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Abstract

Microgrids are localized, independent power grids that can operate while
connected to the larger electrical grid. These systems make intelligent decisions regarding
power management and use an array of components to monitor power generation,
consumption, and environmental conditions. While this technology can save end users
money, the complexity of installation and maintenance has limited the adoption of
microgrids in residential spaces. To simplify this technology for end users, the next
evolution of microgrid components includes sensors that are wireless and ambiently
powered.

Even with a microgrid installed, significant energy is wasted in residential spaces.
To address this loss, energy harvesting circuits can be incorporated into microgrid
sensors, enabling them to recapture otherwise wasted environmental energy. Light, heat,
radio frequency (RF) energy, mechanical energy, and 60 Hz noise from power lines are
all abundant in most residential spaces and can be harvested to power microgrid
components. Equipping microgrid sensors with energy harvesters simplifies the end user
experience by eliminating the need for cable routing. Implementing energy harvesting
techniques results in a microgrid that is easier to deploy, cleaner, and requires less
maintenance.

Developing this type of sensor is not only feasible, but sensible and can be
constructed using off-the-shelf components. My research led me to conclude that the
most effective strategy for designing an energy harvesting sensor is to combine energy
harvesting technologies with battery power. By delegating smaller loads away from the

harvesting integrated circuit (IC), its full harvesting potential is utilized, maximizing



energy collection for the power-hungry transmitter. Simultaneously, a small coin-cell
battery can sustain the remaining components, ensuring over a decade of functionality.
This thesis explores the feasibility and design of a hybrid battery and energy harvesting
sensor. The developed system block diagram allows for the swapping of components
within each block, catering to the varying needs of the end user. The system is data and
energy-aware, allowing it to make intelligent decisions regarding data transmission and
enable communication as reliable as that of a traditional wire-line powered sensor.

The hybrid sensor module underwent testing with a small monocrystalline solar
cell as its energy source, delivering consistent power throughout the testing period. It
accumulated surplus energy in a super capacitor storage unit, ensuring the system’s
reliable operation even at night when the energy source was not available. While the tests
utilized a photovoltaic (PV) cell, the design accommodates any energy harvesting source

that can generate a minimum of 40 uW of power.
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Chapter 1: Introduction

1.1 Microgrid

Since the electrical grid was created, the supply of electricity has been required to
meet the demand of the load connected to it. Not every device is connected to the grid at
the same time, but the electricity supply is always available to accommodate periods of
peak load throughout the day. Electricity not used during off-peak hours is wasted.
Though excess energy can be stored in batteries, it is more efficient to use it immediately.
Microgrid technology shifts the paradigm of an energy supply that must match the
demand, to that of an energy demand that attempts to match the supply [1], [2]. Rather
than expecting the grid to keep up with increasingly high peak loads, it makes more sense
to match demand with the amount of power available whenever possible.

On a residential scale, a home controller connected to smart plugs can regulate the
status of various power-hungry devices [3]. In residential spaces, there are devices which
must remain on to maintain the comfort of the resident. These include HVAC and
lighting for example. There are also “discretionary” devices, which can be powered on
and off intermittently throughout a day without greatly affecting the home environment.
Dish washers, clothing washers and dryers, refrigerators, and electric vehicles fall into
this category. By making some predictions about the availability and price of electricity,
a home controller can create an “optimum load shape” that governs which devices should
be on at different times to use the energy available most effectively [4]. These predictions
can be based on the day-ahead and real-time energy market, as well as the time of use

(TOU) tariffs, which attempt to incentivize individuals to use more power during off-
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peak hours. An automatic load management system can drastically reduce peak loads and

save money by using electricity when it is cheaper [5], [6], [7].

/ HVAC

Thermostal/Temperature

Other Energy
rce

B

Energy Source/Generation

Monitoring/Sensing/Control

Loads and Distribution

Fig. 1. Residential microgrid architecture

The concept of microgrid encompasses the evolution of the power grid into a
next-generation system, featuring enhanced power management through the integration
of advanced communication technologies and capabilities for increased control and
efficiency [3]. While the terms “microgrid” and “smart grid” (used interchangeably)
cover various domains, the aspect of energy management in residential spaces remains
relatively under-adopted [3]. Fig. 1 shows the basic flow of a smart grid system. The
primary objective of my research is the implementation and proof-of-concept of using
energy harvesting to power microgrid components. Specifically, the project investigates
the effectiveness of energy harvesting technologies within residential microgrid systems
in reducing labor for the end user. The goal is to show that components that leverage
energy harvesting are easier and quicker to install, thus encouraging the adoption of

residential microgrids.
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Although I believe that many devices within the monitoring, sensing, and control
section of a residential microgrid could be powered with energy harvesting, my research
focuses on sensing because these devices add the most value to the system and benefit the
most from energy harvesting [8]. With the implementation of microgrid technology into
home energy management systems [HEMSs], the energy supply paradigm shifts from one
that must match instantaneous demand to one that can now attempt to match to the
supply. It is more practical to match the demand with the available power rather than to

expect the grid to keep up with increasingly high peak loads [1].

1.2 Energy Harvesting

Energy harvesting refers to the method by which electrical energy is captured
from surrounding environmental sources and then stored. Typically, solar, thermal,
mechanical, and wind energies are the primary ambient energy sources used in energy
harvesting processes [9]. A major advantage of energy harvesting is the ability to power a
network of devices without drawing additional power from the grid. This approach not
only reduces the energy consumption of the system but also enables easier, faster
deployment and installation in hard-to-reach spaces, as it eliminates the need for wires.

Energy harvesting components also mitigate reliance on battery storage
technology. The harvested energy can either be consumed immediately or stored in a
supercapacitor until the required amount has been collected. Supercapacitors do not need
frequent maintenance or replacement after long periods, unlike traditional batteries,
significantly reducing the total cost of ownership and maintenance necessary for the
microgrid system. However, batteries have much higher specific energy capacity

compared to supercapacitors, making them more appropriate where longer-term storage
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is necessary. While the optimal energy storage method may differ based on the
application, my results show that a system powered with a supercapacitor can operate as

robustly as a system equipped with a lithium-ion battery.

1.3 Thesis Questions
The exploration of energy harvesting within residential microgrid systems is
guided by several questions that form the foundation of this thesis. These inquiries
explore the potential and viability of ambient energy sources and seek to determine the
practicality of powering microgrid sensors exclusively through harvested energy. The
main questions | aim to answer are as follows:
1) What types of ambient energy sources are available in residential spaces and
which provide the highest energy density?
2) Isit possible to reliably power a microgrid sensor using energy harvesting?
By addressing these questions, my research reveals the feasibility and efficiency of
integrating energy harvesting technologies into home energy management systems. This
investigation is crucial for advancing our understanding of sustainable energy solutions

and their role in reducing dependency on the traditional power grid.

Chapter 2: Background

2.1 Situation Analysis

As the global population continues to grow, so does the planet’s energy needs.

Current population estimates of 8.1 billion people are projected to surpass 9 billion by

15



2050, driven by increasing global industrial development [10], [11]. This growth is
closely linked to the demand for energy, which varies with a country’s infrastructure and
industrialization [10]. Notably, global household consumption, constituting nearly 30%
of total energy consumption, aligns with the pace of gross domestic product (GDP)
growth [11]. According to another study, public energy consumption represents about
30% of the global consumption in western countries, and home consumption represents
about 18%, a sufficiently large percentage to warrant the application of new technologies
for more efficient control and management of this energy [3]. According to the 2023
Annual Energy Outlook report of the U.S. Energy Information Administration, residential
electricity consumption is projected to increase between 14% and 22% by 2050 [5], [12],
[13].

The primary objective of the traditional grid is to serve customers through a
unidirectional system, consisting of four key components: production, transmission,
distribution, and consumption [14]. Substantial residential energy consumption and its
capacity for demand response [15], [16] have prompted the U.S. government to
significantly stress the importance and need for demand response efforts among
residential customers [17], [4]. In the U.S., the average age of power-grid transmission
lines is above 50-60 years [8], [18]. To avoid blackouts and power disruptions, and to
guarantee reliability and efficiency, it is essential to update the grid by modernizing and
incorporating smart technology [14]. Addressing the challenges posed by aging
infrastructure, population growth, and escalating energy needs, residential microgrids

emerge as a viable solution.
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Microgrids aim to enhance the efficiency, reliability, safety, sustainability, and
flexibility of electrical energy systems, encompassing generation, transmission,
distribution, and end-use consumption. Moreover, the smart grid seeks to integrate
renewable energies into these systems [19]. This transformation could bolster global
energy security, support the continuation of economic growth, and address environmental
issues, including climate change. As the pursuit of greener, more efficient solutions

persists, the demand for energy harvesting technologies increases [13].

2.2 Literature Review

2.2.1 The Value of Microgrid

The initial inquiry to address is the rationale behind microgrids and existing
research surrounding them. Numerous studies highlight the benefits of microgrids, with a
significant focus on the advantages of large-scale or commercial implementations. Due to
the difficulties, time, and costs involved in securing cooperation from individual end
users, the trend has shifted towards utility-level microgrids rather than those at the
residential level. Yet, with the continuous rise in residential demand, the capability of
utility-scale microgrids to regulate electrical loads is becoming increasingly constrained.
Furthermore, the value proposition for end users is increasing. According to S.
Damodaran and B. Sridharan, “The prime task of the smart grid is to manage the power
demand and the power supplied during the peak conditions at least possible cost.” [6] The
study explores the development of a systemwide framework to coordinate demand

response of residential customers in a smart grid.
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P. Diefenderfer, P. M. Jansson, and E. R. Prescott delve into the advantages of
real-time sensing and monitoring of power characteristics, and how this data, when fed
into control systems designed to optimize the grid, improves efficiency. They highlight
the system’s capability to track energy flow, utilize cloud communications, and leverage
embedded sensors to manage energy costs and make forecasts, ensuring renewable
energy is used in the most cost-effective manner. They propose that “Such an integrated
and predictive system can also store thermal energy inaugurating a paradigm shift from a
‘demand response market’ to one that becomes an ‘availability responsive market.”” [1]
In a similar vein, Amir Safdarian, Mahmud Fotuhi-Firuzabad, and Matti Lehtonen
explore the “demand response coordination problem,” highlighting the strategic

coordination necessary to address it [4].

S. Nunez, M. Kabalan, P. Singh, and V. Moncada evaluate a prospective
microgrid system for the La Kasquita Community in Nicaragua. Their evaluation
includes an overview of the community’s economic activities, educational background,
and potential electricity usage per household. The paper also highlights community
interest in such projects and reviews similar initiatives in the region. Additionally, it
conducts an analysis of the community’s hydro, wind, and solar energy potential relative
to its energy needs. The conclusion of the paper proposes a model designed to fulfill the
community’s energy requirements [20]. In another study, these authors emphasize the
importance of proper design, construction, and operation of microgrids, underscoring the
need for knowledge and expertise in electrical engineering. The paper shares insights
gained from the commissioning of an industry-grade microgrid, which was achieved with

the involvement of undergraduate and graduate students [2].
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Hanaa Talei et Al. explore campus-wide microgrid systems, compiling data from
seven different university microgrids. The Illinois Institute of Technology Microgrid
entitled “Perfect Power” aimed to create a microgrid model that could be used throughout
the country and reduce the peak demand at the university by at least 20% [14].
Meanwhile in 2011 when Japan experienced a magnitude 9 earthquake, the Sendai
microgrid operating on Tohoku Fukushi University successfully supplied uninterrupted
power to hospitals and nursing care facilities, which were in dire need of both electricity
and thermal energy. Learning from this, Japan committed to developing a range of
diversified energy source microgrids across the nation, aiming to maintain energy supply
during disasters [14], [21]. These case studies all highlight the value proposition of
microgrid technology. “The electrical grid needs to be intelligent, reliable, and flexible in
coping with the increased peak demand, to avoid brown outs and black outs, as well in
integrating distributed energy resources such as solar and wind to avoid building big

centralized generators.” [14]

While the aforementioned studies have focused on large-scale microgrid,
Francisco J. Bellido Outeirifio et Al. explore the advantages of residential-scale in-home
power management systems based on wireless sensor networks (WSN). While it is
common to concentrate solely on achieving maximum energy savings through large-scale
energy management systems, managing small devices across numerous households can
yield significant benefits. Francisco J. Bellido Outeirifio captures this sentiment by
stating, “Plugging in a device is so simple and routine that we’ve overlooked the energy
cost it incurs, both economically and socially” [3]. The study delves into the development

and assembly of a mains-powered sensor module aimed at home energy management,
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capable of measuring the instantaneous power of residential loads, as well as temperature
and light levels. Data collected by the module is transmitted to a distinct controller
module via a ZigBee transmitter, which then oversees the management of residential

Alternating Current (AC) loads.

M. Erol-Kantarci and H. T. Mouftah further underscore the importance of
managing energy in residential settings. Their research focuses on the effectiveness of an
in-home energy management (iIHEM) application. It compares IHEM’s performance
against an optimization-based residential energy management (OREM) system, designed
to lower energy costs for consumers. The findings demonstrate that iHEM not only cuts
energy expenses but also diminishes the consumers’ contribution to peak load, lowers the

household’s carbon emissions, and achieves savings nearly equivalent to those of OREM

[5].

2.2.2 Sensors in Microgrid
The previous section established the value that microgrids offer. “Use of
intelligent control and power management is one of the crucial points for the microgrid
operation” [22]. At all levels, sensor nodes enable microgrid systems to make intelligent
decisions. The next step is to establish the importance of and requirements for an

effective microgrid sensor.

Masanobu Honda, Takayasu Sakurai, and Makoto Takamiya had the following to
say regarding their 2015 study of a power line energy scavenging sensor. “In the building
energy management system (BEMS), sensor nodes are required to monitor the indoor

environment (e.g., temperature, humidity, and illuminance) and the measured data are
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used to control the air conditioning and the lighting of the building for reducing the
energy consumption. The requirements of the sensor nodes for BEMS are: (1) low cost

installation, (2) low operational cost, and (3) stable and continuous monitoring” [23].

Vehbi C. Gungor, Bin Lu, and Gerhard P. Hancke highlight the significance of
intelligent sensors in their study on the prospects and challenges faced by wireless sensor
networks in the smart grid, stating, “Intelligent and low-cost monitoring and control
enabled by online sensing technologies have become essential to maintain safety,
reliability, efficiency, and uptime of the smart grid [8].”” Similarly, Shivangi Verma and
Poonam Rana emphasize the need for effective sensing and communication within
microgrids, noting, “Smart grid environments require high standard of consistent
communication technologies to support various types of electrical services and
applications” [7]. The critical role of smart sensing technologies is further reinforced in

references [24], [25], [26], [27].

Consequently, it is imperative to ensure that these technologies are designed for
straightforward integration. “Due to various services provided by an EMS, the integration
of the system into a microgrid will result on the exchange of huge amount of data to

make important decision and ensure that the microgrid is operationally stable” [14].

2.2.3 Energy Harvesting
Implementing energy harvesting can help ease sensor integration and reduce
system maintenance by eliminating the need for batteries, thus contributing to
maximizing the effectiveness of microgrid systems. Energy harvesting technology is not

a new concept. J. A. Paradiso and T. Starner highlight how the history of energy
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harvesting traces back to the water wheel and windmill, with viable methods for
capturing energy from waste heat or vibration existing for several decades. “Exploiting
renewable energy resources in the device’s environment...offers a power source limited
by the device’s physical survival rather than an adjunct energy store.” [28]

Batteries are the main power source for most low-power remote sensor devices
and embedded systems. However, batteries have limited lifetimes and need to be replaced
periodically. This replacement cycle introduces challenges, not just in terms of cost and
maintenance but also regarding environmental impact due to battery waste.

By integrating energy harvesting technologies into electronic devices, they can
operate independent of human intervention. As L.-G. Tran, H.-K. Cha, and W.-T. Park
note, “By applying power harvesting technologies, devices and equipment can become
self-sustaining with respect to the energy required for operation, thereby obtaining an
unlimited operating lifespan. Thus, the demand for power maintenance will become
negligible.” [29]

This sentiment is echoed by H Pavana and Rohini Deshpande in their observation
that one of the primary limitations of wireless sensor nodes is the finite lifetime of
batteries, which deplete over time. “Energy harvesting techniques can be used to
overcome this constraint and has the ability to make wire