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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. 000000000D00000D0O0D00R00ODL00DO0EO0bOODLO0bO0DOo


https://github.com/karola65/Masters_data_analysis

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 energy management by allowing homeown-
ers to control and monitor 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 loT 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



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
(Zupancic 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 (SHEMYS) 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 Energy Management 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



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-Gomez 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 Home Assistant 2024c. Its publish-subscribe

model is exceptionally well-suited for IoT scenarios, including Smart Homes. The decision



to use MQTT aligns with its proven effectiveness in various 1oT 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 how much CO2 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 and models 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:



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 Cankiri,
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

13



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™?

* RQI1: 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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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 Home Assistant 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

Carbon signal APIs from:

Mac OS
UTM Virtual Environment ‘4 ELECTRICITY MAPS
L)

nationalgrid

environment

m

\

L\

((((«on)))) — ’a
/ Sensor AP|
@(’ @ MQTT S
Automation v —
Mosquitto broker o

Tasmota smart plugs

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 loT 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:

i
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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 Is. 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 Home Assistant deployed within a UTM virtual 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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KRXU KRXVHKROG LGHQWLILHUV DQG WLPHVWDPSV ,W I

ZHUH SDUW RI D '\QDPLF 7LPH Rl 8VH G7R8 SULFLQJ W
HQHUJ\ SULFH VLJQDOV YLD VPDUW GHYLFHV ZKLOH WKH L
RQDIODW UDWH WDULII 7KH GDWD DLPV WR H[SORUH IXW.
LPSDFW RI SULFH VLIJQDOV RQ ORFDO JULG VWUHVV )XUWk
/IRZ &DUERQ /RQGRQ ZHESDJH 8.3RZHU 1HWZRUNYV

'XHWR D ODUJH DPRXQW RI GDWD WKHEHORZ H[SORUDWL
IUDPH XVLQJRQO\ UDQGRP KRXVHKROGVIURP WKH ODW!
RYHUYLHZ RI WKH WHQGHQFLHVY WKDW FDQ EH REVHUYHG
DUHD

'‘DWD DQDO\VLV

7KH GHWDLOV RIWKHDQDO\VLY GHVFULEHG KHUHFDQ EH V
?21iTh,ff;Bi?m#X+QKfF "QH e8fJ bi2 'bn/ i n M HvbBb

$IWHU WKHLQLWLDO GbDWD ORDG WKH GDWD ZDV H[WUDFV
FRQWDLQLQJD\HDU ORQJKDOI KRXUUHDGLQJIRUDKRXV
UHDGLQJVIURP PHWHUV DOORFDWHG WR HDFK KRXVHKROC

JROORZLQJ WKLV WKH VWXG\ SURFHHGHG WR GDWD H[SOF
DQG QRLVH IUHHIURP SULRUDQDO\VHV WKHUH ZDV QR QH
GXSOLFDWHV RUHPSOR\LQJILOOLQJPHWKRGYV

'HHNO\FOXVWHULQJIRUIXOO \HDU GDWD

J)LUVWO\WKHGDWDVHW ZDV FOXVWHUHGLQWR ZHHNO\FO
LQJN PHDQV FOXVWHULQJWRDQDO\]|HZDV D VWUDWHJILF I
PHDQV LV KLIJIKO\HIILFLHQWDW KDQGOLQJODUJHGDWDYV
VWDQWLDO YROXPHRIHQHUJ\FRQVXPSWLRQGDWDFROOH
VHIPHQW GDWD LOQWR GLVWLQFW FOXVWHUV DOORZHG IRU
DJH SDWWHUQV UHYHDOLQJ XQGHUO\LQJWUHQGV DQG EH
LVSDUWLFXODUO\ZHOO VXLWHG IRULGHQWLI\LQJ VSKHUI



WLPH VHULHVY GDWD OLNHKRXUO\HQHUJ\FRQVXPSWLRQ Z
XVDJH EHKDYLRXUV

7TKHUHVXOWYVY RIWKHRULIJLQDO FOKEWWRBLQJFDQ EH VHHC

YLIXUH ‘HHNO\HQHUJ\FRQVXPSWLRQ SURIL

$VZHFDQ VHHWKHFOXVWHUV GLIITHUEHWZHHQ WKH ZHHNYV
UHODWLYHO\IODW XVDJHDFURVVDOO ZHHNV RIWKH\HDI
DQGUHGFOXVWHUVH[SHQGLQIJWRKLIJKHUHQHUJ\ XVDJH
WLPHV RIWKH\HDU HVSHFLDOO\LQ &0O0XVWHU DQG &0XVW
DFURVV ZHHNYV WKDW UHSUHVHQW VXPPHU PRQWKYV

+RZHYHU GXH WR WKH IDFW WKDW WKH UHJLRQDO VLJQDO
GDLO\EDVLV WKHIXUWKHUDQDO\VLVRQ ZHHNO\FOXVWHU

'DLO\FOXVWHULQJIRUIXOO \HDU GDWD

TKHVHFRQGDSSURDFK ZDV VLPLODU KRZHYHU LW UHVXO
HDFK GD\RI WKH ZHHN PDUNHG DV GLITHUHQW FRORXU (DF
GDLO\ SURILOHEDVHG RQ WKH VPBDUWSFO-DNHA W KHDGENVJD WM.



J)LIXUH '‘DLO\FOXVWHUYV

7KHFOXVWHUV JHQHUDWHG WKURXJK N PHDQV FOXVWHUL
DJHDFURVV WKH ZHHN ORQGD\WR 6XQGD\ $QDO\VLV RI W
FXUYHV FDQ LQGLFDWH WKDW &O0XVWHU OLNHO\UHSUHVI
GLYLGXDOJV HQHUJ\XVH SHDNV GXULQJPRUQLQJDQGDIW
GXULQJPLGGD\DQG QLJKWWLPH $VOLJKWLQFUHDVHLQ F
PRUHWLPHVSHQW DW KRPH

&OXVWHUV DQG ZKLOHH[KLELWLQJVLPLODUGDLO\SDW
HUJ\FRQVXPSWLRQ LQGLFDWLYHRIKRXVHKROGV ZLWK P X
DQG IDPLOLHV RI WKUHH WR IRXU PHPEHUV UHVSHFWLYH:
KLIJKHU YDULDELOLW\LQ SHDNVDQGORZV RIWKHHQHUJ\F

&OXVWHU RQ WKH RWKHU KDQG GLVSOD\V PRUH DW\SLF
GHPRQVWUDWHV FRQVLVWHQWO\ORZHQHUJ\FRQVXPSWLF
LWRULQJ E\ WKH VPDUW PHWHU RU SRVVLEO\ WR WKH KR X\
VXFK DV VRODU SDQHOV ZLWK EDWWHULHVY RUD SHUVRQD!
VXSSOHPHQWDU\UROH

&OXVWHU H[KLELWYV KLJK SHDN RI HQHUJ\ XVH ODWH DW
VSHFLILF KLJK HQHUJ\DFWLYLWLHV VXFKDV RSHUDWLQJI
FKDUJLQIJDQ HOHFWULF YHKLFOH RYHUQLJKW 7KLV XQXV
VLIQLILFDQW DV LW OHDGVY WR QRWHZRUWK\ FDUERQ HIILI
LPSOHPHQWHG

7TKHIROORZLWXIPPDEHOMHY WKH FOXVWHU DQDO\VLYV

JROORZLQIJWKHHVWDEOLVKPHQWRIWKHFOXVWHUV ZHSL
VFRUHIRUHDFKFOXVWHU RYHU WKH\HDU ZDV FDOFXODWF

Ch=1ln Sp

ZKHUH



&OXVWHU LEREMUEOH | 6KDSH 5DQJH RI 'O&RPPHQWY DERXW
6FHQDULR 9DOXHV N:KE&SHWDFWHULVWLFV
KDOI KRXU
6LQJOH RFFXBDRWURXQG BOLJKWO\KLJKHU XVDJH
PRUQLQJDIQG GXULQJZHHNHQGV
HYHQLQJ XVDJH
3DUWLDO PRQIOMRVLY HO\ IODW 6OLJKWO\KLJKHU XVDJH
LQJ $OWHUQWKWSHWHD FURVV GXULQJQLJKW
VRXUFH RI HODKHRIJM G D\
&RXSOH OLGGOH SHDN +LJKHU XVDJH GXULQJ
DURXQG PRUQLQJ ZHHNHQGYV
DQG HYHQLQJ KRXUV
+HDW SXPS 9HU\KLJK SHDN LQ 6KDUS SRLQW\ SIHDN DUR
XVHUV (9 XVMWB/GOH RI|WKH DP
QLJKW
YDPLO\ +LJK SHDNDURXQG +LJKHU XVDJH GXULQJ
PRUQLQJDIQG ZHHNHQGYV
HYHQLQJ KRXUV
7TDEOH <HDUO\FOXVWHU VFHQDULRV DQG FKD

1C, LVWKH &DUERQ VFRUH DW HDFK KDOI KRXU

¥lhn LV WKH &DUERQLQWHQVLW\RIWKHHQHUJ\JULG DW W

S« LVWKHG6PDUWPHWHU UHDGLQJ DW WKDW KDOI

KR XU

7TKHGDLO\HQHUJ\FRQVXPSWLRQ SURILOHV ZLWKLQHDFKF
QXDOFDUERQHQHUJ\VFRUH ZKLFKZDV FRPSXWHG DV WKF
RXW WKH\HDU 7KH FDUERQLQWHQVLW\GDWD ZDV REWDL(
IDWLRQDO *ULG IRUWKH/RQGRQDQG *UHDWHU /RQGRQ DU

JRUWKHIOH[LQJ VWUDWHI\ WKUHH VSHFLILFDSSURDFKH\

FSHGLVWULEXWLQJ RIWKHRYHUDOOGDLO\HOHFWULF

KDOI KRXU SHULRGYV

F6KLIWLQIJWKHHOHFWULFLW\XVDJHGXULQJWKHVL[PR
VL[OHDVWLQWHQVLYH SHULRGYV

fORYLQJ WKH HOHFWULFLW\ XVH GXULQJ WKH VL[ PRVW |
OHDVWFDUERQ LQWHQVLYH SHULRGYV

TKHVH VWUDWHJLHV IRUUHGLVWULEXWLRQ ZHUH GHVLJQ!
FDUERQLQWHQVLW\ 7KHRXWFRPHV RIWKHVHIOH[LQJ VWL
‘HFDQ REVHUYH WKDW WKHDFKLHYDEOH VDYLQJV DUH EH'
SRWHQWLDO REVHUYHG IRU &OXVWHU DQG VWUDWHJ\



7DEOH <HDUO\ FOXVWHU GDWD DQDO\VLYV

& O X V \W&RU HQ PRVYW PRYWVDYHGVDYHGVDYHG
QXPEHEHIRUHKUJ\ | FDUERBQHUJ\ FDUERBQHU|J\
VKLIWLQJ

'DLO\FOXVWHUV IRU VHDVRQV

$IWHU FRPSOHWLQJ WKH LQLWLDO FOXVWHULQJ WKH DQLEL
FOXVWHULQJ UHVXOWLQJLQ D WRWDO RI FOXVWHUVZ?2ILY
HIKLELWHG VLPLODU GDLO\HQHUJ\FRQVXPSWLRQ SDWWH
WDEOH YDULDWLRQV ZHUH REVHUYHG GXULQJZLQWHU D
VLIQLILFDQWO\KLJKHU FRPSDUHG WR RWKHU VHDVRQV D
OLIJKWLQJ XVDJHGXHWR VKRUWHU GD\OLJKW KRXUV 2Q W
ORZHVW DYHUDJHHQHUJ\FRQVXPSWLRQ

J)LIXUH 'LQWHU GDLO\ FOXVWHUV

J)LIXUH 6SULQJGDLO\FOXVWHUV



JLIXUH 6 XPPHU GDLO\ FOXVWHUV

JLIXUH )DOO GDLO\ FOXVWHUYV

'LQWHU FOXVWHUV VKRZ YDULDELOLW\EHWZHHQ DQG

ZLQWHU LV LQGLFDWLYH RI SDUWLDO PRQLWRULQJ RU DC
DJH GDLO\ FRQVXPSWLRQ GRHVY QRW UHIOHFW DQ\ VLJQLIL
LOQOWHUHVWLQJ GLITHUHQFH FRPSDUHG WR WKH \HDUO\ ILJ:
VKRZV UHODWLYHO\ KLJK XVDJH DFURVV WKH HQWLUH KR
WKH\HDUO\DQDO\VLV ZKLFKFDQ EHDWWULEXWHG WR KH
YHU\ KLJK SHDNLQ WKHPLGGOHRIWKHQLJKW PRVWOLNH

6SULQJ FOXVWHUV IROORZVLPLODU SDWWHUQV 7KHPDIJL|
DURXQG N:KSHUKDOI KRXUXQLW 7KHUHLVUHODWLYH
WR IDPLO\ XVDJH

$ SDUWLFXODUO\ GLVWLQFWLYH FOXVWHU HPHUJHG GXUL
"KLJK HQHUJ\ DW QLJKW  FOXVWHU 8QOLNHRWKHU VHDVR
FXUUHG DURXQG RQHDW QLJKW WKLV FOXVWHUfV SHDN V|
DGMXVWPHQW LQ HQHUJ\ FRQVXPSWLRQ WLPLQJ GXULQJ V
ORQJHU GD\OLJKW KRXUVDQG SRWHQWLDOO\GLIITHUHQW C
XVDJH 2YHUDOO ORZHUFRQVXPSWLRQDFURVV DOO FOXYV

)DOO FOXVWHUV IROORZ VLPLODU SDWWHUQV WR VSULQJ |
VKRZV D VLIJQLILFDQW GLIIHUHQFH EHWZHHQ ZHHNGD\ GI
&OXVWHU KDV WZR SHDNV RQHDURXQG $0DQG DQRWKH!

/TKHFOXVWHUVDUHGHVFULEHG LQ GHWDLO LQ WKHIROOR.



&OXVWRWVLEOQIS KD SH 5DQJH N&RPPHQWV |DERXW
1XP | QDULR SHU KREKIDUDFWHULVWLFV
EHU KRXU
3DUWLDO5HODWLYHO\|IODW VKDRYHUDOO IODW XVDJH
PRQLWRUDFURVV ZKRO|H GD\
LQJ $OWHUQDWLYH
VRXUFH|RI HQ
HUJ\
6LQJOH |RAHDN DURXQG PRUQLQBOLIKWO\ KLJKHU XV
SDQW DQGHYHQLQJXVDJH GXULQJZHHNHQGV
+HDW SYPS\KLIJKSHDNLQPLG| 6KDUS SRLQW\ SHDN
XVHUV (9GOH RIWKH QLJKW DURXQG DP
XVHUYV
&RXSOH| OLGGOH SHDN DURXQIG+LJKHU XVDJH GXULQ
PRUQLQJ DQG HYHQLQEZHHNHQGYV
KRXUV VWDEOH XVDJH
DFURVV DIWHUQRRQ
)DPLO\ | 6PDOOHU SHDN DURXQ®LJK XVDJH DIFURVV W
PRUQLQJ DQG HYHQLQEZKROH GD\
KRXUV
7DEOH &OXVWHUVFHQDULRVDQG FKDUDFWHULV



&OXVWRWVLEOH 6KB8H 5DQJH N:&RPPHQWV |DERXW
1XP | QDULR SHU KDOI| KRKDUDFWHULVWLFV
EHU
3DUWLDO | BRIQIDWRLY HO\| IODW VKD|SHYHUDOO IODW XVDJH
LQJ $OW H UDFOMRIVYHZ KR O/H G D\
VRXUFHR| HQHUJ\
6LQJOH RFBXPMNQMURXQG PRUQLQJ 60LIJKWO\ KLJKHU XVD
DQG HYHQLQJ XVDJH GXULQJ ZHHNHQGV W
ZHHNHQG ORDG PRUH IC
&RXSOH | OLGGOH SHDN DURXQG| +LJKHU XVDJH GXULQ.
PRUQLQJ DQG HYHQLQJ ZHHNHQGV
KRXUV VWDEOH XVDJH
DFURVV DIWHUQRRQ
+HDW SYPE\KLIJK SHDNLQPLG | 6KDUS SRLQW\ SHDN
XVHUV (9 X8BH\WRIWKH QLIJKW DURXQG DP
)DPLO\ 7KUHH SHDNV YLVLEOH +LJK YDULDELOLW\ DFL
DQG DW QLJKW PLGGOHGD\VRIWKH ZHHN
RI WKH GD\ DQG GXULQJ
HYHQLQJ
7DEOH &OXVWHUVFHQDULRVY DQG FKDUDFWHULV
&OXVWRWVLEOH 6KB8H 5DQJH N:&RPPHQWV |DERXW
1XP | QDULR SHU KDOI KRKDUDFWHULVWLFV
EHU
3DUWLDO | FRIQIDWRWY HO\|IODW VKD|SHYHUDOO I0ODW XVDJ
LQJ $OW H UDFOMRIVYHZ KR O/H G D\ VPDOO SHDN DURXQ(
VRXUFHR|] HQHUJ\ PRUQLQJKRXUV
)DPLO\ 'D\ XVDJH SUHWW\ +LJK YDULDELOLW\ DFL
FRQVLVWHQW ZLWK VPDOGBW RI WKH ZHHN
SHDNV LQ WKH ODWH PRUQ
LQJDQG DIWHUQRRQ
6LQJOH RFBEX®MAWM. YHO\|ODW XVDJH6OLIJKWO\KLIJKHU XVDJ
VHFRQG SDUW RI WKH G
+HDW SP®\ KLIJK SHDN ODWH | 9HU\ KLJK YDULDELOL
XVHUV (9 XNMHELQJ DFURVV GD\VRIWKH ZH
&RXSOH |/RZ SHDN DURXQG +LJKHU XVDJH GXULQ.
PRUQLQJ DQG HYHQLQJ ZHHNHQGV
KRXUV VWDEOH XVDJH
DFURVV DIWHUQRRQ
7TDEOH &OXVWHU VFHQDULRVDQG FKDUDFWHULVYV



&OXVWRIWVLEOH 6KBSH 5DQJH N&RPPHQWYV DERXW
1XP | QDULR SHU KDOI KRKDUDFWHULVWLFV
EHU

&RXSOH |/RZ SHDN DURXQG +LJKHU XVDJH GXULQJ
PRUQLQJ DQG HYHQLQJ ZHHNHQGV
KRXUV VWDEOH XVDJH
DFURVV DIWHUQRRQ
3DUWLDO | FRIQIDWRY HO\ | IODW VKD|[SH'HUDOO IODW XVDJH
LQJ $OW H UDFOMRNVYWHZ KR O|H G D\
VRXUFHRIHQHUJ\
6LQJOH RFEX®DAW YHO\||[ODW XVDJH6OLIJKWO\ KLJKHU XVDJF
LQ WKH VHFRQG SDUW R

WKH GD\
+HDW SYPAY\ KLIK SHDN DURXQG| 9HU\ KLJK YDULDELOLW\
XVHUV (9 XVHRIDW QLJIJKW DFURVV GD\VRIWKH ZHHN
)DPLO\ 'D\ XVDJH SUHWW\ +LJK YDULDELOLW\DFUR

FRQVLVWHQW ZLWK VPDOGBW RI WKH ZHHN
SHDNV LQ WKH ODWH PRUQ
LQJDQG DIWHUQRRQ

7TDEOH &OXVWHU VFHQDULRVDQG FKDUDFWHUL\

7TKLVVHDVRQDO FOXVWHULQJZDVWKDQVXEMHFWHG WR Wi
\VLV )RUHDFKVHDVRQ ZHUHGLVWULEXWHG RIWKHGDL
FDUERQ LQWHQVLYH KDOI KRXU SHULRGYVY $GGLWLRQDOO
HOHFWULFLW\ LOWHQVLYHKDOI KRXUVWRDOLJQ ZLWK WE
HQHUJ\ FRQVXPSWLRQ GXULQJ WKH VL[ PRVW FDUERQ LQW
OHDVW FDUERQ LQWHQVLYH SHULRGYV 7KLV WDUJHWHG D¢
GXULQJ VSHFLILF WLPHVY RI UHGXFHG FDUERQ LQWHQVLW\
WKHRYHUDOO FDUERQ IRRWSULQW PRUHHIIHFWLYHO\ ,PS
GUHVVHV WKH YDULDWLRQVLQHQHUJ\XVDJH SDWWHUQV D
\HDU 7KHUHVXOWV RIWKHVHVHDVRQDO IOH[LQJFDQ EH YV

7KH UHVXOWV RI WKH FDUERQ IOH[LQJ VWUDWHJILHYV UHYH
FDUERQ UHGXFWLRQ DFURVV GLITHUHQW VHDVRQV DQG FO
DGMXVWHG NLORJUDPV &2 YDOXHVIRUHDFKVHDVRQDQG
WLRQDFKLHYHG WKURXJKIOH[LQJ VWUDWHJILHV

7KH KLIKHVW SHUFHQWDJH UHGXFWLRQ LQ FDUERQ HPLVYV

UHGXFWLRQLQ FDUERQ SURGXFWLRQ WKURXJK I IOHJ[LC
IDOO WKHUHDUHVXEVWDQWLDO RSSRUWXQLWLHV IRURS!'
RIFDUERQ ORUH WKDQ NJRI &2 SHU\HDU SHU KRXVHKR



| 6HDVIRRDXVWHUJLQDO|NNGMXVWHG BH&XFWLRQ

'LQW/HU
'LQW/HU
'LQW/HU
'LQW/HU
'LQW/HU
6SULQJ
6SULQJ
6SULQJ
6SULQJ
6SULQJ
6XPP
6XPP
6XPP
6XPP
6XPP
)DO
)DO
)DO
)DO
)DO

cccCccc

7TDEOH &2 HPLVVLRQVDQG UHGXFWLRQ SHUFHQWDJH

7KH ORZHVW UHGXFWLRQ SHUFHQWDJHYV ZHUH UHFRUGHG

IRUHQHUJ\DQG IRUFDUERQ :LQWHU JHQHUDOO\ \
DFURVV DOO FOXVWHUV OLNHO\ GXH WR KLJKHU DQG PRU
ZKLFK DUH OHVV IOH[LEOH 7KH HQHUJ\LQ WKH *UHDWHU |
FRPSRQHQWYV RQDYHUDJH GXULQJ ZLQWHU PRQWKYV VR H"
WKH JUHDWHVW

'KHQ ZH ORRN DW VHDVRQDO WUHQGV ZLQWHU VKRZV PR(
DYHUDJHDURXQG DFURVVPRVWFOXVWHUV 6SULQJ VK
XODUO\LQ &OXVWHU LQGLFDWLQJWKDW WKLV VHDVRQ Sl
XVHDZD\IURP KLIJKFDUERQ SHULRGV 6XPPHUFOXVWHUYV \
QRWDEOH KLIKUHGXFWLRQVLQ &OXVWHU DQG ORZH
YDULDELOLW\PD\EHGXHWRGLIITHUHQFHV LQ HQHUJ\ XVDJ
HIKLELWV FRQVLVWHQWDQG UHODWLYHO\ KLJK UHGXFWLI
WKDW HQHUJ\ XVDJHLQ WKH)DOOLVPRUHDGDSWDEOH WR



| 6HDVIRRDXVWHUJLQDO|NNGMXVWHG BH&XFWLRQ

'LQW/HU
'LQW/HU
'LQW/HU
'LQW/HU
'LQW/HU
6SULQJ
6SULQJ
6SULQJ
6SULQJ
6SULQJ
6XPP
6XPP
6XPP
6XPP
6XPP
)DO
)DO
)DO
)DO
)DO

cccCccc

7TDEOH &2 HPLVVLRQVDQG UHGXFWLRQ SHUFHQWDJHYV

5HIOHFWLQJ EDFN RQ SRWHQWLDO &O0XVWHU VSHFLILF LQ
VLVWHQWO\VKRZVY PRGHUDWH UHGXFWLRQ SRWHQWLDO T
FXSDQWV LQ &OXVWHU JHQHUDOO\VKRZ ORZHU UHGXFW|L
LQGLFDWLQJ VHDVRQDO IOH[LELOLW\LQ HQHUJ\ XVDJH SO
GLVSOD\V VLIJQLILFDQW UHGXFWLRQV LQ ERWK VSULQJDQ
VKLIWLQJHQHUJ\XVHLQ SHULRGV RIORZHU FDUERQ LQWH
DW QLJKW

2YHUDOO VSULQJDQG IDOO SUHVHQW WKH KLJKHVW SRW
FOXVWHUV FKDUDFWHUL]JHG E\IOH[LEOH HQHUJ\ XVDJH SD\
OHDVW SRWHQWLDO LQGLFDWLQJWKHFKDOOHQJHV DVVR
7DLORULQJ IOH[LQJ VWUDWHJILHVY WR VSHFLILFE VHDVRQV D
FDUERQ VDYLQJVDQG HQKDQFH WKHRYHUDOO HIILFLHQF\



| 6HDVIRDXVVEHUILQDO|NIBGMXVWHG BH&XFWLRQ

'LQW/HU
'LQW/HU
'LQW/HU
'LQW/HU
'LQW/HU
6SULQJ
6SULQJ
6SULQJ
6SULQJ
6SULQJ
6XPPHU
6XPPHU
6XPPHU
6XPPHU
6XPPHU
)DOO
)DOO
)DOO
)DOO
)DOO

7TDEOH &2 HPLVVLRQVDQG UHGXFWLRQ SHUFHQWDJH



'LVFXVVLRQV

'"XHWRWKHPL[HGPHWKRGRORJ\RIWKHVWXG\ WKHGLVFX
FRUUHVSRQGLQJ WR WKH GLITHUHQW VWDJHV RI WKH VWXC
WKHILUVW VHFWLRQ WKHH[SHULPHQWDO UHVXOWYV IURP |
DVSHFLILFIRFXVRQWKHILUVW WKUHHVXETXHVWLRQV )F
WKH ILQDO VXETXHVWLRQDQG SUHVHQWYVY WKH UHVXOWYV |
SRWHQWLDO 7KHILQDO VHFWLRQ FRYHUV D EURDGHU GL
ZRUN

'LVFXVVLRQRQH[SHULPHQW UHVXOWYV

7TKHDERYH VWXG\DGGUHVVHG WKHILUVW WKUHH UHVHDUF

JRB4 KDW LV WKHVRFLDO ZLOOLQJQHVV WR SDUWLFLSD!
LQJPDQXDO DGMXVWPHQWYVY RI VPDUW GHYLFH XVDKIH G XU
VWXG\UHYHDOHG D PRGHUDWHO OHYHO RIVRFLDO ZLOOLQJ
$SSUR[LPDWHWKH 1RWLILFOEMLWR QFRUSESDXBNY FRPSOLHG UHJ
WLILFDWLRQV ZLWKFRQYHQLHQFHDQG IRUJHWWLQJ EHL
7TKLVLQGLFDWHV D SRWHQWLDO IRUEHKDYLRXUFKDQJH W
ODUJHO\GHSHQGHQW RQ WKH SUDFWLFDOLW\RILQWHJUD
QRWHZRUWK\ KHUH WKDW WKH QRWLILFDWLRQV ZHUH WHYV
WLPH DQG WKH KDELWV RI UHVSRQGLQJ WR WKH QRWLILF]
WLPH ORUHRYHU WKH VWXG\ ZDV FRQGXFWHG RQ \RXQJUL
UHVSRQGLQJWR SKRQH QRWLILFDWLRQV WKDQ WKHHOGH

/IRRNLGIDWRZ VDWLVILHG DUH XVHUV ZLWK DXWRPDWHG D
LQUHVSRQVH WR KLJK FDUERQ LQWHQVLW\ DQG ZKDW LV \
OLIHVEAMIOUWWKE $XWRPDUWHBRUWREBXLIJK VDWLVIDFWLRQ Z
PHQWY ZLWKDQDYHUDJHVDWLVIDFWLRQUDWLQJRI RX
QLHQFHDQG HITHFWLYHQHVV RI WKH VA\VWHP WKRXJK RFFI
7TKHKDQGV RIIDSSURDFK ZDV YDOXHG EXWWKHQHHG IRU
QRWHG WR EHWWHU DFFRPPRGDWH LQGLYLGXDO SUHIHUH
DOVR UHSRUWHG D KLIJIKHU RYHUDOO VDWLVIDFWLRQ RI Wk
SDUWLFLSDQWYV

)LQDOO\ LGGWHWRY BR PDQXDO DQG DXWRPDWHG LQWHUY
RI XVHU VDW3XWRAPODMWRHG LOWHUYHQWLRQV JHQHUDOO\ UH



FRPSDUHG WR PDQXD® H @ XY\ R ¥ Bl QUMSERQMRXG DQ DYHUDJH
UDWLQJ RI KLIJKHU WK DVXW KR W L ULIFWIKQ. RI@HORBRXSN V W K [
PDWHG VIVWHPV E\UHGXFLQJWKH QHHG IRUPDQXDO LQW
DQG SRWHQWLDOO\OHDG WR JUHDWHU DGRSWLRQ RI &2 \
XODUO\WUXH LI WKH H[SHULPHQW ZRXOG H[WUDSRODWH '
FDUERQLQWHQVLW\LY QRW UHJXODURQD GDLO\OHYHO D
WR QRWLILFDWLRQV FDQ EH FKDOOHQJLQJ

7R VXP XS WKH H[SHULPHQW GHPRQVWUDWHG WKDW ERWK
HITHFWLYHO\ RSWLPLVH HQHUJ\ FRQVXPSWLRQ DQWKHHG X
1RWLILFDWILKRZ HERYBU\LQJ GHJUHHV RIFRPSOLDQFH LQIO
YHQLHQFHDQG XQGHUVWRB & X RR DWHMIRPRISIKBGS UHSRUW
VDWLVIDFWLRQ GXH WR WKH FRQYHQLHQFH RI DXWRPDWH
FROQWLQXHXVLQJ&2 VDYLQJIHDWXUHV ZDV KLJK LQGLFD
WLRQV

'LVFXVVLRQRQTXDQWLWDWLYHDVVHVVPHQW

SHIOHFWLQ@4 EDKDNWWY WKH4XDQWLWDWLYH3RWHQWLDO R
+RXVHKRAOGAMD Q GHULYH WKH IROORZLQJ FRQFOXVLRQV 7
ERQIOH[LQJIRULQGLYLGXDO KRXVHKROGV LV VLIJQLILFDC
HQHUJ\FRQVXPSWLRQ GDWD IURP WKH 8. 3BRZHU 1HWZRUN\

7TKHDQDO\WVLV Rl WKH VHDVRQDO FOXVWHUV DQG FOXVWH
FDUERQIOH[LQJYDULHVDFURVV GLITHUHQW WLPHV RI WKH
7TKHUHVXOWY VKRZ WKDW IRUVHDVRQDO YDULDWLRQ VSU
FDUERQ UHGXFWLRQ 6 XPPHUDOVR VKRZV SRWHQW
WHUV HVSHFLDOO\WKRVHZLWKKLIJKHQHUJ\FRQVXPSWLR

7KLV VXJIJHVWV WKDW VXPPHUHQHUJ\ XVDJH SDWWH
PLIHGIRUFDUERQVDYLQJV LQWHU SUHVHQWV WKHORZH'
ORZHVW REVHUYHG UHGXFWLRQ RI LQ &OXVWHU 7KH
IRUKHDWLQJ OLPLW WKH IOH[LELOLW\ RI HQHUJ\ XVDJH L¢
DFKLHYHVLJQLILFDQWFDUERQVDYLQJV )XUWKHUPRUH W
RYHUDOO "GLUW\" HQHUJ\ VRXUFHV LQ WKLV PRQWKV LQ *U
ZLWK KLIJKHU EDVHOLQH HQHUJ\ FRQVXPSWLRQ VXFK DV &
PRUH VLIQLILFDQW UHGXFWLRQV ZKHQ IOH[LQJ VWUDWHJ
KROGV ZLWK KLJKHU HQHUJ\ XVDJH FDQ DFKLHYH JUHDWH L
XVH WR SHULRGV RIORZHU FDUERQ LQWHQVLW\ &OXVWHU
VXFKDV WKRVHH[KLELWLQJ KLIKHQHUJ\ XVHDW QLJKW &



IRUFDUERQ UHGXFWLRQ 7KLV KLIJIKOLJKWV WKHLPSRUWD
HQHUJ\ XVDJH EHKDYLRXUV IRUHIIHFWLYH FDUERQ IOH[LQ

7KH ILQGLQJV IURP WKH GDWD DQDO\VLV KDYH VHYHUDO ¢
FDUERQ IOH[LQJ VWUDWHJILHV LQLQGLYLGXDO KRXVHKRO
PD[LPL]JHG E\ WDLORULQJ IOH[LQJ VWUDWHJILHV WR VSHFL
SDWWHUQV )RU H[DPSOH IRFXVLQJRQ VKLIWLQJ HQHUJ\
SRWHQWLDO IRUFDUERQ UHGXFWLRQ LV KLJKHVW FDQ OF
GLWLRQDOO\ HQFRXUDJLQJ KRXVHKROGY WR DGRSW IOH]
GXULQJKLJK HQHUJ\ SHULRGY FDQ HQKDQFH WKH HIITHFW
FDQ EH DFKLHYHG WKURXJK UHDO WLPH QRWLILFDWLRQV L
RIDGYDQFHG VPDUW KRPH WHFKQRORJLHV DQG ,R7 GHYLF
VSRQVLYH HQHUJ\PDQDJHPHQW HQDEOLQJKRXVHKROGYV
RSSRUWXQLWLHV

JXUWKHU GLVFXVVLRQVDQG IXWXUHVWXGLHV

7TKHUHVXOWYVY RI WKLV VWXG\KLJKOLJKW WKHVLJQLILFDQV
KRXUV " RITHULQJ D VXEVWDQWLDO UHGXFWLRQ LQ FDUER
VXPSWLRQ 7KHVWXG\DLPHG WR H[SORUH WKLV SRWHQWL

7KHILUVW SHUVSHFWLYHH[DPLQHG VRFLDO ZLOOLQJQHVYV
WLRQV SDUWLFXODUO\FRPSDULQJPDQXDO YHUVXV DXWR
SURPLVLQJ VKRZLQJKLJKZLOOLQJQHVVDQGVDWLVIDFWL
UHDO WLPH QRWLILFDWLRQV DQG DXWRPDWHG DGMXVWP'
WHQVLW\ SHULRGY $XWRPDWHG LQWHUYHQWLRQV ZHUH
MXVWPHQWY GXH WR WKHLU FRQYHQLHQFH DQG PLQLPDO ¢
UDWLQJV IURP WKH $XWRPDWLRQ *URXS XQGHUVFRUHG WK
QRORJLHV LQ PDQDJLQJHQHUJ\ XVH DOLJQLQJZLWK UHFF
KRPHDXWRPDWLRQ V\VWHPV

7KH VHFRQG SHUVSHFWLYH IRFXVHG RQ D TXDQWLWDWLY}
VDYHG 7KHVWXG\GHPRQVWUDWHG WKDW WKHTXDQWLWD
KRXVHKROGV LV VLIQLILFDQW UDQJLQJIURP ZLWK W/
&2 VDYHG SHU\HDU SHU KRXVHKROG

7KHVHILQGLQJVFDQVHUYHDVDVWDUWLQJSRLQWIRUDQ
GH FDUERQLVDWLRQ WKURXJK HOHFWULILFDWLRQ 7KH V\
VXFK VROXWLRQV DQG WKDW VRFLHW\ LV UHDG\WR LPSOH
ERWKDWHFKQLFDODQGVRFLDOZLOOLQJQHVVVWDQGSRL



LQ GHVLJQ UHTXLULQJRQO\RQH W\SH RI DXWRPDWLRQ
+RPHV VXFK D VROXWLRQ FRXOG EHDGRSWHG E\ PDQ\ RW
ERWK VPDOODQG ODUJH VEFDOH SURMHEWYV

TKHLPSRUWDQFHRIVXFKLPSOHPHQWDWLRQV LV IXUWKHL
ODZVDQG UHIJXODWLRQV LQ WKH (XURSHDQ PDUNHW )RU
LQJ $XWRPDWLRQ &RQWURO 6\VWHPV %$&6 LQ WHUWLDU'
WKH (8 (QHUJ\ 3HUIRUPDQFH RI %XLOGLQJV 'LUHFWLYH (3¢
RI WKLV UHVHDUFK BKHOH IRQXODWLRQV QRW RQO\ SURPF
DOVRHQFRXUDJHWKHFRPPHUFLDOLVDWLRQRIG6PDUW +RF
IOH[LQJ VWUDWHJILHV

)XUWKHUPRUH WKLV UHVHDUFK FDQ EH VHHQ DV DQ H[WHC
VHQWLDOO\ LWH[DPLQHV VLPLODU SDWWHUQV EXW HPSR:
WKH HOHFWULFLW\ SURYLGHU 6PDUW JULG SROLFLHV DLI
VXVWDLQDELOLW\RIHOHFWULFLW\VHUYLFHV %\ XWLOLYV
DQG GHPDQG PRUHHIIHFWLYHO\ DQGLQFRUSRUDWLQJHOQI
G\QDPLFDOO\UHGXFH WKH JULGYTV FDUERQ IRRWSULQW 7
YDU\LQJHQHUJ\ORDGV DQG LQWHJUDWH UHQHZDEOH HQH
MHFWLYHVY REVHUYHG LQ WKLV VWXG\ ,PSOHPHQWLQJ VX
KRPH FDQWKHUHIRUHHQKDQFH WKHIXQFWLRQDOLW)\DQC
WHPV SURYLGLQJD SUDFWLFDODSSOLFDWLRQRIUHVHDU
SROLFLHV

*LYHQ WKH SRWHQWLDO IRUFDUERQ UHGXFWLRQ GHPRQV!
WHJUDWLQJ VPDUW WHFKQRORJLHY FRXOG SOD\ D SLYRWI
SDUWLFXODUO\LQ WKHFRQWH[W RI WKH (XURSHDQ 8QLRQ

ORUHRYHU WKHXWLOLVDWLRQRIORFDOLVHGVLJQDOVLQ
UHSRUWLQJDQG PDQDJLQJHQHUJ\FRQVXPSWLRQ PRUH HI
IRUFDUERQLQWHQVLW\ WKH KRPHRZQHUV FDQ ORRN LQV
SRUWDQW PRUH UHDOLVWLF FDUERQ UHSRUWYV 7KLV ORFC
VSHFLILF UHJLRQDO HQHUJ\ FRQGLWLRQV EXW DOVR HQK]I
DLPHG DW UHGXFLQJFDUERQHPLVVLRQV

7TKHVWXG\FOHDUO\LOOXVWUDWHYVY WKHSRWHQWLDO IRU Z
WLRQIOH[LQJVROXWLRQV 7KHWHFKQRORJLFDOIHDVLELC
GHUVFRUHV WKH YLDELOLW\RIH[SDQGLQJ WKHVH SUDFWL
PDNLQJVXFKVXVWDLQDEOH VROXWLRQV D FRPPRQ IHDWX



JRUIXUWKHUUHVHDUFK VHYHUDO SDWKZD\VFDQEHH[SOR
)XWXUH ZRUN VKRXOG FRQVLGHU ORQJHU WHUP VWXGLHV
VI\VWHPRYHUH[WHQGHG SHULRGY EH\RQGWKHLQLWLDO

LOQVLIKWY LQWR XVHU EHKDYLRXU KDELWXDWLRQ HIITHFW?
ZLWKHQHUJ\IOH[LQJ VWUDWHILHV

&RQGXFWLQJH[SHULPHQWVLQKRPHVDOUHDG\HTXLSSHG
IHUYDOXDEOHGDWDRQKRZDGGLWLRQDODXWRPDWLRQ IR
HILVWLQJVHWXSVY 7KLVDSSURDFKZRXOGDVVHVV WKH UH
LGHQWLI\ SRWHQWLDO EDUULHUV RUHQKDQFHPHQWYV QHH

$QRWKHU URXWH RILOQWHUHVW WR WKH EXVLQHVYVY SDUWAQ
IOH[LQJ VWUDWHILHY LQ GHYHORSLQJ FRXQWULHV SURY
DSSOLFDELOLW\DQG HIITHFWLYHQHVY )DFWRUV VXFK DV
FRQGLWLRQV DQG FXOWXUDODWWLWXGHV WRZDUGV HQH
DQGRSWLPLVHWKHVHVWUDWHILHVIRUGLYHUVHJOREDO

JXUWKHU UHVHDUFK VKRXOG DOVR IRFXV RQ D PRUH GHWL
WKH SVI\FKRORJLFDODQG VRFLR HFRQRPLFIDFWRUV LQIO:
7KLYV FRXOG KHOS LQ GHVLIJQLQJPRUH XVHU FHQWULF QRW
WR UHVXOWLQ KLIKHUFRPSOLDQFHDQG VDWLVIDFWLRQ U

%\ H{SDQGLQJ WKH VFRSH Rl UHVHDUFK WR WKHVH DUHDV
VWDQGLQJRIHQHUJ\FRQVXPSWLRQ IOH[LQJYV SRWHQWLD
HITHFWLYHDQG ZLGHVSUHDG DGRSWLRQ RI JUHHQ HQHUJ\



6WXG\OLPLWDWLRQV

7KH VWXG\ WULHG WR DQVZHU WKH UHVHDUFK TXHVWLRQ\
LVVWLOO LPSRUWDQW WR DGGUHVV WKH OLPLWDWLRQV
IROORZLQJOLPLWDWLRQV FDQ EHLGHQWLILHG

6DPSOH 6LJHDQG 'LYHUVLW\ 7KH VWXG\LQYROYHG D |
SDUWLFLSDQWYV ZKLFKOLPLWV WKHVWDWLVWLFDO SR
GLWLRQDOO\ WKHSDUWLFLSDQW SRRO ZDV SUHGRPLQ

WLFLSDQWV DERYH WKH DJH RI 7KLV GHPRJUDSKLE V
WR WKH ,R7 VROXWLRQV DQG PD\QRW UHIOHFW WKH DW
ODWLRQV

*HRJUDSKLF %LDV $00 RI WKH SDUWLFLSDQWYV ZHUH I
ODQGV 7KLV JHRJUDSKLF FRQFHQWUDWLRQ FRXOG LC
DGRSWLRQDQG HIITHFWLYHQHVV RI6PDUW +RPH WHFKQ

BKRUW 'XUDWLRQ RI WKH ([SHULPHQW 7KH H[SHULPHQ
ULRG ZKLFK PD\QRW FDSWXUH ORQJ WHUP EHKDYLRX
FDWLRQV DQG DXWRPDWLRQ RQ HQHUJ\ FRQVXPSWLRC
HYDOXDWH WKH GXUDELOLW\RIWKHREVHUYHG HIIHFW

&RQWUROOHG (QYLURQPHQW 7KH VWXG\ZDV FRQGXFV
VSHFLILF WDVNV DVVLIQHG WR SDUWLFLSDQWY FKDU.
KRXUV 7KLV VHWWLQJ PD\QRW IXOO\UHSUHVHQW WK
ZRUOG HQHUJ\ XVDJH SDWWHUQV DQG KRXVHKROG G\QI

THFKQLFDO /LPLWDWLRQV RIWKH ,R7 6\VWHP 7KH ,R7 YV
WKH +RPH $VVLVWDQW SODWIRUPDQG 7DVPRWD VPDUW
WKDW DIIHFW SHUIRUPDQFH DQG XVHU H[SHULHQFH "
VI\VWHP GHOD\V DQG WKH QHHG IRUPDQXDO RYHUULG
XVHU VDWLVIDFWLRQ ZLWK WKH DXWRPDWHG DGMXVWF

$GGUHVVLQIWKHTXDQWLWDWLYHDVVHVVPHQW WKHUH D
DQRDO\WLVY WKDW FRXOG DOVR KDYHLPSDFWHG WKH UHVXO

+LVWRULFDO 'DWD 7KH GDWDVHW VSDQV IURP 1RYHPE
WRULFDO VFRSHPD\QRW IXOO\UHIOHFW FXUUHQW HQF
YDQFHPHQWY LQ 6PDUW +RPH GHYLFHV RU FKDQJHV L



VXFK WKHILQGLQJV PLIKW EH OHVV DSSOLFDEOH WR ¢
LQJWHPSRUDO VKLIWVLQHQHUJ\SUDFWLFHV DQG JUL

IRQGRQ %DVHG 'DWD 7KHGDWDVHWLVY VSHFLILF WR KF
YLGHV DIRFXVHG UHJLRQDO DQDO\VLY WKH UHVXOWYV
JUDSKLFORFDWLRQVZLWKGLITHUHQWHQHUJ\LQIUDVW
WLRQ EHKDYLRXUV

OHDVXUHPHQW (UURUV 3RWHQWLDO LQDFFXUDFLHV L
FRXOG LQWURGXFH HUURUV LQ WKH DQDO\VLV (QVXUL
DFEXUDF\RIPHDVXUHPHQWV LV FUXFLDO IRUUHOLDEO

&OXVWHULQJ OHWKRGRORJ\ 7KH XVH RI'N PHDQV FOX)
SDWWHUQV EXWDVVXPHVY WKDW FOXVWHUYVY DUH VSKHU
GDWD PD\H[KLELW PRUHFRPSOH[ SDWWHUQV WKDW N F
QDWLYH FOXVWHULQJ PHWKRGYVY VXFKDV KLHUDUFKLFI
GLIITHUHQW LQVLJKWYV

8VHU %HKDYLRU 7KHDQDO\VLVDVVXPHVY WKDW XVHUV
VWUDWHILHY +RZHYHU XVHU EHKDYLRXU FDQ EH XQS
IDFWRUV LQFOXGLQJ FRPIRUW FRQYHQLHQFH DQG D
DQG XVHU HQJDJHPHQW VWUDWHJLHVY DUH QHFHVVDU\
RIFDUERQ IOH[LQJWDFWLFV

'"HVSLWH WKHVH OLPLWDWLRQV WKH VWXG\ SURYLGHV YD
IOH[LQJ VWUDWHILHV IRULQGLYLGXDO KRXVHKROGV )XV
OLPLWDWLRQV E\ HPSOR\LQJ ODUJHU PRUH GLYHUVH VDP
QDWXUDOLVWLF VHWWLQJV $GGLWLRQDOO\ LPSURYLQJ
UHILQLQJPHDVXUHPHQW WRROVFDQHQKDQFH WKHUHOLD
DOQGPLWLIDWLQIJWKHVHOLPLWDWLRQVZLOO KHOSLQ GHY
VWUDWHILHV IRUUHGXFLQJ KRXVHKROG FDUERQ HPLVVLR



&RQFOXVLRQ

7KLV VWXG\DLPHG WR DVVHVV WKH SRWHQWLDO IRU HQHU
FDUERQ VDYLQJV E\ VKLIWLQJ HQHUJ\ XVDJH WR "JUHHQ KF
ZLOOLQJQHVV WR SDUWLFLSDWH LQ VXFKLQLWLDWLYHV E
PDQXDO DGMXVWPHQWY GXULQJ KLJK FDUERQ LQWHQVLW
DEOHG WKURXJK 6PDUW +RPH ,R7 WHFKQRORJ\ 7KH TXDQW
LQGLYLGXDO KRXVHKROGYV ZDV DOVR DVVHVVHG WKURXJK

7KH UHVHDUFK DGRSWHG D PL[HG PHWKRG DSSURDFK FRP
GDWD DQDO\VLV RI SUH H[LVWLQJ GDWDVHWYV 7KH H[SHUL
XDO DQG DXWRPDWHG LQWHUYHQWLRQV LQ UHGXFLQJ KR X
VDWLVIDFWLRQ DQG ZLOOLQJQHVV WR SDUWLFLSDWH 7KI
DFFHVVHG WKH TXDQWLILDEOH &2 UHGXFWLRQV WKDW FR
GXDOPHWKRGRORJ\SURYLGHGD FRPSUHKHQVLYH XQGHU\
IRUFDUERQ VDYLQJVDQG WKH TXDOLWDWLYHDVSHEWYV RI

7KHXVHU FHQWUHGH[SHULPHQWVUHYHDOHG WKDWUHDO
VLIQLILFDQWO\NLPSDFWHG XVHUVTHQHUJ\FRQVXPSWLRQ I
GHYHORSPHQWRIDQ ,R7 VIVWHP IRU +RPH $VVLWDQWTV R
6\VWHP 7KLV DXWRPDWLRQDGMXVWYVY XVDJH WR ORZ FDUI
SHULPHQW LQYROYHG WZR JURXSV DXWRPDWLRQ JURXS W
WKHQRWLILFDWLRQJURXS WKDW ZDV PDQXDOO\LQIRUPHG
WLRQ 3DUWLFLSDQWYVY RIERWKJURXSV KDG D KLJK ZLOOLC
DVWURQJVRFLDO ZLOOLQJQHVV WR SDUWLFLSDWH LQ FDL
WLRQZLWKDXWRPDWHGDGMXVWPHQWY ZDV KLIJIKHU DV Zk
QRWLILFDWLRQ JURXS H[SUHVVHG FRQFHUQV RYHU WKH LF

TKHFRPSDULVRQ EHWZHHQPDQXDODQGDXWRPDWHGLQW
DGMXVWPHQWY ZHUH SHUFHLYHG DV PRUHHPSRZHULQJDQ
IHUHG D VHDPOHVV H[SHULHQFH ZLWK OHVV HIIRUW UHTXL
PDQXDODQG DXWRPDWHGDSSURDFKHV VXJJHVWYVY WKDW D
LPL]H XVHU VDWLVIDFWLRQ DQG FDUERQ VDYLQJV ,W DO\
FRQGXFWHG RQDZLGHUDQJHRISDUWLFLSDQWV IURP GLII
PRUHH[WHQGHG SHULRGV RI WLPH

4XDQWLWDWLYHGDWDDQDO\WWLYGHPRQVWUDWHG WKH SR
VXPSWLRQIOH[LQJ 7KHYDULRXV  FOXVWHULQJPHWKRGV L



DQG UHGXFWLRQ 7KHDFKLHYHGVDYLQJV ZHUHPRUH W
KROG 7KHEHVW UHVXOWY ZHUH DFKLHYHG LQ WKH )DOO
UHGXFWLRQ %\ VKLIWLQJHQHUJ\ XVDJH WR JUHHQ KRXUYV
WKHLU FDUERQ IRRWSULQW :KHQ DJJUHJDWHG DFURVV P
VHQWYV D PHDQLQJIXO FRQWULEXWLRQ WR EURDGHU FDUEF

L QFRQFOXVLRQ WKLVVWXG\XQGHUVFRUHV WKHLPSRUWTL
IOH[LQJHQHUJ\FRQVXPSWLRQ %\HQVXULQJWKHFRQYHQ
KROGV FDQ DFKLHYH VLJQLILFDQW FDUERQ VDYLQJV 7KH |
WKHGHVLJQRIHIIHFWLYHFDUERQ UHGXFWLRQ VWUDWHJL
LQDFKLHYLQJVXVWDLQDELOLW\JRDOV



5()(5(1&(6

$0 $O0L $ 5 HWDO 3$ VPDUWKRPHHQHUJ\PDQDJHPH:
DOQDO\WLFV DSEURDPRVDOWLRQV RQ &RQVXEHU (RHFWUF
'2, RYyYXRRYyNfh*1XkyRdXyR8yR9
$OLHUR 0 6 HWDO S6PDUW KRPH HQHUJ\ PDQDJHPH
QHWZRUNV IRU JUHHQ FLWLHV (QYRDA GV IDQ\GD/H UNERERC
YDWLRKUWLFOH
$YDQFLQL ' % HW DO 3$ QHZ ,R7 EDVHG VPDUW HQH
,OWHUQDWLRQDO -RXUQDO BB(QHJ\ SRWHD/WKK2 X8Rdd
%HUWROGL 3DROR 33ROLFLHVIRUHQHUJ\ FRQVHUYEL
LQJ SROLFLHVDQG UHFRPPHQGDWLRQVIRUQHZDQGHIIH
(QHUJ\DQG % XLBGLQJV,661 Ry, XRyRefDX2M#mBH
Kykk XRRk§8B?iiTbh,ffrrrXb+B2M+2/B 2+iX+QKfb+B2M+2f il
ayjd3dd33kkyyk9e3
%RULVVRYD ', HWDO 38VLQJ ,R7IRU$XWRPDWHG +t
RI 2SHQ+%$% 6RIWZDUH, BBRDIDIKRH PV P,IQBS + ,661
'2, RyXRyRefDXB7 +QHXkykkXy3Xy89

8.1DWLRQDO *BLGDWLRQDO *ULG &DSFFRHYVHWHQVLW\ 8.
IDWLRQDO *RiiGb,86/rr X+ "#QMBMi2MbBivXQ ;:XmFf
&DUVZHOO & - 5HLG , :DOVK HWDO 3$ PLIHG PHW!
EDVHGLQWHUYHQWLRQ IRUSDWLHQWY UHBRBHELYHQGKBRDQ
RJ\ S '2RYyXRR3efbRk33k@yky@ykRek@ 9
(OHFWULFLW\ (OB¥WULFLW\0ODSVWBHMMKRERORJ\ (OHFV
ODSV 82AiTb,ffrrrX2H2+i'B+BivK ThX+QKfK2i?Q/QHQ;v\n
TTX2H2+i B+BivK TbX+QK miKnK2/BmK4 272" HO+ "#Q
2KBbbBQM@7 +iQ" b
+DOLPL + 3(QHUJ\ PDQDJHPHQW DOJRULWKP IRU VPL
VRXUFHWOWKUQDWLRQDO -RXUQDO RI &RPSXWHU 6FLHQF
SS #
+DQ % HWDO 3+RPH (QHUJ\ODQDJHPHQW 6\VWHPV
FKLWHFWXUH DQG 6FKHQKOIFFHOMBSDWHM HV ™ 'Ry X
RRyNf **1laaXkykjXjk938yk
+RPH $VVLVWD@QRPH $DVLIAFBIQWHG +RPH $VVLVW
21iTh,ffrrrX?QK2@ bbBbi MiXBQf



+RPH $VVLVWDORWTXLEVWR $GG RQ $FEFXRNOGWDWLRQ +RF
$VVLVWDQWTBSf;Bi?2m#X+QKf?QK2@ bbBbi Mif //QMbf#H
KQb[mBiiQf.P*aXK/

+ FO477 ,QWHJWBBWHRWQH G +RPH $WPVIDWWIDQW 8
rrrX?QK2@ bbBbi MiXBQfBMi2;" iBQMbfKJ[ii

2UJDQL]IDWLRQ ,QWHUQDWLRIQHD RYIOYA. R I$HLWD WILIREN SRUW
FHVVHG ,(QWHUQDWLRQDO &LYLDIFHLDWLRQ 2U.
B+ QXBMifbmbi BM #BHBivfqQ H/Q7 B ' h™ MbTQ ifS ;2bfi?2
i MbTQ i@BM@kykRX bTt

$IJHQF\ QWHUQDWLREROUD@QHHUVUI\ 2XWERRMVHG
,(QWHUQDWLRQDO (QRIUTh HIHQ@FB28KQ ;f 2TQ ibfrQ H/@2M
QmiHQQF@Kkyky

,VVL )DWLK DQG 2UKDQ .DSODQ 37KH " HWHUPLQDWLR
VXPSWLRQV RI +RPH §®FHUIDFHYV ™ /RyXjjNyf2MRRyjyeyd
85/ ?2iiTh,ffrrrXK/TBX+QKfRNNe@RydjfRRfjfeyd

., YDQRYD ' DQG HW DO 3S4XDQWLI\LQJ WKH SRWHQW.L
FRQVXPSWLRQRSMURQYPHQQVD O 5HV KU HK / HRY WRI Y33 f
Rd93 @ Njkef #8B33NiTbh,ffBQTb+B2M+2XBQTXQ ;f "iB+H2f]
Rd93@Njkef #383N

-DQJLG % 3 ODWKXULD DQG 9 *XSWD S$ IOH[LEOH C
RSWLPDO GLVWULEXWLR@X\WWW H®@ ORESIHHU DQWHULLRIQ *U,IQGV D Q
$FFHVVHG 'DWH $UWLFIOH ,ff/QBERQ ;fRYyXRyRefDXb2; M)
RyRRRd

-RKQVRQ &KDUORWWH 3,V GHPDQG VLGH UHVSRQVH
DQG HOHFWULFLW\ VKLIWLQJLQ ORZLQFRPHIKRBHYHLQ \
VHDUFK G6RFLDOSFLHQFH61 Ry, X RyRefD X2 bb X
kyky XRyR88RB?iiTb,ffrrrXb+B2M+2/B 2+iX+QKfb+B2M+2f il
akkR9ekNekyjyRj9R

.DPUDQ OXKDPPDEXQGDPHQWDOV RI 6P D&PW WHGGCH M WIHHRN/
ODQGV (OVHYIiLHW, f8B6rr Xb+B2M+2/B 2+iX+QKf#QQFfNd3y|
TmM/ K2Mi Hb@Q7@bK "i@; B/@bvbi2Kb

.X]JOX 0 O 3LSDWWDQDVRPSRUQ DQG 6 5DKPDQ 35 H
QRORJLHV IRU VPDUW KRPHV EXLO@GLQETSYSIDLEDPMVERQWY
7THFKQRORJLHV $VLBDBINBE, ¥KDLODQG , (Rl XSBBRyNTf '2.
Aa:h@ bB XkyR8Xd9jdyje

/ILX = = 'HQJ * +H HW DO 3&KDOOHQJHV DQG RSSR
LQ &KLQDDWQ@UH 5HYLHZYVY (DUWKSSQYLHURQRRY QWY |3 f
b9jyRd@ YykR @ ygxODBi@th ,ff/ QBXQ ;fRYyXRyj3fb9jyRd@ykR @ y:



/87 8QLYHUVLW)\EDVHG WRRDIVTBRHMKHMIX7Bf2Mf+QKTH
bim/B2bf mH2b@ M/@ "2;:mH iBOMbf B@ # WBHRHIND\HD @ TQ

&RQWULEXWRUVODWW H UR F X BB @ MADWHLAR Q ODWWHU
XWRUV ?8i5l/b, ffT QD2+i@ +?BTX:Bi?m#XBQf+QMM2+i2/?2QK
?iKH

SBKLOLSRQ 5RPDLQoSXOGLQI $SXWRPDWLRQ &RQWURO 6\VYV
$FFHVVHG 20i8B/, ffrrr Xr iib2Mb2 X +QKf#HQ; f#mBFL
KM ;2K2Mif# +b@2M2 ;v@ 2mf

SLFNHULQJ %U\Q )UDQFHVFR /RPEDUGL DQG 6WHIDQ 3IH(
WR HOLPLQDWH IRVVLO IXHOV DQG UHDFK FDUERQ QHXW
VA\VWHP-RX®@H SS + ,661 RYyZ,RyRefDXDQmH:
Kykk Xy8 X@pN?iiTh,ffrrrXb+B2M+2/B 2+iX+QKfb+B2M+2f "i
ak89k9j8Rkkyykjed

6HWOKDROR 'LWLURDQG ;LDRKXD ;LD S&RPELQHG UH
VWUDWHILHV ZLWKFRRUGLQDWQRAHD@Q® WHRQPRL-RXQ QO
SRZHU (QHUJ\6\GWHPVW ,661 RYXRyRefDXBD2T2t
KyReXyRXgRe&iiTh,ffrrrXb+B2M+2/B 2+iX+QKfb+B2M+2f "il
ayR9kyeR8ReyyyRds

6KDEKD * ) %DUEHU DQG 3 /D\FRFN 3$ TXDOLWDWL
VPDUWKRPHVDQGHQYLURQPHQWDOO\EHQHILFLDO WHFI
HPLVVLRQ WERDIHW DQQ@ 6 XVWDLQDEOH %99S OW+(QYLARQP
RyXRRy3fa a"1@yd@kykR@ yRRk

6LQWRY 1LFROH' DQG3 :HVOH\6FKXOW] 3$GMXVWDE
6PDUW +RPHVORUH6XXWWODQOEGEO LM\ &5iTb,ffB/2 bX
"2T2+XQ ;f f; KfDbmbi fpNvkyRdB9Tekk@/NeyRdX?iKH

6WHLQEHUJ 'DQLHO HOHBOW ULXIOADWLRQ 'HFDUERQL]DWLF
HUJ\B8VHDQG *UHHQKRXVH*DV (PLVVLRQVLQG6FHQDULRYV
3RZHU 6HFWRU 'HFDHER QLRABWLRQ 73 $ 15(/ LV D Q
ODERUDWRU\ RIWKH8 6 '"HSDUWPHQW RI (QHUJ\ 2IILFH R
(QHUJ\2SHUDWHG E\WKH $OOLDQFHIRUBXVWDLQDEOH (Q
FRVWIURPWKH1IDWLRQDOS5S5HQHZDEOH (QHUJ\/DERUDWRI

&RQWUDFW 1R '"( $& *2 IDWLRQDOS5HQHZDIETOH (QH
ffrrr XM 2HX;QpfTm#HB+ iBQMb
7HMHUR *yPH] - $ DQG$ $ %D\RG 5XMXOD 3(QHUJ\PD

HQWHG IRUHQHUJ\FRVW RSWLP L]DWIQRHQ U QUHOLHOFGAL QLI Z |



8. 3RZHU 1IHWZRUNWMRZHU 1HWZRUN V$FFHY VIHEG D 8.
3RZHU 1HWZRENVYb8BImMFTQr2 M2irQ ' FbXQT2M/ i bQ7i X +(
?2QK2f

:LQNOHU +DUDOG DQG $QGUHZ ODUTXDUG 3&KDQJLC
HOQHUJ\ LQWHQVLYH WR ORZ FDUER Q GIERMW R \DLAG6'RIX'\M R |

SS + 'Ry Xjdejf+/2pXkyyNXyyyj

=XSDQpLp ' O /X&WUHN DQG O *DPV STUDGH 211 %HV

DQG &RPIRUW ([SHULHQFH LQ GPRPWAD WXRQGFHFKGROR J\ ¢
SS +






$ $33(1',; 8VHUTXHVWLRQQDLUH
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