho.pt/collections/. Analyzing those results, it’s possible to conclude 
that the energy efficiency of the approaches varies according to the size of the data. This way, 
when choosing a data structure, it’s needed to consider the methods most needed and the 
population size, to choose the best approach.  
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2.4.2 E-Debitum 

In the known energy, code smells identified by the E-Debitum tool (described in section 2.3.1), 
there are some code smells related to Android programming, but there are others that can 
apply to programming in general (Maia et al., 2020): 

• Excessive Method Calls: Calling a method unnecessarily can penalize performance, 
since a call involves pushing arguments to the stack, storing the return value in the 
processor’s register, and cleaning the stack after. This way calls inside loops should be 
analyzed to verify if they can be extracted from the loop.   

• Member Ignoring Method: Static methods are stored in a memory block and, no matter 
how many class instances are created during the software execution, only one instance 
of such method will be created and used, which allows less energy consumption. This 
way, all the methods that can be static should be.  

2.4.3 The Impact of Source Code in Software on Power Consumption 

In this article, the “Tool to Estimate Energy Consumption” (TEEC) model was presented, 
promising to help with the estimation of the power consumed by CPU, DRAM, and disk. This 
model is based on mathematical formulas, to estimate the energy consumption of each one of 
the elements. Those mathematical formulas were obtained based on the formulas used by the 
tools presented in section 2.2, and others that are not available anymore, which makes the 
model just a duplicate of what the tools already provide (Acar et al., 2016).  

In the article, some transformations of Java source code were implemented and the energy 
consumption before and after was calculated through the formulas of the TEEC model and using 
a hardware device, the WattsUp Pro, to validate the decrease in the energy consumption (Acar 
et al., 2016).  

The transformations performed in the source code were (Acar et al., 2016):  

• Array Copy: When copying an array to another, it is better to use the System.arrayCopy() 
method than using a loop.  

• Locality of Reference: Elements close to each other in memory are faster to access. An 
example of this can be seen in Figure 4. In the unoptimized version, the loop reads the 
values of 100 elements in an array, and in the optimized version, the loop loads 100 
elements, but they are spaced 100 elements apart from each other.  
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Figure 4 Example of Locality of Reference transformation 

From (Acar et al., 2016) 

• Array and ArrayList: When possible, ArrayList should be replaced by Array since they 
have a speed advantage.  

• Char Array and StringBuilder: When possible, StringBuilder should be replaced by an 
array of char data types. 

• Binary Search: When looking for a value in an array of integer data types, the 
Arrays.binarySearch() method should be used instead of a for loop.  

After these transformations were applied to the selected source code, the researchers 
decreased the software's energy consumption.  

2.4.4 Energy Efficiency Analysis of Code Refactoring Techniques for Green and 

Sustainable Software in Portable Devices 

In a recent study, some researchers analyzed the impact of some code refactoring techniques 
on software energy consumption. For the study, desktop and mobile software were considered 
but, we will focus only on the desktop results. The source code used to apply the 
transformations was a C# application of the 2048 game. To estimate the energy consumption 
on desktop devices, the Intel Power Gadget tool was used (Şanlıalp et al., 2022).  

The refactoring techniques analyzed were (Şanlıalp et al., 2022):  

• Encapsulate Field: This technique consists in setting the access permissions of a 
variable, making the public fields private, and creating getter and setter methods. This 
technique can improve software maintainability, but it can worsen software 
performance since more function calls will be added to the code.  

• Inline Temp: This technique consists in replacing the variable references by itself, 
meaning that when we are assigning the return value of a function to a variable that 
will only be used once, we can replace that variable with the function call and that will 
save energy because it reduces the access to main and cache memories. This approach 
also improves performance.  
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• Introduce Explaining Variable: This technique consists in adding variables to the code 
where there is a complex expression, to make the expression simpler.  

• Simplify Nested Loop: This technique consists in converting nested loops into a single 
loop, when possible.  

• Replace Delegation with Inheritance: Delegation allows the dynamic change of the 
delegator, which cannot be done with inheritance, in most object-oriented 
programming languages. But this replacement can reduce the number of lines of code.  

The results of this analysis show that all techniques contributed to energy savings. However, 
the technique that originated better energy consumption values was the “Simplify Nested 
Loop”. The one that saved less energy was the “Replace Delegation with Inheritance”. 

2.4.5 Energy-Efficient Design Patterns 

(Alders, 2016) analyzed the impact that the design patterns State, Template Method, and 
Strategy had on the energy consumption of software. The energy consumption of these design 
patterns was compared to non-pattern alternatives. 

 

Figure 5 Example of the State pattern 

From (Alders, 2016) 

The State design pattern allows an object to change its behavior by switching from one state to 
another. An example of this design pattern is traffic lights, that turn from green to yellow, from 
yellow to red, and from red back to green. In Figure 5, the traffic light is represented by the 
Context class and the light colors are all the possible state classes. This way, each state is capable 
to implement behavior particular to itself. The individual states normally are used as singleton 
objects, and every time the state changes, the current object of the state is replaced with an 
object of the next state (Alders, 2016). 
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Figure 6 Example of the Strategy pattern 

From (Alders, 2016) 

The Strategy design pattern allows the encapsulation of algorithms, making them 
interchangeable. It allows the switch from the currently used algorithm to another different 
algorithm, depending on the situation. Figure 6 shows an example, considering ordering 
methods. Depending on the OrderingStrategy defined in the Context, a different order method 
will be run (Alders, 2016).  

 

Figure 7 An example of the Template Method 

From (Alders, 2016)  

The Template Method, as the Strategy pattern, allows the isolation of different algorithms or 
operations to their subclasses. An adaptation of the Strategy pattern can be observed in Figure 
7. The main difference is that Template Method allows the definition of the skeleton of an 
algorithm in the abstract class and lets subclasses override the steps without changing the 
overall structure (Alders, 2016).  

As said before, the design patterns considered above were replaced by non-pattern alternatives. 
To select the non-pattern alternatives, the authors explored the existent alternatives for each 
one of the design patterns, resulting in the following approaches: Replace Conditional with 
Polymorphism and Form Template Method (Alders, 2016). 
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The Replace Polymorphism with Conditional consists in removing the polymorphism and 
keeping all the logic in the Context class. Then conditional statements are used to verify which 
logic is supposed to be called. Code Snippet 1 shows the result after this transformation, 
considering the examples presented before (Alders, 2016). 

 

Code Snippet 1 Code example of the approach Replace Polymorphism with Conditional 

From (Alders, 2016) 

 

Generally, the Form Template Method transforms the non-pattern code into a Template 
Method pattern, by separating duplicate code into separate methods. This way, since the goal 
was to obtain a non-pattern alternative, the process is reversed, resulting in Code Snippet 2.  
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Code Snippet 2 Code example for the reversed Form Template Method 

From (Alders, 2016) 

After the analysis, a general decrease in energy consumption was measured by replacing each 
design pattern with a non-pattern alternative. The results obtained through this research were 
the same as expected from the authors. The expectation from the authors was built upon the 
idea that the non-pattern approaches can be seen as simplifications of the design patterns, so 
since the code is simpler it should consume less (Alders, 2016). 

2.4.6 Empirical Evaluation of the Energy Impact of Refactoring Code Smells 

(Verdecchia et al., 2018) analyzed the impact on performance and energy consumption of 
refactoring well-known code smells on three different Java software applications. The code 
smells analyzed were: 

• Feature Envy: this happens when a method is placed in the wrong class. In this case, 
the method should be placed in the right place. 

• Type Checking: occurs in switch statements and if/else if blocks, where a so-called 
typefield is checked for different values, and the according branch is then executed. In 
this case, the typefields should be replaced with a state class. 

• Long Method: occurs when methods are too large, negatively impacting the readability 
and maintainability. The solution is to refactor the single method into smaller ones. 

• God Class: this is a class that controls a significant part of the architecture and 
implements a large share of the application logic. These classes should be refactored 
into smaller classes. 
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• Duplicated Code: refers to the duplication of the same code structure in more than one 
place of the code. In this case, the refactoring is usually carried out by unifying the 
separate structures into one.  

The result of the analysis presented above showed that in one of the three applications 
analyzed, the refactoring of the code smells caused a significant impact on power and energy 
consumption. 

2.5 Quality Attributes 

As explained in section 1.3, one of the objectives of this project is to analyze the impact that 
the techniques to reduce the energy consumption of software can have on the quality attributes 
of the software. Therefore, in this section are presented the quality attributes chosen to 
evaluate the solution, considering that those are the ones that have the most significant impact.  

The ISO/IEC 25000 series of standards, also known as System and Software Quality 
Requirements and Evaluation, has the goal to create a framework for the evaluation of the 
quality of software.  The ISO 25010 from this series, describes the model, consisting of 
characteristics of software product quality and software quality in use. ISO25010 comprises 
eight quality characteristics, each one with sub-characteristics (ISO 25000, 2022). 

To choose the quality attributes that could be of greater interest to the project, an analysis of 
carried out studies was done.  

(Naumann et al., 2011) shows that for a software product to be considered sustainable, the 
process to produce the software should also be. This way it is important to consider the lighting 
of the offices, the energy for transportation purposes, and so on. This way, the time and energy 
that a developer can take to interpret and change code, to introduce new functionalities, should 
also be considered. This is also linked with the maintainability quality attribute since if the 
software is easily maintainable, it will be possible to consume less effort and energy to change 
or reuse it.  

(Cruz et al., 2019) analyzed the impact that changes to improve energy efficiency have on the 
maintainability of Android applications. A dataset with 539 energy efficiency-oriented commits 
was used, and the maintainability was measured for each commit. The result of the analysis 
showed that the software maintainability decreased in 57% of the commits.  So, in general, the 
changes had a negative impact on this quality attribute.  

By the analysis presented above, it’s possible to conclude that the maintainability quality 
attribute is important to software sustainability. This way, and since this relation was not yet 
deeply analyzed in desktop applications, this will be one of the quality attributes that will be 
analyzed. 

(Verdecchia et al., 2018) conducted an empirical evaluation of the impact that refactoring code 
smells have on the energy consumption and performance of the software. For the analysis, the 
authors solved some code smells, as described in section 2.4.6, in three Java software 
applications. The results show that refactoring only some of the identified code smells led to a 
49.9% lower energy consumption and 47,8% of performance improvement. However, when 
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refactoring all the code smells, the performance decreased by 6.8% and the energy 
consumption decreased by only 10,7%.  

(Pereira et al., 2016) analyzed the energy consumption and time of execution of the Java 
Collection Framework, as presented in section 2.4.1. In this study was shown that some 
approaches consumed less energy but took more time. However, in some approaches, both 
time and energy decreased. This way, it was not possible to conclude the relationship between 
the time that software takes to perform actions and the energy that the software consumes.  

Also, in (Capra et al., 2010) was shown that in some cases energy efficiency cannot be increased 
simply by improving time performance.  

This way, it was considered interesting to also analyze the performance quality attribute, to 
verify if the results obtained allow any conclusion. 

 

Figure 8 ISO 25010 

Adapted from (ISO 25010, 2022) 

To summarize, the quality attributes that can be more interesting and important to study are 
maintainability and performance, so the dissertation will focus on analyzing these two quality 
attributes. In Figure 8 it’s possible to verify the maintainability and performance efficiency 
quality characteristics of ISO25010, each one with sub-characteristics. 

In the following sub-sections, a description of those quality attributes is performed. Also, it is 
described the sub-characteristics that will be considered. 

2.5.1 Maintainability 

This characteristic represents the level of efficiency and effectiveness with which the system 
can be modified to improve, correct, or adapt. The following sub-characteristics were chosen 
for the analysis (ISO 25010, 2022): 

• Modifiability: analysis of the level to which the system can be easily modified without 
introducing defects or degrading the existing product quality. 

• Reusability: analysis if an asset can be used in more than one system. 
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2.5.2 Performance Efficiency 

This characteristic represents the performance relative to the number of resources used. The 
following sub-characteristic was chosen for the analysis (ISO 25010, 2022): 

• Time Behaviour: analysis of the time that the system takes to respond and process 
when performing its functions.  
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3 Value Analysis 

This chapter represents the project’s value analysis, which is a mandatory requirement of the 

curriculum for the module Value Analysis.  

The value analysis of the project was made based on the New Concept Development Model. A 
description of the model is made and then, in the following sections the elements of the model 
are defined. Firstly, there are the Opportunity Identification and Opportunity Analysis sections. 
Additionally, there is a section called Idea Generation, where the alternatives to measure the 
energy consumption of software are defined. Lastly, it was used the Analytic Hierarchy Process 
to aid in choosing one of the alternatives, presented in the section Idea Selection.  

3.1 New Concept Development Model 

The New Concept Development Model consists of three parts, as presented in Figure 9. 
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Figure 9 The New Concept Development Model 

From (Koen et al., 2002) 

The first part, designated by “Engine”, represents the organization’s characteristics, that drive 
the five elements, controllable by the organization. 

The second part, the inner spoke area, defines the five controllable activity elements: 

• Opportunity Identification: in this element, the organization identifies opportunities to 
pursue. These opportunities are defined based on the company’s business goals. 

• Opportunity Analysis: in this element the opportunities identified are analyzed, to 
verify if they are worth pursuing.  

• Idea Generation: in this element, a concrete idea is born, developed, and maturated. 
This process can be formal, such as a brainstorming session, or it can be informal, like a 
user making an unusual request.  

• Idea Selection: in this element, the ideas to pursue should be selected. However, there 
is any process that guarantees a good selection and because of that normally 
organizations have some difficulties choosing the ideas that allow more business value.  
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• Concept Definition: in this element, the business plans are developed for the selected 
ideas. 

The third and last part is the influencing factors, that can influence the activity elements. These 
factors can be organizational capabilities, outside world influence, like government policy, 
customers, competitors, and the enabling sciences that can be involved. 

3.1.1 Opportunity identification 

In 2015, all countries in the United Nations adopted the 2030 Agenda for Sustainable 
Development. This agenda defines seventeen goals to be accomplished by 2030 (World Health 
Organization, 2022). Goal number seven is about energy and intends to guarantee access to 
reliable, sustainable, and modern energy sources for all. To accomplish this, some steps were 
defined and one of them is to double the global rate of improvement in energy efficiency, as 
shown in Figure 10 (United Nations, 2022a).  

 

Figure 10 Sustainable Development Goals: Goal 7 

From (United Nations, 2022a)    

Related to the United Nations Sustainable Development Goals, is the Paris Agreement, which 
aim is to keep the global temperature rise below two degrees. Since the adoption of this 
agreement, and to accomplish the goal, a lot of countries have committed to net zero emissions 
targets, which means that green gas emissions should be reduced to as close to zero as possible. 
In recent years, the energy sector was responsible for around three-quarters of global 
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greenhouse gas emissions, so it is urgent to tackle the energy efficiency problem. (iea, 2022; 
United Nations, 2022b) 

Also, these years were marked by Russia’s invasion of Ukraine. Caused by that, the supplies of 
Russian gas, needed for heating, industrial processes, and power, have been cut by more than 
eighty percent. This cut caused an unprecedented crisis in the European energy system. One of 
the most impactful ways to respond to the energy crisis is energy efficiency and conservation 
(Zettelmeyer et al., 2022).  

The project to be developed intends to discover how to develop software that consumes less 
energy and how that can affect the maintainability and performance quality attributes of the 
software. This project can help in reducing the energy consumption of software and, 
consequentially, help in the progress of energy efficiency. 

3.1.2 Opportunity Analysis 

In the last few years, the demand for digital services has grown rapidly. Global data center 
electricity use, in 2021, was around 0.9%-1.3% of global final electricity demand, excluding the 
energy used for cryptocurrency mining (Kamiya, 2022).  

In Table 3 it’s possible to verify the growth of internet usage, and consequentially, the energy 
usage, from 2015 to 2021. 

Table 3 Growth of internet and energy usage 

From (Kamiya, 2022) 

 2015 2021 Change 

Internet users 3 billion 4.9 billion +60% 

Internet traffic 0.6 ZB 3.4 ZB +440% 

Data center energy 
use (excluding crypto) 

200 TWh 220-320 TWh +10-60% 

Crypto mining energy 
use 

4 TWh 100-140 TWh +2 300-3 300% 

Data transmission 
network energy use 

220 TWh 260-340 TWh +20-60% 

 

Regarding greenhouse gas emissions, the data centers, and data transmission networks are 
responsible for 0.9% of energy-related greenhouse gas emissions, corresponding to 0.6% of the 
global emissions (Kamiya, 2022).  

As was said before, the demand for data center services has grown strongly however, since 
2010 data center energy use (excluding crypto) and greenhouse gas emissions have grown only 
moderately because of improvements in IT hardware and cooling systems, allowing less energy 
consumption.  
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This is good progress, but it still represents growth, and what is needed is a decrease in energy 
use and the emissions of greenhouse gases. Hardware improvement can, and should, continue 
but it is also needed to check how to reduce this energy use within the software. 

3.1.3 Idea Generation 

Through opportunity identification and analysis, it’s possible to conclude that the energy 
consumption of software should be analyzed and reduced. The big question that remains is how 
to measure the energy consumption of software.  

In section 2.2 a list of tools available to measure the energy consumption of software is 
presented. Since the computer to be used runs on a Windows operating system, and some 
hardware-based approaches are not accessible, the only options available are the Intel Power 
Gadget and power meters. 

This way, the following alternatives are available: 

• Alternative 1: Use Intel Power Gadget to measure energy consumption. 

• Alternative 2: Use a power meter to measure energy consumption. 

• Alternative 3: Use Intel Power Gadget and a power meter to estimate energy 
consumption and use both results to perform the analysis.  

3.1.4 Idea Selection 

To select one of the alternatives presented, the method Analytic Hierarchy Process (AHP) will 
be used. For that, it is needed to define the decision criteria and the alternatives, already 
presented in the previous section.  

The decision criteria defined were: 

• Simplicity: the ease with which the energy can be estimated. 

• Reliability: the known accuracy of the energy estimations. 

• Functionalities: the number of functionalities that the tool provides that can be 
interesting to the investigation. 
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Figure 11 Decision hierarchic tree 

The first step is the creation of the decision hierarchic tree, which is represented in Figure 11. 

After, it is needed to define the level of importance of each criterion. For that, the scale of Saaty 
(Saaty, 1990) is used. Mapping this scale with the decision hierarchic tree results in the criteria 
comparison matrix represented in Table 4. 

Table 4 Criteria comparison matrix 

 Simplicity Reliability Functionalities 

Simplicity 1 1/5 1/4 

Reliability 5 1 2 

Functionalities 4 1/2 1 

 

Then, the criteria comparison matrix needs to be normalized. To normalize the matrix, each 
value is divided by its column sum. After the normalization, to obtain the priority vector, the 
mean of each line is calculated and represents the relative priority of each criterion. The result 
of these steps is represented in Table 5. 
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Table 5 Normalized criteria matrix 

 Simplicity Reliability Functionalities Relative Priority 

Simplicity 1/10 2/17 1/13 0.098 

Reliability 1/2 10/17 8/13 0.568 

Functionalities 2/5 5/17 4/13 0.334 

 

After, it’s needed to evaluate the consistency of the results. To do that it is needed to calculate 
the consistency index (CI) and the consistency ratio (CR).  

To calculate the consistency index, the following formula is used: 𝐶𝐼 = (𝜆𝑚𝑎𝑥 − 𝑛) ∕ (𝑛 − 1), 
where n corresponds to the number of criteria, so n=3. The value of  𝜆𝑚𝑎𝑥  is calculated by 
multiplying the normalized matrix with the priorities vector and then calculating the mean 
between the result obtained and the values from the priorities vector. By performing those 
calculations, 𝜆𝑚𝑎𝑥 = 3.025, resulting in 𝐶𝐼 = 0.012 (Nicola, 2022).  

To calculate the consistency ratio, the following formula is used: 𝐶𝑅 = 𝐶𝐼 0.58⁄ , resulting in 
𝐶𝑅 = 0.021. Since CR < 0.1, we can conclude that the relative priorities are consistent (Nicola, 
2022).  

In the next step, are defined the matrixes of comparison for each one of the criteria, considering 
each one of the alternatives identified. In Table 6, Table 7, and Table 8 it’s possible to verify the 
matrix and the respective priorities vector for each one of the criteria.  

Table 6 Comparison matrix and priorities vector for simplicity criteria 

Simplicity Alternative 1 Alternative 2 Alternative 3 Relative Priority 

Alternative 1 1 3 5 0.648 

Alternative 2 1/3 1 2 0.230 

Alternative 3 1/5 1/2 1 0.122 

 

Table 7 Comparison matrix and priorities vector for reliability criteria 

Reliability Alternative 1 Alternative 2 Alternative 3 Relative Priority 

Alternative 1 1 5 1/2 0.380 

Alternative 2 1/5 1 1/3 0.118 

Alternative 3 2 3 1 0.501 
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Table 8 Comparison matrix and priorities vector for functionalities criteria 

Functionalities Alternative 1 Alternative 2 Alternative 3 Relative Priority 

Alternative 1 1 5 1 0.480 

Alternative 2 1/5 1 1/3 0.115 

Alternative 3 1 3 1 0.405 

 

By analyzing the values presented above, it’s possible to conclude that Alternative 1 has the 
highest relative priority in criteria Simplicity and Functionalities, but in Reliability, the 
alternative that represents the biggest value is the third one. 

Finally, the matrix of the relative vectors for each one of the alternatives, represented in the 
tables above, is multiplied by the priority vector calculated previously, represented in Table 5, 
obtaining the global weight for each one of the alternatives: 

• Alternative 1: 0.440 

• Alternative 2: 0.128 

• Alternative 3: 0.432 

Through the values presented above, it’s possible to conclude that the best alternative is 
Alternative 1, followed by Alternative 3, and finally Alternative 2.  
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4 Design 

In this chapter, all the decisions taken to carry out the controlled experiment are described. It 
was needed to select the tool to measure the energy consumption (section 4.1), and the project 
to use in the experiments (section 4.2).  

4.1 Selected Tool to Measure Energy Consumption 

A list of the available tools to measure energy consumption was presented in section 2.2. Since 
WattsUp Pro is not available and Moonson only measures the energy of Android applications, 
the only option available from the hardware-based approaches is the cheaper power meters. 

From the software-based approaches, the only tool that could be used is the Intel Power Gadget 
since the computer to use in the experiment is an Asus with an Intel Core i7-7500U CPU, running 
on Windows. 

In sections 3.1.3 and 3.1.4 the AHP method was used to aid in choosing between using the 
power meter, the Intel Power Gadget, or both. The decision criteria defined were simplicity, 
reliability, and the functionalities available. This analysis showed that the best alternative is the 
Intel Power Gadget, which is the tool to use. 

4.2  Selected Project 

As mentioned earlier (section 1.3), an application will be used to perform some experiments. 
When choosing the application some characteristics were considered. The knowledge of the 
application and the documentation are important aspects because of the time limitation. Also, 
it should be an application with a minimum level of complexity, to allow the application of some 
of the techniques described in 2.4. Finally, the application should have a good maintainability 
level because if it doesn’t any small change in the code will cause a considerable effect on this 
quality attribute, and that can compromise the results.  

This way, the project chosen is a backend service developed within a curricular unit of the 
master’s degree. To use this source code was asked for permission from the teacher Isabel 
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Azevedo, responsible for the curricular unit where the application was developed and the 
supervisor of this thesis, and the other two developers: André Alves and José Ferreira. The 
permissions given by the mentioned people can be consulted in Appendix A. 

The selected project is called GourgeousSandwich and is available on GitHub, in the following 
repository: https://github.com/1170972/GorgeousSandwich.  

The chosen project is a monolithic developed in Java language, using Spring Boot framework 
and Spring Data JPA to connect to the H2 database. 

4.2.1 Business Context 

In this section, the use cases of the application are presented, providing the necessary 
information to understand the business context of the system. 

Table 9 identifies and describes the use cases of the application. The goal is to apply techniques 
to reduce energy consumption without changing the functionalities so that it is possible to 
compare the results of the two solutions later. To guarantee that the use cases were not 
affected, unit tests will be developed, since the application chosen doesn’t have those 
implemented. 

Table 9 Use cases 

Identification Description 

UC-01 The user must be able to define a sandwich. 

UC-02 The user must be able to update the stock of a sandwich. 

UC -03 The user must be able to see the list of sandwiches. 

UC -04 The user must be able to see the details of a sandwich. 

UC -05 The user must be able to review/rate a sandwich. 

UC -06 The user must be able to see the reviews of a sandwich. 

UC -07 The user must be able to see all his reviews. 

UC -08 The user must be able to know the rate interval (minimum and maximum). 

UC -09 The user must be able to comment on a sandwich. 

UC -10 The user must be able to see the comments of a sandwich. 

UC -11 The user must be able to see all his comments. 

UC -12 The user must be able to make an order. 

UC -13 The user must be able to update the order. 

UC -14 The user must be able to see all orders. 

UC -15 The user must be able to see the details of an order. 

UC -16 The user must be able to see the possible delivery times. 

 

4.2.2 Architecture 

To support the functionalities in this system, a collaboration of components in different layers 
is required. Figure 12 represents the implementation view of the selected project. 
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Figure 12 Layer Diagram 

• Presentation Layer: this layer is responsible for the interface, defining the endpoints, 
and forwarding requests to the underlying layer, the business layer.  

• Business Layer: this layer contains the core logic of the system. Data required processes 
are queried from the layer below, the persistence layer. 

• Persistence Layer: this layer is responsible to read, store, and updating the data in the 
database.  

• Model Layer: this layer encapsulates the data from the communications between the 
external client and the presentation layer (DTO), the presentation layer and the 
business layer (Domain), and between the business layer and the persistence layer 
(Persistence).  

 

Figure 13 represents a process view of the system, having the definition of a sandwich use case 
as an example.  

 

Figure 13 Define a sandwich request example 
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5 Implementation 

The focus of this chapter is to explain the changes performed to the initial application. Initially, 
a description of the unit tests implemented is provided. Then, it is described and explained the 
techniques applied to reach the final solution. 

The final version of the application can be seen in the same GitHub repository mentioned earlier 
(section 4.2). The repository has two folders, one for the initial version and another for the final. 

5.1 Unit Tests 

Unit tests were developed for each one of the controller classes. These tests were developed 
to ensure the following: 

• All the functionalities of the initial solution are available also in the final version. 

• Methods inputs are the same in the initial and final solutions. 

To guarantee that the unit tests are not dependent on the data that exists in the database, the 
information was simulated using mocks, through Mockito.  

All the test classes have a setup method that runs before the tests, to create some necessary 
data, as can be seen in Code Snippet 3. After, there is a test method for each one of the 
endpoints available. An example of the test to the endpoints responsible for creating a sandwich 
and updating the stock can be seen in Code Snippet 4. 
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Code Snippet 3 Example of a setup method 

 

Code Snippet 4 Example of the developed tests 
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5.2 Techniques Applied 

In this chapter, the modifications done to the application will be explained. The techniques that 
could contribute to a decrease in the energy consumption of the selected software were listed 
in section 2.4. Those techniques are subjective to the project, not all the techniques will apply 
to all projects. This way, the source code was analyzed to find faults where those techniques 
could be applied. It was identified faults for seven of the techniques analyzed.  

Table 10 shows the number of faults encountered and changed, distributed by technique. 
Appendix B lists the classes or methods where the faults were found. Additionally, all the 
methods and imports not used were removed. 

Table 10 Number of faults distributed by technique 

Technique Number of Faults 

Inline Temp + Introduce Explaining Variable 43 

Member Ignoring Method 31 

Excessive Method Calls 7 

Java Collection Framework 5 

Feature Envy 3 

Encapsulate Field 2 

The following sections will describe the implementation of each one of the techniques. 

5.2.1 Inline Temp and Introduce Explaining Variable Techniques 

These techniques are described in section 2.4.4 and were analyzed together since they are 
related. The Inline Temp technique consists in replacing the variable reference with the return 
value of a function if a variable will only be used once. Meanwhile, the Introduce Explaining 
Variable technique consists in adding variables to the code where there is a complex expression, 
to make the expression simpler. In the cases where the application of the first one would make 
the expressions too complex, the second technique applies, and it was not changed.  

Forty-three faults were identified and corrected. Code Snippet 5 and Code Snippet 6 show an 
example of the application of the Inline Temp technique, respectively before and after the 
alterations. 

 

Code Snippet 5 listAll() method before changes 
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Code Snippet 6 listAll() method after changes 

5.2.2 Member Ignoring Method Technique 

This technique is described in section 2.4.2 and consists of, when possible, using static methods 
instead of non-static ones. Thirty-one faults were identified and corrected. The classes where 
more faults were encountered were those responsible for translating between the dto, domain, 
and persistence layers. In Table 23 from Appendix B is possible to see the list of methods that 
were changed. 

5.2.3 Excessive Method Calls Technique 

This technique is described in section 2.4.2 and it consists in be careful with methods that are 
called unnecessarily or called too many times unnecessarily. Seven faults were identified and 
corrected. 

In Code Snippet 7 and Code Snippet 8, it’s possible to verify an example of a method that is 
being called unnecessarily. The first image shows the method responsible to update a sandwich 
stock, at the controller level. The first statement queries a sandwich with that identification, to 
verify if the identification is valid. After that, and if it is valid, a call to the method presented in 
Code Snippet 8 is performed. The second method also verifies if the identification of the 
sandwich is valid. There are two validations of the same thing, so the method is called twice 
unnecessarily. Considering this, the second validation was removed.  

 

Code Snippet 7 Method addUnitsSandwich() of SandwichController 
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Code Snippet 8 Method update() from SandwichRepositoryWrapperJPA 

5.2.4 Java Collection Framework Technique 

This study is described in section 2.4.1 and it allows the developer to understand the best 
implementation to use, from the Java Collection Framework. This way, it was searched in the 
code for all the uses of an implementation of the Java Collection Framework. After that, it was 
analyzed the methods used and if there was another implementation that consumes less energy 
for that specific method, to always use the implementation more energetically efficiently. In 
this analysis, it was considered a population of 25k. A total of five faults were encountered. 

Code Snippet 9 presents an example of one occurrence that was changed. In this case, a HashSet 
was being used and the method used is the add(). The HashSet is the implementation that 
consumes more energy in the add execution. After verification, it was realized that the 
implementation that consumes less energy in the add() function is the TreeSet. Because of that, 
the HashSet was replaced by a TreeSet implementation. 

 

Code Snippet 9 convertOrderItemsListToDTO() from OrderConverter before changes 

5.2.5 Feature Envy Technique 

This technique is described in section 2.4.6 and it consists in putting a method in the right class 
when it is not in the right place. Three faults were identified and corrected. In Code Snippet 10 
and Code Snippet 11, it’s possible to verify an example of a logic that is being done in the wrong 
place.  

When creating or updating an order, the delivery time selected needs to be one of the available 
delivery times, calculated based on the definition of the opening hours, closing hours, and 
interval, defined on a configuration file. In Code Snippet 10 it’s possible to see the initialization 
of the application, where the properties mentioned are read from the configuration file and 
stored in variables of the DeliveryTime class. Then, every time an order is created or updated 
or a call to know the possible delivery times is done, the method present in Code Snippet 11 
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executes. Since the properties read from the configuration file are read at the beginning of the 
application, instead of calculating the delivery times every time they are needed, they can be 
calculated only once in the initialization. So that change was done. The method 
calculateIntervals() was changed to the class that initializes the application and, instead of 
storing the values from the file in the properties in the DeliveryTime class, the intervals are 
calculated and what is stored in the class is the list of the available times, as it is possible to 
verify in Code Snippet 12. This way, every time this data is needed, it’s just a return, instead of 
a new processing.  

 

Code Snippet 10 Initialization of the application before changes 

 

 

Code Snippet 11 Method calculateIntervals() in DeliveryTime class 
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Code Snippet 12 Initialization of the application after changes 

5.2.6 Encapsulate Field Technique 

This technique is described in section 2.4.4 and it consists in setting the access permissions of a 
variable, making the public fields private, and creating getter and setter methods. Two faults 
were identified and corrected. The faults were present in the Grade class, two of the fields were 
public. This way, they were converted to private, and the method to set the values was created. 
The values of those attributes are read-only in the class, so it was not needed to implement the 
getter methods. 
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6 Tests and Solution Evaluation 

This chapter presents the methodology used to analyze and evaluate the impact that applying 
techniques to reduce the energy consumption of software can have on maintainability and 
performance. The method Goal, Question, Metric (GQM) was used to define the metrics to 
evaluate the energy use, performance, and maintainability of the software.  

The results are then presented, followed by an explanation of how they were analyzed to 
understand the differences between both solutions. 

6.1 Methodology 

The GQM measurement model consists of three levels (Basili et al., 1994): 

• Conceptual Level (Goal): a goal is defined for an object, relative to a particular 
environment. Objects of measurement can be products, processes, or resources.  

• Operational Level (Question): define a set of questions based on the goal. Those 
questions aim to verify if the objective has been achieved.  

• Quantitative Level (Metric): for each question, a set of metrics is defined, objective or 
subjective, to answer the question quantitatively.  

The GQM model starts with the definition of a goal. This goal is then refined into several 
questions, that break down the issue into its major components. Next, each question is refined 
into metrics. The same metric can be used in different questions, under the same goal. Once 
the model is defined, the data-collecting strategies to gather data for the metrics must be 
determined (Basili et al., 1994).  

As said before, the GQM method will be used to evaluate the impact that applying techniques 
to reduce the energy consumption of software can have on the quality attributes and the energy 
use. This way, the same questions, and metrics will be used to evaluate the project before and 
after, allowing the comparison of the results obtained. 
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Table 11 GQM - Goal 

Goal Find out the impacts that applying techniques to reduce energy consumption 
can have on software’s energy use, performance, and maintainability. 

The goal defined is presented in Table 11. In the following sections, it will be presented the 
questions and metrics defined for each element to evaluate.  

6.1.1 Energy Consumption 

In Table 12 it’s possible to verify the questions defined for the energy consumption, and the 
metric that will be used to evaluate. 

Table 12 GQM Energy Consumption 

Question Metric 

What is the energy consumption of the 
initial application? 

Cumulative Processor Energy - Intel Power 
Gadget 

What is the energy consumption of the 
modified application? 

 

The Intel Power Gadget tool can measure the energy consumption of the CPU, in Joules. This 

tool, described in section 2.2.1, will be used to measure the energy use of the software before 

and after the changes, to validate that the consumption has decreased. 

6.1.2 Performance 

Table 13 shows the question defined for the performance quality attribute and the metrics that 
will be used to evaluate. 

Table 13 GQM Performance 

Question Metrics 

Is the performance of the initial 
application acceptable? 

Total Elapsed Time - JMeter 
Throughput - JMeter 

Is the performance of the modified 
application acceptable? 

The two metrics to be considered when evaluating the performance will be the Total Elapsed 
Time and the Throughput, provided by JMeter since it allows these two calculations easily. The 
Total Elapsed Time is calculated in seconds and represents the time passed during the run of 
the Test Plan, so the lower this value, the better. The Throughput represents the number of 
requests the application can serve per second. This way, an application is better in performance 
if its throughput is higher. 
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6.1.3 Maintainability  

In Table 12 it’s possible to verify the question defined for the maintainability quality attribute 

and the metrics that will be used to evaluate.  

Table 14 GQM Maintainability 

Question Metrics 

Is the initial application easily maintainable? Maintainability Rating - SonarQube 
Maintainability Level - SonarGraph 
 

Is the modified application easily 
maintainable? 

SonarQube’s Maintainability Rating considers a set of metrics, including the technical debt ratio, 
that refers to the cost of developing a line of code. The scale provided by SonarQube goes from 
A to E, where A is the best value and E is the worst (SonarQube, 2022).  

SonarGraph’s Maintainability Level considers metrics for coupling and cyclic dependencies to 
calculate the maintainability level (Zitzewitz Alexander, 2018). It is represented as a percentage 
and the higher this percentage, the better.  

6.2 Experiments 

This section details the results of the experiments performed to validate if the energy 
consumption decreased and to evaluate the effects on the performance and maintainability of 
the initial and final solutions. 

6.2.1 Energy Consumption 

After applying some changes that should contribute to a decrease in energy consumption and 
developing the necessary tests to minimally guarantee that the functionalities were not 
compromised by the changes, move on to the assessment of energy consumption.  

As it was said in section 6.1.1, the metric used to evaluate the energy consumption is the 
Cumulative Processor Energy, provided by Intel Power Gadget.  

Since only one run of each use case could not allow a good understating of a decrease or 
increase in energy consumption, it was decided to run each use case one hundred times. 
Although that may not reflect the business context, since some use cases may be used more 
often than others, to measure energy consumption it is the approach that seems more 
reasonable. This way, since JMeter allows the creation of thread groups that execute actions as 
many times as the user wants, it was used to help construct the plan. 

After setting up the plan in JMeter, that plan was executed twenty times, and the CPU’s energy 
consumption was tracked in each one of the runs. The computer used to perform the 
measurements was an Asus with Microsoft Windows 10 Home operational system, with an Intel 
Core i7-7500U CPU @ 2.70GHz and 8GB of RAM. All the measures were taken with the 
computer in the same conditions. 
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Table 15 Results of energy consumption for the initial and final versions 

 Initial Application Final Application 

Mean 76.18 J 43.58 J 

Min Value 64.52 J 37.65 J 

Max Value 85.34 J 54.86 J 

 

The results obtained for each one of the twenty runs can be seen in Appendix C. Table 15 
presents the results for the initial and the modified application. The values presented in the 
table represent the mean value, considering all runs as well as the minimum and maximum 
values measured. As it is possible to verify, there is a significant decrease in energy consumption, 
validating what the bibliography defends. There was a decrease of approximately 43%, 
considering the mean values.  

Looking at these results we can conclude that the application of techniques to reduce the 
energy consumption of software resulted in a decrease.  

6.2.2 Performance 

The performance was measured for the initial and the modified versions of the application, as 
described in section 6.1.2. The metrics used to evaluate are the Throughput and Total Elapsed 
Time, provided by JMeter. The test plan used was the same as described previously (section 
6.2.1). The test plan runs all the use cases one hundred times.  

Table 16 Results of performance for the initial and final versions 

 Initial Application Final Application 

Throughput Total Elapsed 
Time 

Throughput Total Elapsed 
Time 

Mean 490.25 /s 3.48 s 596.65 /s 2.86 s 

Min Value 377.69 /s 3.26 s 528.44 /s 2.64 s 

Max Value 521.79 /s 4.50 s 644.67 /s 3.22 s 

The results obtained for each one of the twenty runs can be seen in Appendix D. Table 16 
presents the results for the initial and the modified application, respectively. The values 
presented in the table represent the mean value, considering all runs as well as the minimum 
and maximum values measured.  

As it is possible to verify, there is an increase of around 22% in the throughput, which is positive 
since it represents the number of requests the application can serve per second. Regarding the 
total elapsed time, there was a decrease of approximately 18%, considering the mean values.  

Looking at these results we can conclude that the application of techniques to reduce the 
energy consumption of software resulted in an improvement in the performance of the 
application. 
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6.2.3 Maintainability 

The maintainability was measured for both versions of the application, as described in section 
6.1.3. The metrics used to evaluate are the Maintainability Rating, provided by SonarQube, and, 
Maintainability Level, provided by SonarGraph. 

Table 17 Results of maintainability for the initial and final versions 

 Maintainability 
Rating 

Maintainability 
Level 

Initial Application A 88.09% 

Final Application A 88.13% 

 

Table 17 presents the results of the initial and the modified application, respectively. 

To obtain the SonarQube’s Maintainability Rating, the SonarQube was installed locally, and two 
projects were created, one for each solution. The evaluation is done automatically after 
deploying to the tool using the command: mvn clean verify sonar:sonar -Dsonar.projectKey=KEY 
-Dsonar.host.url=http://localhost:9000 -Dsonar.login=LOGIN. To have the most realistic results 
possible, meaning to know the true impact that the application of the techniques previously 
described had, none of the code smells suggested by SonarQube were corrected.  

As referred to in section 6.1.3, SonarQube’s Maintainability Rating measure considers metrics 
as the technical debt ratio, which refers to the cost of developing a line of code, and the number 
and cost of correcting the code smells. Both solutions present a value of A, so it is needed to 
look at the sub-metrics used to calculate the Maintainability Rating, to verify if there was any 
improvement or regression. Table 18 describes those values and it’s possible to conclude that 
there was a slight improvement (below 15%).  

Table 18 Values of the maintainability metrics for the initial and final versions 

 Initial Application Final Application 

Number of Code Smells 122 107 

Debt 2d 2h 2d 

Debt Ratio 1.7% 1.6% 

Moving to the SonarGraph’s Maintainability Level, this tool considers metrics for coupling and 
cyclic dependencies to calculate the maintainability level, as described in section 6.1.3. As 
stated in Table 17 there is also a slight improvement. This was already expected since the 
techniques applied do not interfere a lot with the dependencies of the components. However, 
some of them had an impact since, for example, some processing was moved to other classes 
in the Feature Envy Technique. Also, some unnecessary calls to methods were removed when 
applying the Excessive Method Calls Technique, which can also cause a reduction of the 
dependencies.  
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6.3 Summary 

The first analysis performed was on the energy consumption values. The result of this analysis 
would corroborate, or not, the studied literature (section 2.4). To measure the energy 
consumption Intel Power Gadget and JMeter were used (section 6.2.1). As it was possible to 
verify, a decrease of 43% occurred. This is considered a significant decrease, corroborating the 
literature.  

After validating the decrease in energy consumption, it is needed to analyze the performance 
and maintainability quality attributes, to answer the research questions (section 1.3).  

Regarding performance, the metrics used to evaluate were the Throughput and the Total 
Elapsed Time, provided by JMeter (section 6.2.2). Observing the Throughput, it was possible to 
verify an improvement of, approximately, 22%. Regarding the Total Elapsed Time, a decrease 
of 18% was observed. This is considered a significant improvement in the performance of the 
application.  

Regarding maintainability, the metrics used to evaluate were the Maintainability Rating, 
provided by SonarQube, and, Maintainability Level, provided by SonarGraph. The first one did 
not allow any conclusion, so it was needed to consider the sub-metrics used to reach the 
Maintainability Rating. Even so, the improvements verified were below 15%. Regarding the 
Maintainability Level, the improvement verified is also not relevant.  

This study confirmed that the application of techniques reduced energy consumption and had 
a significant impact on the performance of the application. Regarding maintainability, the 
improvements verified are negligible. 
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7 Conclusions 

This section summarizes what was done, difficulties found, threats to validity, future work, and 
contributions. 

7.1 Achievements 

This document presents all the steps taken to evaluate the impact that applying techniques to 
reduce energy consumption had on the maintainability and performance of the application.  

To perform this study some objectives were defined (section 1.3): 

• Study how to measure or estimate the energy consumption of software: research on 
the existing tools was successfully performed (section 2.2), and some limitations were 
found. The hardware-based tools were either not available or did not guarantee 
accuracy. Only the software-based approaches were left and, considering those, only 
one was possible to use because of the operational system of the computer to be used 
in this project (section 4.1). 

• Study the existent approaches to decrease the software’s energy consumption: 
research on the existing techniques to reduce energy consumption was successfully 
performed (section 2.4). This analysis was done considering a Java backend application, 
so the techniques documented are only those that could be applied to this scenario.  

• Perform some experiments in an application: when choosing the software to perform 
the experiments, due to the available time to develop this project, it was prioritized the 
knowledge already had of the application (section 4.2). After that, all the code was 
analyzed to find places where the techniques previously identified could be applied. 
Not all the techniques were used since some of them did not apply to the selected 
project (section 5.2). After identifying all the places that needed to be corrected, the 
corrections were performed, and unit tests were developed to guarantee that the 
corrections did not impact the behavior of the application.  
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• Evaluation of the results: to plan the evaluation of the solutions (chapter 0), the GQM 
method was used, which helped to define the metric to be used to evaluate. These 
metrics were measured using the Intel Power Gadget, JMeter, SonarQube, and 
SonarGraph tools, and after some research, it was identified that they could assess the 
elements to analyze, namely, energy consumption, performance, and maintainability. 
To measure energy consumption and performance, a test plan was created in JMeter. 
To measure the maintainability, both with SonarQube and SonarGraph, it was only 
needed to install the tools and import the projects. 

In conclusion, with the results obtained from the energy consumption analysis, it was possible 
to conclude that the application of the techniques had a significant impact on energy 
consumption. Regarding the study of the impact on performance, it was also possible to verify 
significant improvements in both metrics: Throughput and Total Elapsed Time. Finally, 
regarding maintainability, the two solutions presented good results, in both metrics: 
Maintainability Level and Maintainability Rating. The final version of the application presented 
slightly better results, but it was considered negligible. 

7.2 Threats to Validity 

This work is based on the measurement of the CPU energy consumption when running an 
application. Despite being very careful, some aspects can be considered threats to the validity.  

When selecting the tool to use to measure energy consumption, one of the aspects that were 
considered was accuracy. Intel Power Gadget seems to be a reliable tool and as explained 
before, some studies already tested its accuracy, but it’s important to mention that the results 
presented here depend on that accuracy.  

Also, as explained when listing all the tools available, to use Intel Power Gadget, there is the 
need to click on a button to start the count and to click again to stop the count. As expected, 
although there was a lot of caution, some human error could have happened, causing the 
measurements to possibly have a small margin of error.  

Additionally, the hardware specifications can also interfere with the energy consumed. As 
stated before, the computer used to perform the measurements was an Asus with Microsoft 
Windows 10 Home operational system, with an Intel Core i7-7500U CPU @ 2.70GHz and 8GB 
of RAM. The same experiments can have different values when using different hardware.  

Plus, when measurements were being taken, care was taken to ensure that the computer was 
always in the same condition. This way, when measuring the computer was always with the 
battery full and plugged into the socket. Also, only the necessary programs were running.  

Finally, the results presented in this study are dependent on the application used. It is not 
possible to guarantee that the results would be the same when using another application. 
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7.3 Future Work 

The energy consumption of software is not a simple topic since it involves understanding how 
different software components and processes consume energy and the factors that influence 
their energy use. Also, the hardware where the software runs can also affect the consumption. 

In the future, it would be interesting to analyze which of the applied techniques affected each 
one of the quality attributes. Since this study analyzed only the initial and the final versions of 
the application, it’s not possible to conclude the effect of each one of the techniques 
individually.  

Additionally, it would be essential to analyze the effects that this transformation had on other 
quality attributes. Since both the initial and the modified versions of the application is available 
on GitHub, they can be used in future works to analyze other elements. 

Also, it would be interesting to replicate this experiment with a corporate application (a 
company that wanted to make its software more sustainable), to evaluate the time the 
transformation consumed, and the challenges found. Also, in that case, depending on the 
application and what the company considers critical to analyze, it may be important to analyze 
more, or other, quality attributes. 

Finally, this dissertation helped in the clarification of some questions about how energy 
consumption can be reduced and the impacts it can have in terms of performance and 
maintainability. Even so, there are still some points that can be explored. 

7.4 Contributions 

This document was developed in the context of a master’s thesis at ISEP to study the impact of 
applying techniques to reduce energy consumption in the maintainability and performance of 
the software.  

A description of some techniques that can be used to decrease the energy consumption of 
software was presented, being more focused on Java applications, since it was the software 
used. The focus of the study is on evaluating the impact that those techniques can have on 
some quality attributes. In this study, the attributes chosen were performance and 
maintainability. The results have shown that there was an improvement in both quality 
attributes.   

The source code of the initial and final versions of the application is available on GitHub, fully 
open source, for testing, improvements, or to perform another analysis.  
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Appendix A: Authorization to use the Selected 

Project 

 

 

Figure 14 Request to use the project 

 

Figure 15 Authorization from Teacher Isabel Azevedo 
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Figure 16 Authorization from Student José Ferreira 

 

Figure 17 Authorization from Student André Alves 
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Appendix B: Faults detected 

Table 19 Java Collection Framework 

Interface Class Method/Variable Implementation Observations 

Set OrderConverter convertOrderItemsListToDTO() HashSet The only method used is the add. HashSet is the implementation that 
consumes more energy in the add execution. 
The implementation that consumes less energy is the TreeSet.  
The HashSet should be replaced with a TreeSet. 

convertOrderItemsListFromDTO() HashSet 

Set OrderMapperJPA convertToDomain() HashSet 

Map Type nameIndex HashMap The methods used are get and put. Hashtable is the implementation 
that consumes less energy in both methods. 
The HashMap should be replaced with a Hashtable. 

Map OrderMapperJPA convertToPersistence() HashMap 

 

Table 20 Excessive Method Calls 

Class Method Observations 

OrderRepositoryWrapperJPA update() Uses method existsById() but it is already checked in the controller. 

SandwichRepositoryWrapperJPA update() 

Sandwich changeStock() Calls the obtainUnits() method multiple times. The return of the method should be 
stored in a variable and the variable should be used. 

OrderController updateOrder() These methods use dto.deliveryTime.start and dto.deliveryTime.end multiple times. The 
dto.deliveryTime return should be assigned to a variable and the variable should be 
used. 

OrderConverter convertToDTO() 

convertFromDTO() 

OrderMapperJPA convertToPersistence() 
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Table 21 Encapsulate Field 

Class Variable Observations 

Grade MIN_VALUE Public fields that are written in GorgeousSandwichApplication. 
Need to implement the setter method. MAX_VALUE 

 

Table 22 Feature Envy 

Class Method Observations 

OrderController checkIfSandwichExists() Multiple calls to the database. Implement only one query that accepts an 
array of Ids. 

DeliveryTime calculateIntervals() Every time an order is created, or updated, or a get of the delivery times is 
performed, this method runs. Since the variables to run this method are read 
in the main function, the calculation of the delivery times should be done 
there, to be done just once.  

OrderRepositoryWrapperJPA update() The validation of the delivery time should be done before. 
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Table 23 Member Ignoring Method 

Class Method 

DeliveryTime changeDeliveryTimes() 

OrderController getDeliveryTimes() 

CommentConverter convertToDTO() 

convertFromDTO() 

convertCommentListToDTO() 

OrderConverter convertToDTO() 

convertFromDTO() 

convertOrderItemToDTO() 

convertOrderItemFromDTO() 

convertOrderItemsListToDTO() 

convertOrderItemsListFromDTO() 

convertListToDTO() 

ReviewConverter convertToDTO() 

convertFromDTO() 

convertReviewListToDTO() 

SandwichConverter convertToDTO() 

convertFromDTO() 

convertListToDTO() 

CommentMapperJPA convertToDomain() 

convertToPersistence() 

convertListToDomain() 

convertListToPersistence() 

OrderMapperJPA convertToDomain() 

convertToPersistence() 

convertListToDomain() 

ReviewMapperJPA convertToDomain() 

convertToPersistence() 

convertListToDomain() 

SandwichMapperJPA convertToDomain() 

convertToPersistence() 

convertListToDomain() 

 

Table 24 Inline Temp and Introduce Explaining Variable 

Class Method 

CommentController listBySandwich() 

listByEmail() 

createComment() 

OrderController listAll() 

getById() 

getByEmail() 

createOrder() 

updateOrder() 
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ReviewController listBySandwich() 

listByEmail() 

createReview() 

SandwichController listAll() 

getById() 

createSandwich() 

addUnitsSandwich() 

Comment equals() 

CommentId equals() 

DeliveryDate equals() 

DeliveryTime equals() 

Order changeDeliveryTime() 

equals() 

OrderDate equals() 

OrderId equals() 

OrderItem equals() 

OrderStatus equals() 

Quantity equals() 

Grade equals() 

Review equals() 

ReviewId equals() 

Designation equals() 

Sandwich equals() 

SandwichId equals() 

Stock equals() 

Description equals() 

UserEmail equals() 

CommentRepositoryWrapperJPA save() 

OrderRepositoryWrapperJPA save() 

findAll() 

update() 

ReviewRepositoryWrapperJPA save() 

SandwichRepositoryWrapperJPA save() 

findAll() 

update() 
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Appendix C: Energy Consumption Results 

 

Table 25 Results of energy consumption of the initial application for each one of the runs 

Run Energy Consumption 

1 77,25 J 

2 72,77 J 

3 76,59 J 

4 76,80 J 

5 70,28 J 

6 72,05 J 

7 75,98 J 

8 78,77 J 

9 75,30 J 

10 72,32 J 

11 81,75 J 

12 73,11 J 

13 85,34 J 

14 77,46 J 

15 74,72 J 

16 80,21 J 

17 83,99 J 

18 81,15 J 

19 73,28 J 

20 64,52 J 
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Table 26 Results of energy consumption of the modified application for each one of the runs 

Run Energy Consumption 

1 53,25 J 

2 46,52 J 

3 54,86 J 

4 48,13 J 

5 47,41 J 

6 43,93 J 

7 37,65 J 

8 48,52 J 

9 40,36 J 

10 40,70 J 

11 40,24 J 

12 42,71 J 

13 40,51 J 

14 40,77 J 

15 40,58 J 

16 40,23 J 

17 41,03 J 

18 41,13 J 

19 40,91 J 

20 42,12 J 
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Appendix D: Performance Results 

Table 27 Results of performance of the initial application for each one of the runs 

Run Throughput Total Elapsed Time 

1 483,78 /s 3,51 s 

2 493,04 /s 3,45 s 

3 497,66 /s 3,42 s 

4 468,06 /s 3,63 s 

5 491,33 /s 3,46 s 

6 377,69 /s 4,50 s 

7 485,71 /s 3,50 s 

8 508,83 /s 3,34 s 

9 509,44 /s 3,34 s 

10 480,77 /s 3,54 s 

11 516,25 /s 3,29 s 

12 505,20 /s 3,37 s 

13 512,67 /s 3,32 s 

14 496,64 /s 3,42 s 

15 495,19 /s 3,43 s 

16 496,50 /s 3,42 s 

17 521,79 /s 3,26 s 

18 495,34 /s 3,43 s 

19 496,21 /s 3,43 s 

20 472,88 /s 3,60 s 
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Table 28 Results of performance of the modified application for each one of the runs 

Nº Throughput Total Elapsed Time 

1 545,75 /s 3,12 s 

2 528,44 /s 3,22 s 

3 530,92 /s 3,20 s 

4 562,73 /s 3,02 s 

5 587,63 /s 2,89 s 

6 606,93 /s 2,80 s 

7 550,70 /s 3,09 s 

8 600,92 /s 2,83 s 

9 619,76 /s 2,74 s 

10 609,32 /s 2,79 s 

11 625,46 /s 2,72 s 

12 644,67 /s 2,64 s 

13 603,69 /s 2,82 s 

14 613,50 /s 2,77 s 

15 624,08 /s 2,72 s 

16 605,84 /s 2,81 s 

17 611,95 /s 2,78 s 

18 608,88 /s 2,79 s 

19 630,10 /s 2,70 s 

20 621,80 /s 2,73 s 

 


