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ABSTRACT

De-carbonising our electricity could be one of the leading steps to fight climate change and
positively impact the environment in which we operate in the twenty-first century. This topic,
which was widely explored by the production sector, has been outside the reach of individual
households. Due to the high costs, de-carbonisation could only happen through significant
investments such as solar panels. This thesis explores the possibility of reducing carbon
usage not via high investments but via shifting the electricity load to less carbon-intensive
grid electricity hours. Therefore, it enhances the fact that electricity on the grid can come
from various sources at any given time, and it is better to use high-renewable intensive loads.
The project explores both the social willingness to participate in such a shift, the response to
automation, and the quantitative potential that could arise from such practices.
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1 Introduction

The transition to sustainable energy systems is a critical component in mitigating climate
change. In order to address this issue, we need to look not only at the high-level industry
usages, such as airlines and data centres, but also at individual households. A transition to
reusable energy sources for our homes can be a solution that will limit the impact of climate
change across the whole globe. However, the process of de-carbonisation is a transition that
cannot happen overnight. A significant aspect of this transition involves optimizing energy
consumption patterns to align with periods of lower carbon intensity, referred to as ”green
hours.” This concept, known as carbon flexing, seeks to shift energy usage to times when
renewable energy sources are more used, and as an effect, it reduces overall carbon emissions.

The goal: This study aims to assess the quantitative potential and user willingness to partic-
ipate in carbon reduction of individual households. The carbon reduction that was measured
is achieved by flexing user usage to times during the day when grid energy comes from pri-
marily renewable sources.

Study repeatability: The data analysis used in the study can be found in the following repos-
itory.
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2 Background

One of the most burning problems in climate change mitigation is carbon reduction. Var-
ious industries introduce limitations in the scope 1 and 2 emissions in order to limit CO2
production. Carbon became one of the few measurable units that can be reported, assessed,
and off-setted, and therefore, it is on its way to becoming a global climate currency. We, as
individuals, can participate in this carbon economy in various ways, for example, via choices
that we make for our household, as well as the electrical load.

The modern world empowers individuals to monitor and control their energy production and
carbon footprint. One of the available technology is the Internet of Things (IoT) in our homes.
Smart Homes provides an innovative solution for energymanagement by allowing homeown-
ers to control andmonitor their energy usage. While the industry offers various energy-saving
solutions, it is essential to note that reducing energy consumption does not necessarily trans-
late to reduced carbon emissions. Thus, there is a growing interest in IoT software for Smart
Homes that can limit the carbon footprint by regulating energy consumption and switching
between energy sources.

The objective of the following study is to explore and evaluate the potential of carbon saving
through energy-flexing practices in individual households. Additionally, the study proposes
solutions that can empower individual household owners to take control of their carbon emis-
sions. Ultimately, by empowering individuals to monitor and manage their carbon emissions,
we can make significant strides toward a more sustainable future.

2.1 The importance of individual household emissions

Currently, fossil fuels such as coal, crude oil, and natural gas are responsible for 80% of elec-
tricity production and contribute to 44% of global energy consumption. In the UK, house-
holds alone account for 14% of the nation’s total energy consumption (Shabha et al. 2023),
which is significant when compared to the entire transportation sector, excluding aviation,
which accounts for about 29% of global energy usage (Agency 2020). In contrast, the air-
line industry contributes to about 2.5% of global carbon dioxide emissions, with commercial
flights representing 11% of transport sector emissions (Organization 2021). Furthermore,
the manufacturing industry is another major consumer, utilising approximately 54% of the
world’s total delivered energy (Agency 2020). Numerous studies have shown that global
warming is accelerating, and it is critical to adopt sustainable energy practices to reduce our
reliance on fossil fuels and mitigate the negative impact on the environment. The impact
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of individual household management has been proven, especially in developing countries,
but the carbon footprint of houses has been reported across the world. The above crisis can
be addressed by controlling energy consumption and the implementation of various energy
management systems. In Smart Homes, relying solely on manual monitoring and control is
insufficient to achieve the objective of energy conservation. Therefore, there is a growing fo-
cus on implementing intelligent scheduling and control systems for various home appliances
as a crucial approach to energy conservation in Smart Homes (Han et al. 2023).

Additionally, consumers have also expressed the need to track their daily use and understand
consumption standards to better organise themselves and obtain financial and energetic effi-
ciency (Avancini et al. 2021). Currently, individuals rely on manual checks and utility repre-
sentatives’ meter readings to monitor their energy consumption, which can be an inefficient
and limited information system. As a result, there is an increasing focus on the quantity of
energy consumed and raising awareness among consumers about their energy resource usage
(Zupančič et al. 2015).

With the increased popularity of Smart Homes, the current energy crisis, and an increasing
population, Smart Home has the potential to ensure a quiet, clean, and comfortable environ-
ment with an available energy supply.

2.2 Smart Homes Energy Management Systems

Over the past decade, research has been conducted about Energy Management Systems, their
implementation, and architecture. A Smart Home Energy Management System (SHEMS) is
a step ahead of the regular Energy management systems observed at the beginning of this
century. SHEMS is a system that integrates various smart devices and technologies to mon-
itor, control, and optimise energy usage in the house. These systems empower individuals
to manage and automate energy-consuming devices, such as HVAC systems, lighting, and
appliances, to improve energy efficiency, reduce energy waste, and ultimately lower energy
bills (Aliero et al. 2021). Additionally, it can also integrate with renewable energy sources
such as solar panels, batteries, and electric vehicles to maximise the use of renewable energy
and reduce dependence on the grid. In the context of this research problem, SHEMS refers
to advanced technological frameworks based on IoT (Internet of Things). The main purpose
of SHEMS is to manage energy sources and demand, and the main goal is to reduce excess
energy consumption and bills while still maintaining the occupants’ comfort and satisfaction.
According to the authors of ”Home EnergyManagement Systems: A Review of the Concept,
Architecture, and Scheduling Strategies,” the architecture of SHEMS consists of a modular
system with five crucial components: Controlling unit, User interface, Energy Generation
and Storage Devices, Sensing and Measuring devices and Smart Home appliances (Han et
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al. 2023). This architecture pattern is repeated across various references in the literature,
including the researchers Al-Ali et al. 2017 proposing the addition to Microservice architec-
ture on top of the above, to better facilitate to communication between the components and
enhancing reliability. This solution was also promoting more scalability to be used across
networks of homes (ibid.). Some of the publications add hardware components such as Rasp-
berry Pi connected to smart getaways (Borissova et al. 2022). Overall, the holistic integration
of all these components in a SHEMS ensures optimised energy utilisation, reduced energy
waste, and increased energy savings in Smart Homes. This study derives from these findings
by introducing the Smart Home Management system as the core of user interaction.

2.3 Existing technologies used for communication for energy saving

In order for the Smart Home Management system to operate correctly, it needs to combine
external information coming from household activities, electricity prices, and weather forces
with the communication that happens across the devices (Han et al. 2023). For this pur-
pose, there have been multiple communication technologies identified in the literature. On
the most abstract level, the technology choice in Smart Home Management system can be
divided into wired and wireless options. Within the realm of wired technologies, Ethernet
remains the most common choice, though, as Halimi 2020 notes, references to this method
primarily stay in the era before modern Smart Home Management. In terms of wireless
communication, the ”Review of communication technologies for Smart Homes/building ap-
plications” by Kuzlu et al. 2015 technology presents its own set of challenges in terms of
network speed, cost, and ease of implementation. Many implementations of energy-saving
systems have achieved notable success using Wi-Fi-based communication, which is read-
ily available and commonly used by Smart Homeowners, according to Tejero-Gómez and
Bayod-Rujula 2021. Additionally, emerging standards such as Matter and Thread are shap-
ing the future of wireless technology in Smart Homes. Matter, previously known as Project
CHIP (Connected Home over IP), aims to enhance interoperability among devices from dif-
ferent manufacturers through secure and reliable communication across existing networking
technologies like Ethernet, Wi-Fi, and Thread (Contributors 2024). Thread, specifically de-
signed for IoT applications, is a low-power mesh networking protocol that supports a large
number of secure and reliable device connections, making it particularly suitable for dense
network environments typical in Smart Homes.

For the sake of this project, the choices related to wireless connection would be more opti-
mal. MQTT (Message Queuing Telemetry Transport) was chosen as the best fit. MQTT is
a lightweight messaging protocol ideal for constrained devices and environments with low-
bandwidth, high-latency, or unreliable networks HomeAssistant 2024c. Its publish-subscribe
model is exceptionally well-suited for IoT scenarios, including Smart Homes. The decision
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to use MQTT aligns with its proven effectiveness in various IoT deployments, underscoring
its suitability for facilitating efficient and robust communication across smart devices. This
is thanks to the fact that the installation of Smart Home appliances can be deployed without
making major changes to home wiring, and they are more convenient for maintenance and
expansion, hence making them better candidates.

2.4 Carbon intensity signals

A carbon intensity signal is a message, most often provided in the form of API, that indicates
the amount of CO2 emissions per unit of electricity consumed. In this study the two main
Carbon intensity signals were used: ElectricityMap for Netherlands and Poland country level
signal and National Grid in the UK both for country and regional level.

ElectricityMap is a digital tool providing real-time visibility into the carbon intensity of elec-
tricity produced and consumed across various countries. Its principles fall within the idea that
at any given hour, electricity available at the grid is compounded out of multiple sources -
some renewable and others not. The main goal of ElectricityMap is to create awareness about
the environmental impact of electricity use by displaying how much carbon dioxide (CO2)
is emitted per unit of electricity consumed in different regions. Users can see a colour-coded
map that varies from green (low carbon intensity) to red (high carbon intensity), which helps
them understand the environmental impact of their electricity consumption at a glance. This
tool collects data, including live emissions data from power plants, the types of fuels used
(like coal, natural gas, or renewables), and the operational status of wind turbines. It uses
this data to calculate the carbon emissions associated with each unit of electricity generated,
which then informs users about the cleanliness of their energy use. This is particularly useful
for individuals and businesses looking to reduce their carbon footprint by choosing cleaner
energy sources or consumption times, and this exact principle is used in this thesis (Electric-
ity Maps 2024). The thesis utilises the API tool that provides the data, but for the sake of
understanding, we present the electricity map view below.

National Grid serves similar functionality but it operates in the UK only. It provides both
historical data and forecasts about howmuchCO2 is produced per unit of electricity generated
in different regions of the UK. This is achieved through a system that incorporates real-time
data collection from electricity generation points andmodels that assess the current and future
states of energy production. The National Grid provides the regional values for different parts
of the UK, which can show more authentic carbon and benefit individuals who want to report
and are in “cleaner” areas (UK National Grid 2024). The National Grid reports on two types
of emission factors:
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Figure 1: Electricity maps example view. Source of graphic: Electricity Maps (2024)

• Grid Emission Factors: These represent the average carbon intensity over a specific
period across the entire grid.

• Marginal Emission Factors: These reflect the change in emissions expected with each
additional unit of electricity generated. This can vary minute by minute, depending on
factors like demand and the mix of active power plants.

Moreover, both Electricity Map and the National Grid offer forecasting capabilities, predict-
ing the carbon intensity up to 72 hours in advance. This predictive feature allows energy
consumers to plan their usage around times when the grid is cleaner (“green hours”), thus
potentially reducing their environmental impact. For example, a user might choose to run
energy-intensive appliances like washing machines or charge electric vehicles during peri-
ods forecasted to have lower carbon intensity.
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Figure 2: National grid example view. Source of graphic: UK National Grid (2024)

2.5 Categories of electrical load

To understand how flexibility strategies are used, it is important to mention the different types
of electrical loads in homes. These loads vary based on their energy usage purpose and the
possibility of delaying their use. Typically, they are categorised into three groups: deferrable,
non-deferrable, and shiftable.

According to Kamran 2023 the deferrable load is the load that is not required to be managed
at a specific time but it can be deferred until later when the generation is higher than the
demand within a specific time range. For example, a water pump is not required all the
time because of the storage capacity of the water. Similarly, battery charging stations, ice-
makers, laundry machines, and dishwashers can be deferred until later. Deferrable loads,
such as electric vehicle charging, can have their operation interrupted and rescheduled within
certain constraints, like maximum availability time, ensuring they are served before a specific
deadline. Shiftable loads, on the other hand, include appliances and systems that can delay
their operation to a more opportune time, enhancing energy efficiency and grid stability.
These loads, once initiated, cannot be interrupted but can be shifted within their availability
time to align with lower energy prices or higher renewable energy generation. For the sake
of this research, however, the deferrable and shiftable loads are seen as one category. It was
also assumed that this load reflected 30% of the overall user load (ibid.).

Non-deferrable loads are essential services and appliances that require continuous power sup-
ply without any scope for delay or interruption, such as life support systems in hospitals or
security systems. In the context of households, this would be water supply, cooking or light-
ing.
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Managing these loads effectively, especially the deferrable and shiftable ones, offers sig-
nificant potential for optimising energy consumption patterns, reducing peak demand, and
integrating more renewable energy sources into the households from the grid by aligning
demand with supply availability (Jangid et al. 2023).
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3 Related work

This related work section examines existing research on the potential of energy consumption
flexing for individual households, focusing on the associated carbon savings, social willing-
ness, and user satisfaction with automated systems. The structure of this chapter follows the
research questions of this study.

3.1 Potential for energy consumption flexing

Research into energy consumption flexing suggests the potential for carbon savings when
households adjust their energy use to coincide with “green hours”. Steinberg et al. 2017
explore the impact of electrification on household energy use and carbon emissions, demon-
strating that widespread electrification and power sector transformation can lead to significant
carbon savings. Their findings suggest a 41% reduction in economy-wide fossil fuel com-
bustion emissions when incorporating electrification without additional power sector carbon
policies. This gives a high potential for flexing strategies if taken at the large scale of house-
holds, such as blocks of flats.

Additionally, Pickering et al. 2022 further supports this by discussing strategies for fossil
fuel elimination and carbon neutrality, emphasizing the role of household energy consump-
tion and flexibility. Their study shows that flexible energy demand, especially in residential
sectors, can significantly contribute to achieving carbon neutrality across the European en-
ergy system.

The study by Issi and Kaplan 2018 focuses on determining load profiles and power con-
sumption of home appliances to enhance home energy management. Conducted in Çankırı,
Turkey, the research collected high-resolution power consumption data from 12 home ap-
pliances in a two-person household over three months. Key findings include detailed con-
sumption patterns, operational modes, and the impact of standby power use. Even tho it was
not targeted at carbon reduction, the research shows that around 15% of total home power
consumption can be deferred based on energy tariffs, demonstrating the potential for signif-
icant load shifting in residential settings. This percentage can vary depending on specific
household behaviours and the types of appliances used.

Lastly, the UK Power Network conducted The Low Carbon London (LCL) project. This
initiative aimed at investigating the integration of low-carbon technologies (LCTs) inLon-
don’sn’s electricity distribution network from January 2011 to December 2014. One of the
significant outcomes was the development of a comprehensive dataset, including the largest
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contiguous smart meter dataset in Great Britain, that is used in this thesis to access the carbon
limitation potential. The preliminary findings suggested a significant reduction in carbon,
however, they work was not peer-reviewed. Nonetheless, the project underscored the im-
portance of demand flexibility—adjusting power consumption patterns in response to supply
conditions—which proved crucial for enhancing grid efficiency and reliability (UK Power
Networks 2024).

3.2 Social willingness to participate

The numbers by themselves might not be enough to make a real difference in carbon re-
duction. Understanding the social willingness to engage in carbon flexing is crucial for the
success of such programs. Johnson 2020 investigated household perspectives on electricity
shifting and carbon reduction in low-income homes in the UK. The study reveals that approx-
imately 60% of households are willing to participate in real-time energy use adjustments if
provided with adequate information and incentives. The findings emphasize the importance
of providing clear information and reliable notifications to encourage participation. This
gives researchers two essential points. Primarily, a significant portion of the population is
ready to engage in behaviours that flex their energy usage to off-peak times. Secondly, they
directly contribute to decreased demand during high-load periods, thus reducing the need for
energy production from carbon-intensive sources.

Bertoldi 2022 adds to this by reviewing existing policies for energy conservation and rec-
ommending new policies that enhance household participation in carbon reduction efforts.
This review highlights successful policy measures that have effectively engaged households
in energy conservation and carbon reduction, such as dynamic pricing and educational cam-
paigns. The author’s recommendations include personal carbon trading, energy taxation, and
progressive appliance standards to shift consumer behaviour and reduce overall energy de-
mand. e The creation of such policies could be the bridge to getting the integration described
in this thesis from academia all the way to industry Smart Homes.

3.3 User satisfaction with automated adjustments and manual interventions

User satisfaction with automated smart device adjustments during high carbon intensity pe-
riods is a critical factor in the adoption of carbon flexing strategies. Nyborg2011 discusses
the conflicting visions of energy impacts in Smart Homes, noting that while some users ap-
preciate the convenience of automation, others express concerns over the loss of control and
potential disruptions to their lifestyle. Their research indicates that user satisfaction is highly
dependent on the perceived reliability and transparency of the automation systems.
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Setlhaolo and Xia 2016 further highlights the importance of balancing economic analysis
with user convenience in residential demand-side management strategies. Their study shows
that automated systems, while effective in reducing carbon emissions, must be designed to
minimize inconvenience and enhance user trust to achieve higher satisfaction levels.

Sintov and Schultz 2017 in their research examine the role of adjustable green defaults in
Smart Home technology and their impact on user satisfaction. They find that perceived con-
trol and trust in automation are significant factors influencing user satisfaction. Their study
concludes that allowing users to adjust smart energy technologies while also providing au-
tomated options manually enhances user satisfaction and trust in the system. This finding
underscores the importance of designing Smart Home technologies that balance automation
with user control to improve satisfaction and adoption rates.

Collectively, these studies lay the ground for this thesis by showing the difficulty of the rela-
tionship between user satisfaction, control, and trust in the context of Smart Home automa-
tion.

3.4 Quantitative potential of carbon flexing

Quantifying the potential of carbon flexing for individual households involves analyzing en-
ergy consumption patterns and the availability of green energy. This means active monitoring
of the carbon signals described in the previous chapter and their predictions and combining
them with the deferrable load shape flexibility. This section discusses several key papers
that offer quantitative insights into how much carbon can be saved by optimizing household
energy usage.

Liu et al. 2022 examine household carbon footprints and the role of energy consumption
in achieving carbon neutrality. Their findings suggest that households can reduce carbon
emissions by up to 25% annually through optimal participation in carbon flexing programs.
This significant reduction is achieved by adopting energy-efficient appliances, shifting to
renewable energy sources, and actively managing energy consumption during peak and off-
peak hours.

Winkler and Marquard 2009 discuss strategies for reducing household energy consumption
and carbon emissions in developing countries. Their study highlights the importance of inte-
grating flexible energy use practices, which can lead to significant carbon savings. Accord-
ing to their findings, targeted interventions and policy measures can enable households to
achieve up to a 20% reduction in carbon emissions by managing energy use more effectively
and utilizing green energy sources.
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Another research by Ivanova and al. 2020 details consumption-based strategies for mitigating
climate change, including the impact of energy use in households. Their study finds that
households can reduce their carbon emissions by up to 30% by adopting energy-efficient
appliances and shifting to renewable energy sources. The research highlights the significant
role of individual consumption choices in contributing to global emission reduction targets.

Finally, Setlhaolo and Xia 2016 provides a detailed analysis of residential load management,
demonstrating that coordinated demand-side management strategies can effectively reduce
both energy costs and carbon emissions. Their research shows that households participating
in these programs can achieve a 15-20% reduction in carbon emissions. These numbers can
serve as an anchor point for the quantitative research conducted with UK Power Networks
data.

3.5 Identifying research gap

The current research demonstrates that demand flexibility has the potential to be an effective
strategy for reducing household carbon emissions. Although there are obstacles related to
social acceptance and user satisfaction, especially with automated systems, the overall ben-
efits in terms of carbon reduction are substantial, especially when considering the potential
of localized predictions at the regional level. Presented in this thesis, research continues to
explore quantitative potential and willingness to participate in such a transformation.

The study would also provide a practical integration of flexibility signals into Smart Home
Management systems and investigate user satisfaction with this integration. This will breach
the gap between user satisfaction and carbon flexing potential and can be a starting point for
further research in flexible, green homes.
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4 Methodology and study design

The research aims to evaluate the potential of carbon reduction for individual households
by examining energy consumption patterns and carbon savings through the strategic use of
Smart Home technology. The study is conducted in collaboration with PeerCo, a UK-based
company, and their previous product Yoyu App, which enables individual users to adjust their
behavior based on carbon signals.

This research addresses the following research questions (RQs):

Main RQ: What is the potential for energy consumption flexing, and how much carbon
savings can be realized by shifting energy usage to ”green hours”?

• RQ1: What is the social willingness to participate in real-time notifications in prompt-
ing manual adjustments of smart device usage during high carbon intensity periods?

• RQ2: How satisfied are users with automated adjustments of their smart devices in
response to high carbon intensity, and what is the perceived impact on convenience
and lifestyle?

• RQ3: How do manual and automated interventions compare in terms of user satisfac-
tion?

• RQ4: What is the quantitative potential of carbon flexing for individual households?

4.1 Goals and Metrics

The goal of this study is to evaluate how much and in what ways people are ready to partici-
pate in cutting their own carbon emissions. Two different approaches are used to accomplish
this. The study conducts a user-centred experiment to evaluate the effectiveness of manual
and automated interventions in reducing household carbon emissions and assess user satis-
faction and willingness to participate in these interventions. To quantify the potential carbon
savings from energy consumption flexing, the data analysis of pre-existing data sets is used.
To achieve these goals, the study employs a variety of metrics, including:

• the reduction in carbon emissions measured in kilograms of CO2,

• user compliance rates with notifications assessed on a 1-5 scale,

• user satisfaction scores accessed on a 1-5 scale,
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• energy consumption data collected from smart meters measured in kwH.

4.2 Methods

To address the research questions, the study implements a mixed methodology approach.
Mixed methods research involves collecting and analyzing both quantitative and qualitative
data within the same study (Carswell et al. 2020).

For the first three research questions, a controlled experiment is conducted. In this study, two
groups are used to compare manual and automated adjustments to the system. Participants
interact with the system within a controlled time period and from the comfort of their homes.
Data is collected via questionnaires administered to participants after their interaction with
the system. This approach ensures that the experiment’s conditions are standardized, which
helps reduce biases and improve the results’ reliability.

The final research question is addressed by conducting a series of simulations on data previ-
ously obtained through open-source channels.UK Power Networks 2024 The data obtained
depicts the electricity usage of London households throughout the year. This data is then
multiplied by the grid’s half-hourly carbon intensity to achieve quantifiable results for anal-
ysis.

The combination of controlled experiments and simulations provided a comprehensive anal-
ysis, leveraging the strengths of both quantitative and qualitative data and fully answering
the main research question.

4.3 Study design

The provided Figure 3 illustrates this study design. The study is structured into four distinct
phases. These phases include problem definition, practical study preparation, practical ex-
periment and smart meter data analysis. Each white box represents a part of the reserach,
with blue boxes showing deliverables for each phase. The arrows show the flow of data and
how each stage fed to the following part of the research.

4.3.1 Phase 1: Problem definition

The first phase involves defining the problem through a literature review and interviews with
the company. This phase aims to gather insights into the current state of research on carbon
flexing and Smart Home technologies. Additionally, problem statements from PeerCo are
reviewed to refine the research questions. The company has conducted its own market re-
view in this space previously, so their findings and insights gave the research a meaningful
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Figure 3: Study Design Diagram.
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direction. The culmination of this phase is the formulation of specific research questions that
guide the entire study.

4.3.2 Phase 2: Practical study preparation

In the second phase, the study focuses on the preparation of the practical components. This
involves setting up the necessary IoT infrastructure and integrating Home Assistant devices
to create a working system for the study. The details of the IoT setup are discussed in the
following chapter. This stage also includes the preparation of the Yoyu App for user notifica-
tion. Following the setup, the phase continues with user recruitment. Participants are divided
into two groups: the Notification Group and the Automation Group. This division enables a
comparative analysis of manual and automated interventions.

4.3.3 Phase 3: Practical experiments

In Phase 3, the practical experiments are conducted with the recruited participants. The No-
tification Group receives real-time notifications and predictions via Yoyu App to manually
adjust their energy usage during high carbon intensity periods, while the Automation Group
has their smart devices automatically adjusted by the system. During the experiments, data
on user compliance and satisfaction is collected. This data is later analyzed to evaluate the
effectiveness of the interventions. Key metrics such as user compliance rates and satisfac-
tion scores were assessed. The data is gathered through a questionnaire that participants do
complete at the end of the study period.

4.3.4 Phase 4: Smart meters data analysis

Phase 4 involves analyzing smart meter data obtained from UK power networks UK Power
Networks 2024. This part of the study aims to identify patterns and clusters in household
energy usage and assess the potential for carbon flexing. The simulations are conducted to
quantify the potential carbon savings from shifting energy usage to green hours. Using k-
means clustering techniques, the collected data is analyzed to identify clusters and patterns.
This analysis is designed to help in understanding the variations in energy usage across differ-
ent households and the potential impact of carbon flexing. The clusters result in profiles that
can be seen as potential scenarios of user groups. The final step in this phase is to assess the
flexing potential. This involves estimating the potential carbon savings that can be achieved
by implementing energy consumption flexing strategies across different household clusters.

4.3.5 Results and conclusion

The results from the practical experiments and smart meter data analysis are synthesized, and
conclusions are drawn in the final stage. These results address the main research question and
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sub-questions, providing the potential of carbon flexing for individual households. The study
aims to offer recommendations for future policies and practices in the domain of sustainable
energy systems and Smart Home technologies.
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5 System set-up

Phase 3 of the study requires the construction of an integrated IoT system that serves as an
experimental environment. This chapter details components required to construct an IoT
ecosystem facilitated by a Home Assistant deployed within a Unified Threat Management
(UTM) virtual environment. The chapter also details on integration of MQTT, API sensors,
and automation mechanisms to the system.

5.1 System overview

The Figure 4 illustrates the overall architecture of the system. The HomeAssistant ecosystem
is hosted on macOS, which provides an environment for system management. Leveraging
macOS’s capabilities, the system benefits from hardware support and user interface interac-
tions.

MacOS system

UTM Virtual Environment

Home assistant 
environment

MQTT

API

Tasmota smart plugs

Carbon signal APIs from:

Mosquitto broker

Sensor API

Automation

Figure 4: IoT System Design.
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The system harnesses the capabilities of Home Assistant deployed within a UTM virtual en-
vironment. UTM serves as the platform for hosting and managing Home Assistant, ensuring
a secure and scalable infrastructure for the system’s operation. UTM was chosen for its sim-
plicity of setup and compatibility with macOS, as Home Assistant has its limitations on the
macOS system. For scalability of the solution, the HA can can also be deployed on Smart
Home Servers (typical small stand-alone Linux-based Mini-Systems). These mini-systems
are designed to operate efficiently with minimal resources, making them ideal for integration
into Smart Home environments (Home Assistant 2024a). This allows for a more permanent
and robust solution for deploying Home Assistant in Smart Homes, providing users with a
dedicated and efficient system for managing their smart devices and home automation needs.
These Smart Home Servers offer the advantage of being specifically designed for continuous
operation, ensuring reliability and performance in a home environment.

Home Assistant was chosen due to its popularity. It is also a free Smart Home Management
system available for all. Home Assistant is an open-source home automation platform that
runs on local hardware, ensuring data privacy and security (ibid.). It supports thousands of
integrations with various smart devices and services, allowing users to control and automate
nearly every aspect of their home environment. Home Assistant offers robust automation
capabilities, a customisable dashboard for data visualisation, and mobile apps for remote
access and notifications (ibid.).

The primary IoT devices used in this setup are Tasmota smart plugs. Tasmota is a cloud-free,
open-source firmware designed for a wide range of Smart Home devices, including plugs,
bulbs, and switches. It ensures that communication stays local, enhancing privacy and reduc-
ing reliance on external cloud services. These smart plugs are configured to communicate
via the MQTT protocol, which is a lightweight messaging protocol for small sensors and
mobile devices. Tasmota Smart Plugs have built-in capabilities to listen to an MQTT broker,
allowing for seamless remote control and monitoring of electrical appliances. On the Home
Assistant side, the integration was facilitated by setting up a Mosquitto MQTT broker.Home
Assistant 2024b This involves creating a password-protected MQTT user to ensure secure
communication between the Home Assistant and the Tasmota smart plugs.

The system incorporates API sensors to get real-time data from external sources. By interact-
ing with National Grid and Electricity Map APIs, the system accesses up-to-date information
regarding CO2 carbon emissions and grid predictions. This data, updated on a half-hourly
basis, enables dynamic adjustments to energy consumption patterns ns. Below, the details of
APIs are listed:
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• National Grid API provides detailed CO2 emission data and grid status within the UK.
This integration allows the system to make informed decisions based on real-time car-
bon intensity data specific to the UK energy market(UK National Grid 2024).

• Electricity Map API serves as an industry standard for carbon intensity data across var-
ious European markets. In this experiment, it was used to retrieve the data for Polish
and Dutch markets This API integration ensures that the system can operate effec-
tively in different geographical contexts, providing relevant data for dynamic energy
management(Electricity Maps 2024).

Below is an example of JSON data showing energy intensity forecast and actual values:

The final component that brings all the elements together is the automation feature of Home
Assistant. When carbon intensity exceeds predefined thresholds (180 gCO2/kwh), automa-
tion triggers actions to mitigate energy consumption. In this scenario, Smart Plug Control is
dynamically managed by the system to switch off devices, toggling power states to optimise
energy usage in response to environmental cues.

The Figure 5 below shows the system on the day of experimentation.

To enhance the user experience and facilitate intuitive data exploration the visualisation board
is also included in the system. Plotly Graph Card within Home Assistant is visualisation tool
that allows users to dynamically analyse and interpret data trends. Plotly Graph Card enables
users to interactively explore data points, zooming in on specific time intervals, and toggling
between different data serves. Users can easily observe their progress and see how electricity
usage changes during certain hours.

Below Figure 6 is a snapshot of the integration capability within Home Assistant.
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Figure 5: An Experiment setup.

Figure 6: Visualisation in user dashboard.
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5.2 Setup process

The setup process involved several key steps to ensure the smooth operation of the system.
The setup process was repeated at each location of the test:

1. Configuring Home Assistant and UTM: Home Assistant was installed on the UTM
virtual environment, and the UTM environment was configured to ensure secure and
efficient operation. (Optionally configuration with Smart Home Servers).

2. Setting Up Mosquitto Broker: The Mosquitto broker was installed and configured on
Home Assist nt. A secure MQTT user was created to facilitate communication with
the smart plugs.

3. Integrating Tasmota Smart Plugs: Tasmota firmware was flashed onto the smart plugs,
and they were configured to connect to the MQTT broker using the created credentials.

4. Connecting API Sensors: National Grid and Electricity Map APIs were integrated into
Home Assistant. Automation rules were set up based on the carbon intensity data
provided by these APIs.

5. Automation and Visualisation: Automation rules were defined in Home Assistant to
control smart plugs based on carbon intensity threshold ds. The Plotly Graph Card was
implemented for interactive data visualisation.

Figure ?? shows the series of screen graphs that a user could expect as they set up a system
in their own home environment. The detailed instructions are available in Appendix B.

After the initial instalment of the system, the user should see the system running as depicted
in 7. Then, after navigating to the browser of their choice, they can see the home assistant
display at port:8123. The typical home assistant dashboard looks like 8. The user is required
to integrate with MQTT broker and Tasmota Smart plugs. Both of these integrations are
pre-build for Home Assitant and can be found by navigating to Development Tools. The
MQTT setup 9 requires the user to create a unique MQTT password-protected listener and
to determine the topic. The Tasmota setup 10 depicts all the Tasmota devices available on
the given topic that are connected to the same network. With these tools ready, users can
proceed to create automation. List of automation as in 11 can also be found in the Developer
to ls. The automation setup requires the established connection to API, the manual condition,
and the trigger is pulled if the condition is evaluated to be true. The Figure 12 depicts this
process.

The system design outlined in this chapter serves as the basis for conducting practical ex-
periments and analysing data in the study. Through the utilisation of an IoT ecosystem that
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incorporates smart plugs, real-time data APIs, and automation mechanisms, the system is
fully equipped to investigate the automation that empowers carbon reduction within individ-
ual households.

Figure 7: Home Assistant server running.

Figure 8: Home Assistant dashboard view.
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Figure 9: Mqtt set up view.

Figure 10: Tasmota plugs integration overview.
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Figure 11: Automation list view.

Figure 12: Automation details view.
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6 Experiment design

The experimental phase of the study involves two distinct groups, each comprising 10 par-
ticipants. This phase is crucial for evaluating the effectiveness of manual and automated
interventions in optimising energy consumption and reducing carbon emissions. The notifi-
cation group, therefore, serves as a control group to see the sentiments around the automation.
The participants were asked to charge their personal devices, such as laptops, phones, etc., in
accordance with carbon intensity within a span of min. 12 hours.

6.1 Notification Group

Participants in this group receive real-time notifications via the Yoyu App when the cleanest
energy is available. These notifications prompt manual adjustments to their devices during
high carbon intensity periods. The Yoyu App serves as a tool for delivering timely notifica-
tions, enabling participants to make informed decisions about postponing the use of certain
appliances or reducing energy consumption temporarily. The users can both have a display of
the prediction of carbon intensity for the next 24 hours, as well as subscribe to a notification
that informs them at the exact hour that the carbon value is low. The Figure 13 depicts the
example display that user could interacted with. The horizontal linse show the “cleanest” of
each half hour, and the message on top informed participants which time would be the best
in the next 24 hours, to charge the personal device.
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Figure 13: Example of Yoyu App display.

6.2 Automation Group

Participants in this group utilise an integrated IoT system that automatically adjusts their
smart devices in response to high carbon intensity periods. The integrated IoT system, was
built on HomeAssistant deployedwithin a UTMvirtual environment or Smart Home Servers.
Each participant was provided with at least one smart plug configured to automatically re-
spond to carbon signals. In this phase of experiments, the participants in this group used the
laptop of the researcher to monitor the visualisation. The set up was done it their private
home.

6.3 Data collection

Both groups are tasked with using their respective systems for min. 12 hours to charge their
personal use devices, such as phones and laptops. This controlled period allows for con-
sistent data collection across both groups. Following the experimental period, participants
completed a questionnaire that captures the following data points: :

• Demographic Information: Age, country, and type of building.

• Group Allocation: Confirmation of participation in either the Notification Group or
the Automation Group.
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• Compliance with notifications/automations: Frequency and factors influencing com-
pliance.

• Satisfaction Levels: Participants’ satisfaction with the system, rated on a scale.

• Perceived Impact on Lifestyle: Whether the changes in device operation caused any
inconvenience or noticeable reduction in electricity bills.

• Willingness to Continue: Participants’ willingness to continue using CO2 saving fea-
tures post-study.

• Additional Comments and Suggestions: Open-ended feedback to gather qualitative
insights.

The questionnaire is detailed in the Appendix A.
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