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Abstract 
 

Renewable energy has long been seen as a way to alleviate reliance on fossil fuels, this 

has become even more imperative as the frequency of natural disasters has increased, and the 

consequences of climate change have become more abundant. However, renewable integration is 

not a straightforward process as many factors, such as geography, resource availability, cost, 

legislation, climate, and the stochastic nature of renewables play a factor in what sources can be 

utilized and in what quantities. Regions cannot go to 100% renewables overnight; a more 

realistic approach would be to blend already existing grid infrastructure with sustainable energy 

sources. Because the current grid infrastructure was not initially designed to handle renewable 

integration, it is important to understand how sustainable sources can work with existing 

infrastructure. This research proposes a potential testbed to study the effects of how homes can 

become prosumers to not only lower costs and integrate renewable energy, but to also provide 

resilience to the power grid. A real-time model is examined to show the potential for a home to 

produce and sell energy in the current grid as well as how this idea can be integrated into the 

current grid infrastructure. In addition, a renewable energy marketplace is explored to understand 

how energy vendors and consumers can interact in real time. 
 

Keywords: demand response, battery energy storage, state of charge (SOC), energy trading, 

resilience 
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Chapter 1 

 

1 Introduction 
 

As more renewable energy and technologies take part in power production, the current 

power grid infrastructure finds itself to be obsolete and unable to efficiently handle growing 

energy demands [1]. In 2009 it was determined that the average age of a US power plant was 

over 30 years, while transmission lines and power transformers averaged an age of 25 years and 

40 years, respectively [2].  Maintaining the power grid is costly, outages related to weather can 

cost upwards of $50 billion annually, and these numbers only look to increase as climate change 

contributes to more severe weather patterns [2,3].  

In 2009, The American Recovery and Reinvestment Act contributed $4.5 billion dollars 

to modernization of the power grid [3]. A study at the University of Texas-Austin estimated the 

current value of the grid to be around $2 trillion, while replacing it would cost roughly $5 trillion 

[122]. And due to the destructive nature of fossil fuels on climate change, there is a push for 

further renewable energy penetration into the current grid infrastructure. However, issues arise 

when trying to incorporate new renewable energy sources and technologies with the current 

power infrastructure. Photo-voltaic (PV) and wind systems create a scheduling issue due to their 

intermittent nature [4]. Integrating renewable energy sources also creates issues related to 

voltage stability, and in the case of wind turbines, synchronizing wind farms with the power grid 

[5]. Other issues with renewable integration include the costs of installing renewable energy 

systems as well as political aspects relating to topics such as subsidies and environmental impact 

[6]. Legislation related to renewable energy integration varies from region to region in parts of 

the world, and there is not a concise set of parameters on how to set up renewable energy 

systems. However, renewable energy can play a role in the current grid infrastructure. 

Countries such as the US are finding it difficult to adapt to modern day electricity 

demand using electrical grid infrastructure that was mostly designed and built in the 1960’s. 

Power plants find themselves running at 47% of their output capacity [7]. Generators will often 

run below rated capacity to provide spinning reserves, which are brought online when 

contingencies occur in the grid such as frequency changes and blackouts [8]. However, these 
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reserves make power plants inefficient and can be costly when higher cost generators are needed 

to deal with contingencies [9].  

The following research provides a simulated energy market where decentralized clients 

can trade energy in real time. The simulations allow for multiple scenarios to be tested, some 

include, emergency markets, demand response, microgrid to microgrid interaction, and a 

potential testbed to test the feasibility of energy monitoring devices.  
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Chapter 2 

 

2 Types of Power Grid 
 

2.1 Grid Background 
 

The beginning of the power grid in the US dates back to the late 19th century when the 

first distribution systems were built in New York and New Jersey in 1882 using DC current 

systems. In 1896, AC current allowed for the transmission of energy over longer distances and 

was implemented in Buffalo, New York. By 1914, 43 states had regulatory commissions 

involved with the generation of electricity. During the 1960s the cost to produce electricity fell 

and the amount of high voltage transmission lines tripled [10]. 

As the infrastructure expanded in the US, so did the amount of legislation meant to 

control and manage its growth. In 1935 the Public Utility Holding Company Act (PUHCA) 

allowed for vertically integrated monopolies while allowing for transmission, generation and 

electrical rates to fall under state jurisdiction. 1978 saw the Public Utility Regulatory Policy Act 

(PURPA) forcing utilities to buy from non-utility companies. In 1992, the grid became more 

complex when the government passed The Energy Policy Act (EPACT) allowing generators to 

get access to transmission grids while paying the same rates that the utilities would pay, for the 

same service [10]. More recent legislation that increased and expanded the use of the US power 

grid [10]: 

 “Order 888 implemented open access to the transmission systems owned by public 

utilities” 

 “Order 889 implemented the OASIS to provide transmission customers with on-line 

information about available transmission capacity, prices and other information to 

implement open access transmission service, and established the FERC Standards of 

Conduct to functionally separate the transmission and wholesale merchant functions of 

public utilities.” 
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 “Order 2000 encourages transmission-owning utilities to form Regional Transmission 

Organizations (RTOs), which are given the task of regional planning, pricing and 

creating a market for wholesale power.” 

 “Order 2003 established standard rules for interconnection of generators larger than 20 

MW to the transmission system.” 

Growth in the US population required a need to expand the power grid, with grid expansion 

in the 20th century mainly relying on vertically integrated utilities generating power and serving 

end use customers. However, as previously installed infrastructure has begun to age, and the 

need for electricity continues to increase with an emphasis being put on renewable energy 

sources, a more resilient and reliable future grid system is deemed as necessary, leading to calls 

for a more decentralized grid system. 

Distributed and decentralized systems have been closely associated with computing. Paul 

Baran authored “On Distributed Communications: I. Introductions to Distributed 

Communications Networks,” in 1964 focusing on how distributed networks would communicate. 

Inspiration for his work came from the cold war scenario that after a nuclear attack, military 

facilities would need to be without a centralized communications network. “Baran envisioned a 

network of unmanned nodes that would act as switches, routing information from one node to 

another to their final destinations. The nodes would use a scheme he called “hot-potato routing” 

or distributed communications [12].” Figure 2.1 shows how Paul Baron imagined a 

decentralized network as compared to a centralized and distributed network [22]. 
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Baran’s ideas would later be a basis for the development of the internet. The idea of 

distributed/decentralized networks was the basis for the invention of the blockchain mentioned in 

the Bitcoin white paper by Satoshi Nakamoto in 2008. 

Paul Baran’s ideas are now being applied to future power grid systems as a way to 

implement renewable energy into a more resilient grid. 

NREL has placed emphasis on what they term Autonomous Energy Grids (AEG) as a 

way to plan the future grid, so that it can become a, “network of technologies and distributed 

controls” that allow for bi-directional energy transfer, which can “manage a growing base of 

intelligent energy devices, variable renewable energy, and advanced controls.” AEG imagines 

groups of microgrids acting as cells that work with other cells within the grid to find their best 

operating conditions and ensure the overall health of the power grid [11]. 

 

 

Figure 2.1 Paul Baron’s imagined decentralized network. 
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2.2 Need for Decentralization  
 

2.2.1 Issues arising from current grid 
 

Traditionally, expanding the power grid meant expanding transmission lines and adding 

associated infrastructure to current infrastructure that comes from a centralized point, usually in 

an urban area. Expanding the grid, especially to more rural areas can be costly both financially 

and from a technical standpoint, some issues include, but are not limited to: 

 High costs needed for infrastructure usually requiring government subsidies and low odds 

for a recovery of investment [13] 

 Transmission shortcomings associated with poor management and planning [13] 

 Insufficient generation due to reliability issues [13] 

 High costs for energy, especially to areas that are more rural with smaller populations 

[13]   

Gretchen Bakke, a Senior Fellow at the Institute for Advanced Sustainability, mentioned in a 

NPR interview that, “we're relying on an electrical grid that's increasingly unstable, 

underfunded and incapable of taking us to a new energy future [14].” 

The US experienced 5 or fewer outages per year that would be considered “significant” 

between 1950 and the 1980’s. In 2007, the number of “significant” outages experienced was 76 

with that number jumping to 300 in 2011 [14]. As of March 2017, the US power grid was found 

to contain [12]: 

 Approximately 19,000 generators 

 55,000 transmission substations 

 Over 640,000 miles of high-voltage lines 

 Over 6 million miles of distribution lines 

However, in 2015, the US Department of Energy found that many components of the current 

power grid were 25 years or older, some examples include [7]: 

 Transformers: 70% are 25 years, or older 

 Circuit breakers: 60% are 30 years, or older 

 Transmission lines: 70% are 25 years, or older 
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The Long-Term Reliability Assessment (2021) by NERC found that, “all interconnections 

will face increasing reliability issues over the next 10 years, California, parts of the 

northwestern and southwestern United States and the Midcontinent Independent System 

Operator (MISO) areas, in particular, are projecting capacity shortfalls and periods of 

insufficient energy due to declining reserve margins and generator retirements [21].” 

According to the EIA, investments in capital, “accounts for the largest share of distribution 

costs as utilities work to upgrade aging equipment." FERC noted that the regions that saw the 

largest increase in distribution costs were urban centers in the US, cities such as Chicago, New 

York City, San Francisco, Boston, and Philadelphia [15]. 

The problems of the aging US power grid are exacerbated by the long-term effects of climate 

change. Outages due to heat occurred on the west coast in 2021 while Texas had outages due to a 

cold front in the same year (February 2021) that saw millions of residents lose access to 

electricity [16,17].   

Some of the largest blackouts in US history were caused by weather, with 9 of the top 10 

being caused by hurricanes with Hurricane Maria (2017) being the worst on record [18].  

A Washington Post article from 2021 noted, “The American grid features stressed and often 

barely adequate equipment on the local level, and a region-by-region governing structure that in 

pursuit of market savings has become so complex that it obscures the full picture. But perhaps 

the central issue is chronic congestion on the transmission lines that bring power from where it’s 

made to where it’s wanted [16].” 

 

2.2.2 Need for Change/Solutions 
 

From the US Department of Energy, “Today’s electric grid is aging and is being pushed 

to do more than it was originally designed to do. A 21st century grid must be flexible and 

smarter as our energy mix continues to change, with a focus on shifting toward sustainable 

renewable energy sources like solar and wind. While adding clean energy capacity, we must also 

secure the power system against hackers, foreign actors, and natural disasters, that are 

becoming more frequent and extreme because of climate change [19].” 
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Some of the highlighted solutions provided by the US Department of Energy include various 

technologies and infrastructure associated with a more decentralized grid model [19]: 

 “Microgrids are a self-sufficient group of energy sources, like solar or wind, that support 

the energy needs of a local footprint, like a college campus or hospital complex. 

Microgrids can disconnect from national infrastructure to continue to operate while the 

main grid is down. Because of this, microgrids can strengthen grid resilience, decrease 

power outages, and provide energy resources for faster system response and recovery.” 

 “Demand Response is a consumer’s reaction to a high demand for electricity. By 

limiting or postponing power consumption, during a time of high demand, consumers can 

help utilities manage increased strain on the grid. Some utilities provide consumer 

rebates for demand response.” 

 “Advanced Metering, or smart metering, lets consumers know how and when they are 

using electricity so they can reduce their usage. Advanced metering could also help 

consumers reduce their electric bills by making them aware of periods of time that have a 

higher cost of electricity.” 

 “Grid Scale Energy Storage Devices can help utilities continue to provide power during 

peak loads, when the grid may not be able to support all power needs. These devices can 

store electricity generated from carbon free sources so it can be used when it is needed 

most.” 

 “Grid Hardware is critical for carrying, converting, and controlling power. Most of the 

grid modernization efforts have been focused on advanced digital information and 

communication technologies, but the physical equipment necessary to move power needs 

to be updated as well.” 

The Office of Electricity Delivery and Energy Reliability (OE) highlighted what they 

believed to be necessary technologies and techniques for grid modernization and enhanced 

resilience [20]: 

 “Integrate variable renewable resources and other new technologies that are centralized 

and distributed” 

 “Meet customer demands for high- quality power with high reliability in the face of 

growing threats” 
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 “Enable customers to participate in electricity markets and manage their energy 

consumption” 

 “Facilitate the growing convergence of information and communication technologies 

with electricity control systems” 

 “Manage aging grid assets, provide new and better capabilities, and reduce costs” 

Many of the aforementioned solutions and goals by the US Department of Energy and the 

Office of Electricity Delivery and Energy Reliability make mention not only of infrastructure 

improvements, but a more decentralized grid architecture allowing for a more flexible and 

resilient power grid where utilities are no longer the only participants. A main takeaway is that 

customers can become more involved in grid stability. 

 

2.3 Decentralized Grid Research 
 

There has been research related to grid decentralization and many of those works studied 

how renewable energy sources would be key components of these decentralized grids. A sample 

of some of these works are below:   

 

Least-cost network evaluation of centralized and decentralized contributions to global 

electrification (Levin and Thomas) [102] 

   

Levin and Thomas looked at the costs associated in choosing between centralized and 

decentralized power distribution in countries based on population density. They found that in 

sparse populations such as sub-Saharan Africa, that populations could benefit from a 

decentralized power infrastructure.   

 

The double-edged sword of decentralized energy autonomy (McKenna) [103] 

  

Decentralized networks have mostly been associated with sources of renewable energy 

due to the fact that many renewable sources, including PV and wind, are usually on-site systems. 

McKenna found that, “decentralized energy systems can avoid costly transmission network 

expansion and centralized generation capacity.” However, the flexibility associated with a 
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distributed grid requires monitoring, specifically, “the management of this flexibility is expected 

to require more Information and Communication Technology (ICT) than in the centralized case, 

due to the much larger number of plants and actors within the system.” McKenna also goes on to 

discuss the issues facing communities that look to create “energy autonomy.” McKenna defined 

energy autonomy as, “generation exceeding demand on an annual basis and are therefore less 

autonomous than without these technologies.” The issue facing energy autonomy were summed 

up as follows, “communities that strive for this ideal utilize the electricity network infrastructure 

more than traditional end of the pipe consumers. At the same time, they make a much lower 

contribution to the costs of this infrastructure, currently charged per unit of energy used, and 

often benefit from subsidized renewable energy technologies.” As communities strive for energy 

autonomy and further integrate renewable energy sources into their current power consumption 

profiles, it must be studied how this autonomy affects the larger power grid and transmission 

constraints.   

 

The role of decentralized systems in providing universal electricity access in Sub-Saharan 

Africa A model-based approach (Dagnachew et al.) [104]   

 

Dagnachew et al. found that there was a high correlation between poverty and a lack of 

access to electricity. Which is the case in sub Saharan Africa where over 66% of people do not 

have access to electricity. They found that, “central grid extension should be complemented with 

off-grid systems (mini-grid and stand-alone) to increase access in Sub-Saharan Africa.” This 

would allow increased access to electricity, especially in areas where consumption levels of 

electricity are low.   

 

Are the off-grid customers ready to pay for electricity from the decentralized renewable 

hybrid mini grids? A study of willingness to pay in rural Bangladesh (Alam and 

Bhattacharyya) [105] 

   

Bangladesh has been researching decentralized energy systems through renewable hybrid 

mini-grids (HMG). They found a willingness from customers to pay for electricity supplied by 
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HMGs due to an increase in the quality of energy provided, for example, more consistent 

availability. Therefore, they find it economically feasible to invest in these distributed systems.   

 

A survey on the development status and challenges of smart grids in main driver countries 

(Zhang et al.) [106] 

   

“Smart grids are among the most significant evolutionary developments in energy 

management systems because they enable integrated systems, including decentralized energy 

systems, the use of large-scale renewable energy and major improvements in demand-side-

management.” Zhang et al. found that many countries around the world are focusing on smart 

grids as solutions to existing problems facing a power grid, but depending on the region, the 

main drivers for smart grid development and implementation differ. “These promises include 

realizing two-way communication between users and grids, allowing users to manage their own 

energy production and consumption and providing more employment opportunities for the 

community. Second, there is a substantial problem in how power and utility companies 

communicate with users who have already installed smart meters.” 

 

A large amount of grid decentralization research makes mention of microgrids as a tool to 

incorporate smart grids and renewable energy, Chapter 3 goes into further detail on the role and 

use of microgrids. 
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Chapter 3 

 

3 Microgrids 
 

3.1 Microgrid Background 
 

From the Department of Energy, “Microgrids are localized grids that can disconnect 

from the traditional grid to operate autonomously. Because they are able to operate while the 

main grid is down, microgrids can strengthen grid resilience and help mitigate grid disturbances 

as well as function as a grid resource for faster system response and recovery. Microgrids 

support a flexible and efficient electric grid by enabling the integration of growing deployments 

of distributed energy resources such as renewables like solar. In addition, the use of local 

sources of energy to serve local loads helps reduce energy losses in transmission and 

distribution, further increasing efficiency of the electric delivery system” [23]. 

 

“Microgrids offer the opportunity to deploy more zero-emission electricity sources, thereby 

reducing greenhouse gas emissions.” 

 

Microgrids have the ability to incorporate more zero emission sources such as wind and 

solar due to many microgrids having a management system that allows the ability to manage the 

resources within the microgrid. The ability to incorporate energy storage has the benefit of 

helping with additional load balancing [24]. The zero emission sources also allow for low 

cost/clean energy solutions that are seen as essential to combating climate change [25]. 

 

“Microgrids can make use of on-site energy that would otherwise be lost through transmission 

lines and heat that would otherwise be lost up the smokestack.” 

 

Because microgrids utilize on site resources, transmission losses can become a non-

factor. On site sources that produce heat as a byproduct can have that heat recycled and be reused 

for HVAC, or water heating purposes [24]. 
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“Microgrids can improve local management of power supply and demand, which can help 

defer costly investments by utilities in new power generation.” 

 

A microgrid can work in tandem with the larger power grid to help alleviate congestion 

and manage supply/demand. Thus, leading to advantages such as lower electricity prices and 

reducing the need for a utility to invest in costly infrastructure [24]. Increased resilience and 

stability to regional grids is a benefit of microgrid implementation [25]. 

 

“Microgrids can enhance grid resilience to more extreme weather or cyber-attacks.” 

 

As mentioned in Chapter 1, the current power grid has trouble dealing with extreme 

weather events, a decentralized system of microgrids allows for more localized power 

production. Something about microgrids and cyber security. 

Microgrids are an opportunity to not only integrate more renewable energy sources, but 

to also reduce congestion in transmission lines due to their localized nature. This then allows a 

microgrid to be better adapted to the needs of its surrounding community. An added benefit of 

microgrids is that they can provide energy storage and ancillary services while allowing for a 

more competitive electricity market due to the fact that microgrids can become both consumers 

and producers of electricity for the larger grid. 

From the Microgrid Resources Coalition, “when properly designed, a regional power 

grid that combines both large central plants and distributed microgrids can be built with: less 

total capital cost, less installed generation, higher capacity factor on all assets, and higher 

reliability.” 

 

Because of the potential of microgrids, a lot of research has gone into exploring how to 

use them effectively, as well as how to build them. 

 

3.2 MG Research Growth 
 

Microgrid research has increased substantially in the last 20 years, a query of the IEEE 

online database displays a substantial increase of microgrid mentions in IEEE journal and 
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conference papers over the last two decades. Approximately 91% of those mentions were 

between 2010 and 2019. That number jumps to approximately 97% if you consider papers and 

journal mentions in 2020. Figure 3.1 shows the increase in MG mentions among researchers. 

 

 

MGs themselves have found multiple applications within the energy sector, including, 

but not limited to demand response (DR), droop control, cost optimization, incorporating 

distributed energy resources, energy storage, load shedding, and frequency control. Therefore, 

many aspects of microgrids have been studied and continue to be studied, topics range from MG 

architecture to management techniques. 

 

 

 

Figure 3.1: Increase interest and research in MGs. 
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3.3 Overview of various MG architectures 
 

3.3.1 Decentralized 
 

Decentralization of MGs allows for the elimination of single points of failure often 

associated with centralized architectures [26]. This in turn allows for increased reliability as the 

MG can continue operation even though one part fails [26]. A decentralized architecture can also 

reduce communication delays because all signals and commands can be perceived locally [27]. 

One study found that MGs have the ability to improve multiple aspects of the conventional 

distribution, including economic and environmental, by, “1) allowing for a massive pervasion of 

distributed generators; 2) sustaining the penetration of renewable power generators; 3) limiting 

power losses and atmospheric emissions; 4) improving the power quality and reliability [28].” 

 

3.3.2 Multi-Microgrid 
 

MGs have the ability to be connected to a main grid, as well as the ability to become 

islanded in cases of emergency where it is not possible to be connected to the main grid. 

However, uncertainties in factors, such as load demand, energy price, and distributed generation, 

have led to MGs being connected to each other to provide a way to combat grid uncertainties 

[29]. Connecting multiple MGs has the goal of minimizing operating costs, increasing 

performance and flexibility in islanding and improving overall grid reliability [29,30]. Therefore, 

optimal scheduling of resources between MGs is a large topic of research [31]. 

 

3.3.3 Hybrid 
 

Hybrid microsystems are another area of research that involves combining multiple fuel 

sources in a microgrid, usually renewable (PV, wind, etc.) and nonrenewable (diesel, propane, 

etc.). Hybrid microgrids find use in areas that are not easily connected to a main utility grid and 

require lower operating costs when it comes to producing energy [32,33].  
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3.3.4 AC/DC 
 

Due to the fact that energy sources are becoming more diversified and local, there is now 

a need to incorporate both DC and AC sources into MG systems. Combining and coordinating 

these sources is a large area of interest with a large focus on power management and control 

schemes [34,35,36]. 

 

3.4 Management Techniques 
 

3.4.1 Hierarchical Management 
 

Due to the multiple layers and components within a MG, hierarchical approaches have been 

developed to manage the modules. [37] presented a hierarchy control structure based on ISA-95 

standards consisting of the following 3 level hierarchy: 

1. The primary control is based on the droop method, including an output-impedance virtual 

loop. 

2. The secondary control allows the restoration of the deviations produced by the primary 

control.  

3. The tertiary control manages the power flow between the MG and the external electrical 

distribution system. 

They found that their system allowed for a scalable structure able to incorporate multiple 

MGs with varying local control systems. [38] stated that a community microgrid consisting of 

multiple MGs, “would enhance the reliability and the economics of the community power 

supply, as community loads are supplied by individual microgrids based on their rated f/V and 

individual microgrids would also supply backup generation for other microgrids in the 

community. Optimal power exchange would allow individual microgrids to reduce their installed 

capacity requirement which could be a critically beneficial issue in congested metropolitan 

communities.” They proposed a hierarchical structure containing multiple MGs that was 

simulated in both islanding and grid connected cases. They found successful power exchanges 

between MGs when a MG experienced a power shortage while also maintaining voltage and 

frequency ratings. 
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3.5 Incorporated energy resources 
 

Multiple energy sources are used in a MG and can depend on the size, location, 

economics, and overall purpose of a MG. Common DERs seen in a MG are diesel, PV, energy 

storage systems (batteries), wind, and hydroelectric. Certain rural communities may not be able 

to install PVs and wind turbines as PV and wind installations may need battery storage systems 

to provide a certain level of power quality. Certain rural communities that are near water sources 

may then turn to hydroelectric power sources [39]. 

ESSs provide a way to store excess energy produced by RESs and can provide functions 

that go beyond being a power source, these functions may include, “load leveling, power 

variation damping or transmission, and power quality improvement [40].” There are many 

factors that go into deciding which type of battery to use, however, a main factor is purpose, and 

this can depend on required discharge times, which can range in seconds for supercapacitors and 

flywheels, which are good for aiding in power quality and transmission, or pumped hydro 

systems that play a role in bulk power systems and have discharge times ranging in the time 

scale of hours. In between these two spectrums you can find lithium-ion batteries, lead-acid and 

NiCd [40].  

Diesel generators are typically employed in a MG, so that power can be provided in times 

where RESs cannot meet demand. However, even amongst diesel generation alternatives such as 

fuel cell generators are being proposed as a cleaner alternative to diesel fuel-based generation 

systems [41]. 

Even though microgrids show a lot of promise, they are not without their issues. 

 

3.6 Issues facing Microgrids 
 

From the Center for Climate and Energy Solutions, “Microgrids tend to integrate 

multiple energy technologies and unique circumstances into a single project, making them 

complicated and challenging for investors. Each project can comprise different electric 

generation types and sizes, serve a unique load, be situated in a unique geography and market, 

and be subject to unique weather variability and regulations. In addition, while tax credits and 

preferential tax treatment exist for some of these technologies, they differ by technology, region, 
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and ability of a developer to access. For example, solar and fuel cell technologies are eligible 

for a federal investment tax credit, but a municipality that does not have a federal tax obligation 

might not be able to use that credit. With so many variables, each microgrid project may require 

its own customized financial solution. 

Virtually all states lack even a legal definition of a microgrid, and regulatory and legal 

challenges can differ between and within states. Microgrids face three types of legal hurdles: (1) 

laws that prohibit or limit specific activities; (2) laws that increase the cost of doing business; 

and (3) uncertainty, including the risk that new law will be implemented to regulate microgrids 

and impose restrictions or costs not anticipated at the time of development or construction. Laws 

also can grant rights and clearly delineate obligations, facilitating development and financing, 

and making the project more attractive to potential customers [24]”. 

Like all newer technologies, microgrids have various barriers to implementation, 

however, the benefits of microgrids in many instances outweigh their potential drawbacks. 

Because of this, there has been a large amount of microgrid implementation in the US and 

around the world.  

 

3.7 Microgrid Implementation Overview 
 

3.7.1 United States 
 

The Edison Electric Institute (EEI) noted a tripling of US installed MG capacity between 

2014 and 2018. The increased research, testing and development of MGs around the world can 

be attributed to a multitude of factors. A 2018 report from the EEI mentioned that “falling costs 

of microgrid control technologies, increasing popularity of privately generated clean energy, 

and increasing efforts to enhance energy grid resilience” were all factors that led to the drive to 

increase the MG infrastructure in the US market. In addition, electric companies are involved in 

approximately 42% of the MG projects in 2018, which quadrupled the number of utilities 

involved in 2014 [42].  

As of 2021, 20 states introduced a total of 69 bills related to microgrid implementation 

and research [43]. From the US Department of Energy, “Microgrids have been identified as a 

key component of the Smart Grid for improving power reliability and quality, increasing system 



19 
 

energy efficiency, and providing the possibility of grid-independence to individual end-user sites. 

The DOE defines the microgrid as ‘‘a group of interconnected loads and distributed energy 

resources within clearly defined electrical boundaries that acts as a single controllable entity 

with respect to the grid [44].” 

Certain states such as Pennsylvania, New York and Illinois passed bills with the focus of 

developing specific microgrid projects. While states such as Michigan and Maine looked at 

policies that would allow non-utilities to partake in microgrid development [45]. In addition, 

state legislatures have also noticed issues in current grid infrastructures that could be alleviated, 

or fixed, by implementing microgrids. 

 

California 

 

“Enacted SB 350, which authorizes the state PUC to petition a court to dissolve Pacific 

Gas & Electric and appoint one or multiple successors to assume possession of PG&E’s electric 

and gas system. This comes after PG&E’s equipment has been blamed for sparking a number of 

wildfires due in part to inadequate investment and system management practices [45].” 

 

Connecticut 

 

“Updated and enhanced its emergency response requirements for electric utilities with 

the passage of HB 7006 [45].” 

 

Michigan 

 

Considered a “measure that would have required utilities to credit customer bills if 

customers remained without power for extended periods of time [45].” 
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New Jersey 

 

“Considered forcing utilities to reimburse customers for spoiled food or medicine that 

results from extended outages [45].” 

 

In addition, 44 states, the District of Columbia and Puerto Rico examined at least 1000 

measures related to emissions and clean energy. As of 2021, 10 states, including Puerto Rico, 

have some sort of legislation related to 100% renewable energy targets [45]. 

 

3.7.2 Global 
 

A report from Navigant Research shows that the annual growth rate of the global 

microgrid market is expected to be around 28% [46]. The global MG market is estimated to be 

$38 billion by 2026 [47]. 

Estimates have the global microgrid market being worth over $42 billion by 2026 with an 

annual growth rate of approximately 11% between 2021 and 2026. Grid connected microgrid are 

predicted to have the largest growth rate during the aforementioned time period due to the 

potential benefits a microgrid can have on a utility gird network, such as, but not limited to, 

improvements in power quality and enhanced grid resilience. One of the areas within microgrid 

expansion that will see the largest share of investment is hardware, devices that include smart 

meters and other monitoring devices. The Asia Pacific region is expected to contribute the most 

to the annual growth of microgrid investment between 2021 and 2026 [48]. 

The region of the world with the most MG capacity as of 2019 is the Asia Pacific region 

with over 9900 MW, followed by North America at over 8800 MW, and the Middle East/Africa 

region with just over 3600 MW. Most of the increase in MG in the Asia Pacific region is 

attributed to what can be considered “remote” systems [49]. 
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3.7.3 Sample of projects from around the world 
 

Europe 

 

The TIGON project in Europe is focusing on software and hardware for DC microgrids in 

Europe to increase renewable integration as well as integrating ancillary services into the main 

power grid. From TIGON coordinator Jesus Munoz, “This concept has been designed to assure 

the operation of DC grids in different modes, such as connected to the main grid or islanded, as 

well as to accommodate high shares of renewable energy.” He goes on to say, “This will enable 

smooth integration of DC grids within the existing electricity grid based mainly on AC.” Partners 

of the project come from Belgium, Bulgaria, Finland, France, Greece, Italy, Portugal and Spain 

[50]. 

The Lugaggia Innovation Community (LIC) Project - A project in Switzerland involving 

a kindergarten with solar rooftop panels to send electricity to ten surrounding homes. A focus on 

decentralized control and energy management. Blockchains are utilized [51]. 

 

RE/SOURCED - A community project in Belgium where a historical site is being transformed 

into a DC microgrid that incorporates renewables and storage facilities [51]. 

 

COMPILE - A project with pilot sites in Croatia, Greece, Portugal, Slovenia and Spain offering 

tools such as software for management and control of microgrids [51]. 

 

SCCALE 20-30-50 - Project that looks to push towards EU renewable energy goals by creating 

energy communities across Europe [51]. 

 

WiseGRID - Smart grids with prosumers taking part in the energy market. Demonstrations 

planned in Belgium, Greece, Italy and Spain [51]. 
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Asia 

 

As of 2019, China had over 50 grid tied microgrids and over 20 islanded microgrids used 

to test and demonstrate feasibility. China went so far as to test MG operations at the TaiShan 

Antarctic Research Station. Korea and Australia have also invested in microgrids research as a 

way to serve customers and add resilience to their current grid systems [52]. Microgrids are seen 

as a tool to increase economic growth in Asia and the Asia Pacific region [53].  

 

Africa 

 

Microgrids are seen as a way to provide power to a large part of the 600 million in Sub 

Saharan Africa that do not have access to modern electricity and help bring an end to large 

amounts of poverty in Africa [54,56]. In 2021, six MGs were developed in Nigeria under the 

Nigeria Electrification Project (NEP) to provide electricity to 5000 homes and 500 businesses 

[55]. PowerGen, seen as a microgrid leader in Africa, went from 60 deployed MGs in 2018 to 

193 by 2020 [56]. The Kenyan microgrid company SteamaCo is using renewable energy 

microgrids as a “pay-as-you-go” service to provide electricity to customers. Because there are 

many rural parts of Kenya, SteamCo can service certain areas and avoid confrontation with 

monopolistic utilities. 80% of Kenyans had cell phones before landlines, and SteamCo seems to 

be following that model in providing flexible microgrid solutions to a population where only 

30% have access to a reliable energy [57]. 

 

In addition to microgrids, there has also been research and legislation focusing on energy 

markets where energy can be bought and sold. How these energy markets are implemented and 

managed varies from location to location. Energy markets allow buyers and sellers of energy to 

interact, which is a core function of this research. Chapter 4 looks to give a background of 

current energy markets. 
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Chapter 4 

 

4 Energy Markets 
 

4.1 Regulated vs. Deregulated Markets 
 

4.1.1 Regulated 
 

In the early days of the US energy grid, energy was deregulated with local utilities 

competing for customers with the focus being on densely populated areas. Costs decrease as 

utilities build larger power plants to lower overall costs and meet demand. However, without 

regulation, how utilities produced and transmitted energy varied from utility to utility, which 

created large fluctuations in pricing and inconsistent service [60,61]. To counteract the 

aforementioned issues encountered in early energy markets, as well as potential unethical 

business practices committed by the large utility holdings, in 1935 the US government passed the 

Public Utility Holding Company Act (PUCHA), which provided the initial steps toward energy 

regulation in the US [61]. Regulated markets involve utilities with vertically integrated control 

over the local electricity market that involves all the entities and capital from electricity 

production to delivery. Approximately ⅓ of US utilities still operate under a regulated format 

[58]. Because utilities operating in a regulated market operate to what amounts as a monopoly in 

most cases, they are regulated they must answer to the state’s public utility commission (PUC) 

and regulations to ensure fair returns on investments and that the needs of customers are met 

while providing a “fair” rate for electricity prices [59]. State regulators require that utilities 

justify future investments and how they recoup the costs of these investments, which usually 

means passing the risks to the customers and adjusting the rates [59].    

 

4.1.2 Deregulated Markets 
 

The Great Northeast Blackout of 1965 left 30 million people in the US and Canada 

without electricity for over 12 hours. In response, the North American Electric Reliability 



24 
 

Council (NERC) was created to promote large-scale grid reliability in North America [61]. 

However, “NERC also made it possible for local energy monopolies to emerge, which sold 

energy at prices set by NERC regulators, resulting in a lack of competition and overcharged 

energy users [61].” Future events (energy crisis 70s) that affected the energy sector saw utilities 

investing in alternative sources of energy, which were then passed to consumers who had no 

other choice, but to pay the increased rates due to the fact that the utility was the only energy 

provider [61]. 

The creation of the Federal Energy Regulatory Commission (FERC) in 1977 allowed for 

the deregulation of energy markets in the US and left the decision to individual states in how 

they wanted their residents to be supplied with energy. In states implementing the deregulated 

market, the utilities still controlled the infrastructure related to delivery, however, energy users in 

some areas now had the option of choosing from multiple energy suppliers [61]. The deregulated 

markets led to changes in both the wholesale and retail markets. 

 

4.2 Retail vs. Wholesale Markets 
 

4.2.1 Retail 
 

In a deregulated retail market, a consumer has the option of buying from a number of 

electricity suppliers. This allows a consumer to choose a supplier that not only has a more 

competitive pricing scheme, but the supplier may better be able to better fit the power needs of 

the consumer and allow the consumer to choose a supplier with a model that better fits their 

ideals, for example, a larger green energy portfolio. Although an increased number of energy 

suppliers provides for competition and therefore competitive pricing, many suppliers require 

customers to sign a contract. A downside of contracts may be that they lock a consumer in for a 

period longer than they would like, and a fixed pricing model for multiple years may be 

detrimental if the cost of producing energy drops [58].  

 

4.2.2 Wholesale 
 

A deregulated wholesale market, the market determines the power suppliers rather than 

state regulators. In addition, electricity generation shifts from being solely the responsibility of 
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the utility and spreads that responsibility to other generation entities. Unlike a regulated market, 

the cost of future investment in power production lies more in the suppliers of electricity, rather 

than the consumers [58]. 

The role of grid operator was given to regional transmission organizations (RTOs), which 

manage the wholesale electricity markets, with the RTOs being overseen by FERC [58]. 

 

This research created an energy marketplace where buyers and sellers of energy can 

interact. One of the energy sources that can be bought and sold is battery energy storage. Before 

going into the details of the battery storage within the simulation, Chapter 5 will first give an 

overview of battery energy storage (BESS) as well as research related to it. 
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Chapter 5  

 

5 Battery Energy Storage 
 

According to National Grid, “battery storage technologies are essential to speeding up 

the replacement of fossil fuels with renewable energy. Battery storage systems will play an 

increasingly pivotal role between green energy supplies and responding to electricity demands 

[62].” 

Energy storage solutions are seen as a way to mitigate the stochastic nature of renewable 

sources such as solar and wind [62]. The energy storage market is predicted to be a $100 billion 

industry by 2025 with lithium-ion batteries making 60% of the market and vanadium flow 

batteries making approximately 30% of the market [63]. 

With advances in battery technology, prices have come down, however, there are still 

many questions on how these storage devices can be used in current and future power grids. 

From McKinsey, “research has found that storage is already economical for many commercial 

customers to reduce their peak consumption levels. At today’s lower prices, storage is starting to 

play a broader role in energy markets, moving from niche uses such as grid balancing to 

broader ones such as replacing conventional power generators for reliability, providing power-

quality services, and supporting renewables integration [64].” 

Energy storage can be deployed in both the grid and demand side. The benefits and costs 

of installing battery-based energy storage are highly reliant on consumer needs, such factors 

include, but are not limited to, region, energy rates, location, and the needs of the large grid [64]. 

From the market perspective, energy storage has values in some of the following areas [64]: 

 

5.1 Utility/Market Perspective 
 

Energy/Ancillary services 

 “Wholesale energy arbitrage” 

 “Frequency regulation” 
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 “Renewable energy firming and smoothing” 

 “Black start/voltage support” 

 “Load following” 

Capacity services 

 “Reserve capacity” 

 “Local capacity” 

 “Transmission and distribution investment deferral” 

 

5.2 Consumer Perspective 
 

Customer Rates 

 “Commercial and industrial customer demand charge reduction” 

 “Storage and solar self-consumption” 

Consumer reliability 

 “Power reliability and backup” 

 “Power quality” 

 

The installation of solar energy is seen as a precedent on how to begin predicting the impact 

of an increase in battery storage. Solar panel installations were spurred by the offer of favorable 

tariffs and programs that subsidized their installation. One program that came from solar panels 

was net energy metering (NEM), municipalities that offered NEM allowed consumers to sell 

back their excess energy produced from solar panels back into the grid at retail rates. Although 

NEM contributed to an increase in solar installation, the negative effects were felt the most by 

consumers that did not have solar installations. Due to the fact that utilities now had less 

consumers needing their energy production, they found themselves raising rates for consumers 

that still relied solely on the utility for their energy needs. The increase in rates was to recuperate 

costs that the utility had in grid and energy generation investment. Some municipalities ended 

NEM programs and utilities enacted different price structures such as time of use pricing (TOU) 

and demand charges, to disincentivize solar installations [64].    

However, when pairing energy storage with already existing solar installations, it is believed 

that consumers will further shift their demand away from the utility, putting more pressure on the 
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utility when maintaining the current grid, as well as consumers that do not have solar installation 

and energy storage systems. From McKinsey, “this presents a risk for widespread partial grid 

defection, in which customers choose to stay connected to the grid in order to have access to 

24/7 reliability, but generate 80 to 90 percent of their own energy and use storage to optimize 

their solar for their own consumption [64].” 

In order to consider future battery installations within the grid, the utility has to address its 

role and how it interacts with consumers. One area that utilities need to address is how they set 

up their rates when considering consumers that are becoming more energy independent. For 

example, utilities need to determine if volumetric/variable rate structures are obsolete and if 

instead they need to focus on more fixed rates to ensure steady revenue streams [64]. Some have 

suggested that the role of the utility and the services they offer may need to evolve. For example, 

ComEd set up a program to sell data analytics that allows consumers to better manage their 

energy usage [65]. In Australia, utilities are allowing consumers increased access to energy 

storage systems. They offer various options such as pay up front and leasing programs, and once 

the energy storage systems are installed, consumers have the option of paying for 

support/monitoring services [66].    

When planning future grid expansion, utilities are expanding their focus beyond just power 

generation and transmission. More emphasis is being put on grid monitoring and analytics, not 

just at the higher levels, but down to the circuit level [64].  

Integration of energy storage does not fall solely on the utilities and grid providers, outside 

parties such as governments, manufacturers, and financial institutions also play a part. A report 

from McKinsey identified four areas they believe that the value of battery storage integration can 

be summed to four factors [64]: 

 “How quickly storage costs fall”  

 “How utilities adapt by improving services” 

 “Incorporating new distributed energy alternatives, and reducing grid-system cost; how 

nimble third parties are”  

 “Whether regulators can strike the right balance between encouraging a healthy market 

for storage (and solar) and ensuring sustainable economics for the utilities” 
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5.3 Microgrid Articles Related to Battery Energy Storage 
 

Sizing of Energy Storage for Microgrids (Chen et al.) [107] 

 

Chen et. al. proposed a method for sizing battery energy storage systems in a microgrid 

based on a cost benefit analysis. The analysis was applied to both grid connected and islanded 

scenarios using both times series and neural techniques for forecasting wind and solar inputs. 

It was found that as the energy storage system size increases, the financial incentives in 

grid connected and islanded modes will increase, while the costs decrease. In islanded mode, it 

was seen that stored surplus energy inside the BESS could be used to smoothen power supplied 

by the other generators in the microgrid, thus reducing costs. It was also seen that benefits for the 

MG increased with the correctly sized BESS, while the total costs decreased in islanded mode 

for the MG when the properly sized BESS was installed. In one scenario, the total daily cost of 

the MG was reduced by 8.64% when compared to a MG without a BESS in islanded mode. 

 

Battery Energy Storage Station (BESS)-Based Smoothing Control of Photovoltaic (PV) and 

Wind Power Generation Fluctuations (Li et al.) [108] 

 

Li et. al. proposed a control method for smoothing the output of a combination of 

PV/Wind/BESS as well as BESS SOC control. Smoothing of wind and solar output was 

accomplished, SOC rates were maintained, and the battery life was extended by maintaining 

SOC levels using the proposed control methods.  

 

Small-Signal Stability Analysis of an Autonomous Hybrid Renewable Energy Power 

Generation/Energy Storage System Part I: Time-Domain Simulations (Lee and Wang) 

[109] 

 

Lee and Wang proposed and analyzed a hybrid renewable energy system using time 

domain simulations. The hybrid system included wind turbines, PV, diesel generators, fuel cells 

and BESS. The three cases studies were: 

1. “Base case” 
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2. “Sudden drop and sudden rise on wind speed” 

3. “Step-change variations on loading demand” 

It was found that under the 3 cases the generation sources and storage devices were able to meet 

the changes in load as well as addressing frequency deviations within the system. 

  

Control Strategies for Battery Energy Storage for Wind Farm Dispatching (Teleke et al.) 

[110] 

 

Teleke et. al. proposes a control strategy for a BESS system to aid in smoothing of wind 

farm generation. The proposed feedback loop considers parameters on the BESS such as life 

cycle and rates of charge/discharge. The control strategy allowed the wind farm to be used on an 

hourly basis while aiding in deciding the correct size BESS for the wind farm. From the 

simulations it was seen that a BESS that is roughly 20% to 30% of the capacity of the wind farm 

proves to be effective for smoothing. 

 

Optimizing a Battery Energy Storage System for Primary Frequency Control (Oudalov) 

[111] 

 

Oudalov et. al. proposed a way to size a BESS system used in frequency control while 

taking into account costs associated with the BESS. At the time of writing, Oudalov et. al. 

showed that a lead acid BESS can be a profitable solution for a utility needing to provide 

primary frequency reserves. They noted that emergency resistors are needed to dissipate energy 

in times of high over-frequency events while the BESS is at full capacity. Oudalov et. al. also 

found, “it is essential to use adjustable maximum and minimum state of charge limits, to 

recharge at moderate rate while the system frequency is within the noncritical window, and to 

sell some power to the intra-day market if the state of charge is on the high side.” 

 

Residential Photovoltaic Energy Storage System (Chiang et al.) [112] 

 

A residential PV/BESS system with a dc-dc converter was proposed. Variables such as 

homeowner load usage and PV generation were considered. Based on the patterns of the 
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variables, the system determines how to then optimally use PV, BESS, and the utility energy. 

The control system was based on maximum-power-point tracking based on the PV, in addition, 

the systems had power conditioners and active power filters for utility interaction. At the time the 

paper was written, Chiang et. al. noted, “although the setup cost of the proposed system is high, 

such that it is hard to compete with the current utility power, we believe that the capital issue 

will be resolved if there is a political encouragement in the kilowatt price and the market is large 

enough.” 

 

Battery Energy Storage System (BESS) and Battery Management System (BMS) for Grid-

Scale Applications (Lawder et al.) [113] 

 

Lawder et. al. highlighted, “The current electric grid is an inefficient system that wastes 

significant amounts of the electricity it produces because there is a disconnect between the 

amount of energy consumers require and the amount of energy produced from generation 

sources. Power plants typically produce more power than necessary to ensure adequate power 

quality. By taking advantage of energy storage within the grid, many of these inefficiencies can 

be removed.” The focus of the research was on lithium ion and redox-flow batteries. 

It was noticed that battery modeling can be difficult to quantify, and when quantified in 

detail, the models can be computationally intensive creating long simulation times. It was found 

that as batteries degrade, the ability to predict SOC values becomes more difficult. Redox-flow 

batteries are seen as a good solution for grid-scale solutions but require more research into their 

modeling.  

 

In addition to battery energy storage, another source of energy that will interact in the 

simulated energy marketplace is demand response. Chapter 6 gives an overview of demand 

response and its uses.  
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Chapter 6  

 

6 Demand Response 
 

6.1 Demand Response Introduction 
 

From the US Department of Energy, “Demand response provides an opportunity for 

consumers to play a significant role in the operation of the electric grid by reducing or shifting 

their electricity usage during peak periods in response to time-based rates or other forms of 

financial incentives [67].” Demand response programs can offer different pricing methods such 

as time of use (TOU) and peak pricing, to encourage customers utilizing demand response to 

shift loads that aid in balancing load supply and demand. The financial incentives offered by DR 

programs to cycle air conditioners (A/C) and water heaters (WH) of DR participants can end up 

lowering wholesale electricity prices and in turn lowering retail rates [67]. Many times, utilities 

deploy forms of monitoring, such as smart meters and automatic switches to better automate the 

process of demand response and as a way to help customers understand their electricity usage in 

hopes that they can reduce their load usage during peak demand times [67].  

 

6.2 Current DR examples/cases 
 

In 2017, the 5.6% of US peak electricity demand was met with demand response in 

wholesale markets. Using already installed devices in homes (air conditioners and water heaters), 

allows utilities to use infrastructure that already exists. Demand response participants become 

“virtual power plants” that can be managed to increase the reliability of the grid [68]. 

Some of the largest barriers to demand response are mostly regulatory, mainly how 

utilities are compensated for their sales and investments. However, at the federal level, FERC 

Order No. 745 allowed FERC to regulate DR in the wholesale markets. Order 745, “stipulated 

that demand response providers must be compensated for reducing electricity load at the same 

rates as if they met that demand with generated electricity [69].” The order allowed more 

markets to continue integrating and expanding DR while also having a set of rules to abide by. 
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In 2019, FERC reaffirmed Order No. 841, which found, “that existing rules in regional 

markets impose illegal barriers to participation for energy storage resources, thereby reducing 

competition and failing to ensure just and reasonable rates [68]”. Due to Order No. 841, RTOs 

were required to create a set of rules and tariffs to make possible the participation of storage in 

the wholesale markets.  

Many states have enacted programs to encourage demand response integration and have 

set targets to have DR as a larger part of renewable energy goals. In addition, “states have 

supported greater deployment of demand response resources through broader policies such as 

energy efficiency resource standards, utility revenue decoupling and performance incentive 

mechanisms, as well as grid modernization efforts [68].” 

Some of the states that have actively pushed for DR include Maryland, Montana, 

Virginia, California, Washington, South Carolina, Vermont, Maine and Michigan. Some 

examples of the enacted legislation are below: 

 

Maryland (2008) 

 

“Enacted legislation in 2008 that required utilities to implement cost-effective demand 

response to achieve specific percentage reductions in per capita electricity demand [68].” 

 

Washington (2013) 

 

“Legislation requiring integrated resource plans to identify methods and technologies, 

including energy storage and demand response, that can aid in integrating renewable resources 

[68].” 

 

California (2014) 

 

“Enacted SB 1414 in 2014, requiring utilities to include demand response in resource 

adequacy and long-term procurement plans while requiring regulators to ensure appropriate 

valuation of demand response resources [68].” 
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Massachusetts (2018) 

 

“Legislation creating the first clean peak standard in the country. The bill directs the 

state’s Department of Energy Resources to establish a clean peak standard. It would require 

utilities to provide a minimum percentage of kilowatt-hour sales from clean peak resources, 

including certain renewable portfolio standard resources, energy storage systems and demand 

response resources [68].” 

 

Virginia (2018) 

 

“Enacted SB 966 in 2018 that, among other provisions, directs utility regulators to 

consider new demand-management practices [68].” 

 

Montana (2019) 

 

“Enacted HB 597, allowing electric utilities to implement cost-effective electricity 

demand-side management programs, pending approval from the public utilities commission 

[68].” 

 

South Carolina (2019) 

 

“Enacted HB 3659 in 2019 requiring utility integrated resource plans to include 

customer energy efficiency and demand response programs [68].” 

  

6.3 Demand Response Articles 
 

Dependable Demand Response Management in the Smart Grid: A Stackelberg Game 

Approach (Maharjan et al.) [114] 

 

Smart grids employ many methods of demand response management; however, the 

problem of demand response management becomes more complex when various entities such as 
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multiple utilities and end users are involved in DR. Maharjan et. al. proposed a Stackleberg game 

approach to where multiple utilities and end users can maximize their own benefits. Entities in 

the Stacklebrg game used local information to find a solution that converges to an equilibrium. 

Maharjan et al. found that many DR studies view DR optimization either from the 

perspective of the utility, or the end user. With utilities focused studies centering more on 

supply/demand balances and the end user studies focusing more on maximizing the benefits of 

the user. In addition, Maharjan et al. studied the impacts a malicious user would have on the 

security and reliability of their smart grid. 

 

Aggregate Flexibility of Thermostatically Controlled Loads (Hao et al.) [115] 

 

Hao et al pointed out that TCLs (i.e. heat pumps, A/Cs, refrigerators, water heaters, etc.) 

account for approximately 20% of US electrical consumption, thus making them an ideal focus 

for potential participation as an ancillary service. Using this information, they decided to 

aggregate (TCLs) into a “stochastic battery with dissipation” model. They used these batteries to 

provide regulated reserves to a simulated power grid. From Hao et. al., “In the scheme we 

consider, an aggregator would contract with owners of individual TCLs to directly control the 

electricity consumption of their units. Units owners are assured that the temperature limits they 

specify through thermostat set-point selection will be respected. We provide an important tool 

that would be useful to the aggregator: a simple, compact battery model that characterizes the 

set of power profiles that the collection of TCLs can accept while meeting their local 

constraints”.  

The aggregator has the ability to forecast processes that are considered random, “such as 

ambient temperatures, user specified set-points, and unit participation”. Using these parameters, 

the aggregator then produces multiple power profiles for the TCL offering its service. Further, 

“This flexibility in power consumption is monetized by offering it in ancillary service markets to 

provide regulation reserve. If the offer is accepted, the aggregator is obligated to deliver the 

service at delivery time. The aggregator then uses a priority stack control strategy to track an 

exogenous regulation signal supplied by the system operator”. 

The TLCs considered variables such as user-determined setpoints and ambient 

temperature. Hao et al pointed out that TCLs (i.e. heat pumps, A/Cs, refrigerators, water heaters, 
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etc.) account for approximately 20% of US electrical consumption, thus making them an ideal 

focus for potential participation as an ancillary service. 

 

Optimal Operation of Residential Energy Hubs in Smart Grids (Bozchalui et al) [116] 

 

Bozchalui et. al. developed energy hub software that can automate and control various 

devices in the home and control them based on user preferences, weather, energy prices, etc. 

From Bozchalui et. al created, “mathematical optimization models of residential energy hubs 

which can be readily incorporated into automated decision-making technologies in smart grids, 

and can be solved efficiently in a real-time frame to optimally control all major residential 

energy loads, storage and production components while properly considering the customer 

preferences and comfort level”. Some of Bozchalui et. al. mathematically modeled loads: 

 Dishwasher 

 Freezer 

 Dryer 

 Washer 

 Refrigerator 

 Hot tub 

 Water Heater 

 Stove top 

 Pool pumps 

 Lighting 

 Heating 

 Air conditioning 

 PV panels 

 Energy storage 

Bozchalui et. al. applied their simulations to a home in Ontario, Canada and found that their 

models created a, “savings of up to 20% on energy costs and 50% on peak demand can be 

achieved, while maintaining the household owner’s desired comfort levels.” 
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Demand Response Optimization for Smart Home Scheduling Under Real-Time Pricing 

(Tsui and Chan) [117] 

 

Tsui and Chan investigated household appliances participating in demand response 

programs. They found that, “if binary decision variables are needed to specify start-up time of a 

particular appliance, the resulting mixed integer combinatorial problem is in general difficult to 

solve.” So instead Tsui and Chan developed a Convex Programming DR optimization 

framework to automatically manage the various household items participating in demand 

response. Their technique allowed the optimization of DR to remain convex, thus allowing for a 

more efficient solution. 

Optimization automated the control of various types of appliances within a home using 

real time pricing. Scheduling of devices was done simultaneously using the convex programming 

method. Homes were able to determine their own solutions using information from themselves 

and the utility. 

 

Multi-Stage Robust Unit Commitment Considering Wind and Demand Response 

Uncertainties (Zhao et al.) [118] 

 

Zhao et. al. focused on the reliability of power grids that incorporated wind generation 

and demand response. The researchers pointed out that demand response, “has potential to 

accommodate wind power output uncertainty. For instance, when the wind power output is 

higher than expected, DR programs can help absorb the extra wind power. On the other hand, 

DR programs can help decrease the load when the wind power output is low. More importantly, 

this approach can be widely applied, as compared to pumped storage hydro.” 

Their optimization focused on maximizing social welfare under “worst case” scenarios 

for demand response and wind output to determine unit commitment.  
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Smart Household Operation Considering Bi-Directional EV and ESS Utilization by Real-

Time Pricing-Based DR (Erdinc et al.) [119] 

 

Erdinc et. al. researched the use of ESS and EV combined with DR strategies to reduce 

consumer costs. They highlighted that EVs provided multiple opportunities for the grid, 

“including the capability of utilizing EVs as a storage unit via vehicle-to-home (V2H) and 

vehicle-to-grid (V2G) options instead of peak power procurement from the grid.” Erdinc et. al. 

used a mixed-integer linear programming model for energy management within a home, using 

this they proposed, “a collaborative evaluation of dynamic-pricing and peak power limiting-

based DR strategies with a bi-directional utilization possibility for EV and energy storage system 

(ESS).” In some cases, their proposed strategies reduced electricity costs up to 65%.  

 

Demand Response and Distribution Grid Operations: Opportunities and Challenges 

(Medina et al.) [120] 

 

Medina et. al. focused on integrating DR infrastructure into the distribution grid 

topology. They showed that integration allows for DR availability to be calculated at the 

transmission nodes. Demand was calculated at each feeder and substation, “DR values per 

substation are reported back to ISO/ RTO, used for scheduling, and serve as targets for DR real-

time monitoring. DR values aggregated per feeder/phase or any other grid element are available 

to the distribution system operators and are used to prevent possible violations.” 

 

Automated Demand Response for Smart Buildings and Microgrids: The State of the 

Practice and Research Challenges (Samad et al.) [121] 

 

Samad et. al. look to give an overview of the current state and challenges of demand 

response, with a focus on automated demand response (ADR). The researchers noted, “keeping 

up with growing electricity demand and ensuring reliable grid operation, as renewable sources 

reach a large proportion of generation, require end-use facilities— commercial, residential, and 

industrial—to be sensitive and responsive to grid connections in new ways. Automated demand 

response (ADR) is widely acknowledged as a key approach. The technology has progressed 
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substantially since early implementations, with worldwide projects and a new standard. Recent 

applications with grid-integrated buildings and microgrids are extending the functionality, with 

increasing sophistication of how demand-side load profiles are managed and with integration of 

distributed storage and generation.” 

Samad et. al. highlighted that research in algorithms involved in DR can help optimize 

the use of ADR. In addition, Samad et. al. noted, “research in modeling, control, and 

optimization is needed and must address the challenges of real-world applications, not the least 

of which are the diversity and complexity of energy assets, the range of time scales involved, and 

the inherent uncertainties associated with weather phenomena and human behavior.” 

 

The previous chapters gave background into concepts that are within the simulation. 

Chapter 7 will begin explaining the simulation testbed with later chapters diving into the 

components themselves and the simulation results.  
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Chapter 7  

 

7 Simulation Overview 
 

The simulation models distributed clients that interact through a marketplace where they 

can either buy, or sell, energy. The simulation runs every second. 

 

7.1 Simulation Components 
 

The simulation is modeled in Python with a local server. The participants in the 

simulation are referred to as clients and interact through a marketplace (server). 

 

Appliances 

There are two main appliances in each home that account for most of the electricity usage 

in homes, water heaters and air conditioners. Each appliance is based off physical heat models. 

Battery energy storage systems are also modeled as appliances in a home. 

 

Clients 

The clients themselves are participants in the simulations and interact with each other 

through a marketplace. 

 

Marketplace 

The marketplace is run through the server and also contains the APIs that the clients use 

to manipulate their information in the marketplace. 

 

Loads and other txts 

The loads for each client come from a .txt file based on real world data. The txt file is set 

up for every second in a 24-hour period. 
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7.2 Appliances 
 

There are 3 main appliances a client can have: 

 Air Conditioner (A/C) [ac_infinite_test.py] 

 Water Heater (WH) [wh_infinite_test.py] 

 Battery Energy Storage System (BESS) [battery_infinite_test.py] 

The equations for each appliance were chosen for their simplicity and ability to work with 

each other in the simulation. 

 

7.3 Clients 
 

There are multiple types of clients that provide different simulation scenarios. All clients can 

be in the simulation at the same time, copies of each client can also be created, for example, 

there can be 5 homes: 

 Home (battery_infinite_test.py) 

 Hospital (hospital.py) 

 Grid (gridDemandChargeVendor.py) 

 Large Utility (large_grid.py) 

 Demand Response Buyer (dr_generation_buyer.py) 

 Vendor (solar_farm_vendor.py) 

The Grid, Large Utility and Demand Response Buyer can all provide different services, but 

they can also be seen as working under one entity, such as a local utility that offers different 

services such as power generation and demand response programs. 

 

7.4 Marketplace 
 

The marketplace is where all the clients interact to buy/sell energy. It allows all clients to 

receive the same information and make their decisions. 
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7.5 Timer 
 

The timer keeps track of the time and keeps the simulation forward. It iterates every 

second and can be sped up or slowed down. However, the simulation will still be moving on a 

per second basis. 

 

Chapter 8 explains the details of the main components within the simulation; the air 

conditioner, water heater, and battery. 
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Chapter 8  

 

8 Devices 
 

8.1 Air Conditioner 
 

8.1.1 Air Conditioner Background  
 

As of 2016, 90% of US households used some form of A/C system, trailing only Japan 

with 91% [70]. In the past 20 years China was the fastest growing country when it came to 

increased A/C usage, during peak electricity hours on hot days, A/C usage can account for up to 

50% of Chinese electricity usage. In 2016 approximately 60% of homes in China use A/C, 

however, as China’s economy grows and more citizens see an increase in income, Chinese A/C 

penetration is predicted to only increase with predicted penetration to be at 85% by 2030 [70,71]. 

In the US, approximately 90% of homes use A/C, with 66% of those being central A/C 

systems [72] In 2021, A/C usage was 16% of the residential electricity consumption, and 6% of 

all electricity consumption in the US [73]. 

Due to climate change, temperatures worldwide are rising, which only increases demand 

for A/C [74]. Right now, A/C usage in some of the hottest places on earth is still rare, places 

such as parts of the Middle East and Africa, and in 2016 electricity usage from A/C accounted 

for 10% of global energy usage. As access to A/C becomes available to these parts of the world, 

A/C electricity usage is predicted to triple by 2050. Countries such as Saudi Arabia use A/C 

year-round with this usage accounting for 70% of their total energy use [75]. 

An air conditioner model is used in the simulations for demand response scenarios. The 

air conditioners are used in the house clients and there can be more than one. A house client will 

set times for their air conditioner to be for sale, these are the times the air conditioner allows 

itself to be off. Air conditioners will use a parameter (ddrACOffTimes) in the myInfo section of 

the house client JSON file to sell DR in the marketplace. If another client chooses to buy the for-
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sale demand response, then the air conditioner will turn off, regardless if the room the A/C is in 

is at the desired room temperature.  

When the temperature of the room goes higher than a setpoint temperature 

(thermostat_control), the air conditioner will turn on to cool the room to the desired temperature. 

The A/C can also participate in demand response (broadcast_my_ac) meaning that the 

A/C will be turned off when selling demand response regardless of the temperature of the room.  

There can be multiple A/Cs per client, for example, a home can have 3 A/Cs.  

Figure 8.1 gives an example of an A/C running during the day, the scheduled A/C off times (0) 

are where A/C would be available for purchase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1: The A/C can be seen cycling to meet the set temperature of the room. 
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Figure 8.1 shows that the A/C cycles more often as the temperature outside rises. Outside 

temperature is a sine wave with peak at mid-day and the option to add “randomness” to the 

signal. 

 

8.1.2 Air Conditioner Parameters 
 

In addition to ddrACOffTimes in the myInfo portion of the client JSON, the JSON also 

contains another section to define the parameters of the air conditioner, the JSON is below: 

 

"ac": [ 

      { 

          "name": "bedroom5", 

          "ac_heatflow_on": -1000, 

          "temp_desired": 21, 

          "HEATCAPACITY_AIR": 1003, 

          "AIR_DENSITY": 1.3, 

          "house_l": 10, 

          "house_w": 1, 

          "house_h": 3, 

          "temp_initial": 25, 

          "r_value": 3, 

          "dt": 1, 

          "temp_inside": 0, 

          "ac_on": false, 

          "sizeAC": 0 

      } 

] 

 

The JSON was used to create the plots in Figure 8.1. The scheduled off times were [[500, 

10000], [15000, 30000], [45000, 80000]]. Table 1 describes the JSON parameters in further 

detail. 
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Table 1: The A/C JSON parameters are explained in further detail. 

Parameter Description Units Type 

name Name of the client A/C 
 

string 

ac_heatflow_on Energy rating of A/C Watts int 

temp_desired Set temp of room Celcius int 

HEATCAPACITY_AIR Room air heat capacity J/kg*K int 

AIR_DENSITY Density of room air kg/m^3 int 

house_l Length of room Meters int 

house_w Width of room Meters int 

house_h Height of room Meters int 

temp_initial Initial temp of room Celcius int 

r_value Thermal transmittance of room walls m^2*K/W int 

dt Time step Seconds int 

temp_inside Temp inside room Celcius int 

ac_on A/C on/off signal 
 

boolean 

sizeAC Size of A/C in watts Watts int 

 

8.1.3 Air Conditioner Governing Equations 
 

The A/C simulation is based off of an energy balance equation: 

 

𝑑𝑄

𝑑𝑡
= (𝑇𝐻𝑒𝑎𝑡𝑒𝑟 − 𝑇𝑅𝑜𝑜𝑚) ∗ 𝑀𝑑𝑜𝑡 ∗ 𝑐 

Where, 

 

 = change in energy of room 

𝑐 = heat capacity air (constant pressure) 

𝑀𝑑𝑜𝑡 = air mass flow rate from A/C 

(8.1) 
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𝑇𝐻𝑒𝑎𝑡𝑒𝑟 = heat flow into the room from A/C (negative for cold air) 

𝑇𝑅𝑜𝑜𝑚 = current room temperature 

 

 

𝑑𝑄

𝑑𝑡
=  

𝑇𝑅𝑜𝑜𝑚 − 𝑇𝑜𝑢𝑡

𝑅
 

Where, 

 

𝑅 = equivalent thermal resistance of the house 

 

 

 

𝑑𝑇𝑟𝑜𝑜𝑚

𝑑𝑡
=

1

𝑀 ∗ 𝑐
∗

𝑑𝑄ℎ𝑒𝑎𝑡𝑒𝑟

𝑑𝑡
−

𝑑𝑄𝑙𝑜𝑠𝑠𝑒𝑠

𝑑𝑡
 

 

Where, 

 

𝑀  = mass of air inside room 

 
8.1.4 Air Conditioner Logic 
 

Figure 8.2 displays the logic for how the air conditioner will turn on/off during 

simulations. 

 

(8.2) 

(8.3) 
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Figure 8.2: When the A/C is selling DR, the A/C will stay off regardless of room temperature until 
the A/C stops selling DR. 
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8.1.5 Air Conditioner Diagram 
 

Figure 8.3 shows a diagram of how an A/C would work in a home client. It is modeled as 

a room with an A/C. For the current simulations the room is modeled as having 5 sides in which 

heat can escape, with the “floor” not counting as an area of heat loss. All four walls and the 

“roof” have the same thermal transmittance value (r_value) and the total r_value is a summation 

of all 5 sides. When the temp_desired of the room is below the current room temperature 

(temp_inside), the A/C will turn on and ac_heatflow will enter the model. The outside 

temperature (temp_outside) varies throughout the day and affects the inside temperature of the 

room. 

 

 

Figure 8.3: The relation of the A/C values are shown. 
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8.2 Water Heater 
 

8.2.1 Water Heater Background 
 

In the US, hot water heaters will run on average up to 5 hours a day and account for 

approximately 20% of total energy usage in a home [83,84] 

A water heater model is used in the simulations for demand response scenarios. The 

water heaters are used in the house clients and there can be more than one. A house client will set 

times for their water heaters to be for sale, these are the times the water heater allows itself to be 

off. Water heaters will use a parameter (ddrWHOffTimes) in the myInfo section of the house 

client JSON file to sell DR in the marketplace. If another client chooses to buy the for-sale 

demand response, then the water heater will turn off, regardless if it is at the correct set 

temperature. In addition to ddrWHOffTimes in the myInfo portion of the client JSON, the JSON 

also contains another section to define the water heater, the JSON is below: 

 

 

"wh": [ 

      { 

          "name": "basement4", 

          "q_heatflow": 4000, 

          "rho": 997, 

          "cp": 4.187, 

          "q": 0, 

          "qf": 0, 

          "Tf": 15, 

          "height_of_tank": 1, 

          "radius_of_tank": 1, 

          "thickness_of_tank": 0.508, 

          "k": 1, 

          "temp_outside_tank": 24, 

          "wh_setpoint": 60, 

          "V0": 1000, 

          "T0": 298, 
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          "sizeWH": 0 

      } 

  ] 

 

 

8.2.2 Water Heater Parameters 
 

When the temperature, or volume, of water in the tank falls below a set threshold more 

water (def volume_control) and heat (def heater_switch_ONOFF) will be added to the tank. 

Water usage is simulated from an ini file (use_wh_times_config.ini) with set intervals where 

water is drawn. The water heater simulation imports the intervals from the ini file, it then adds 

“randomness” to the set intervals by adding, or subtracting, time from the set intervals (def 

water_draw_intervals). 

Similar to the A/C, the water heater can participate in demand response (def 

heater_switch_ONOFF) and will not insert heat into the tank, regardless if the water temperature 

is below the set temperature, if the water heater is selling demand response. Table 2 describes the 

JSON parameters in further detail. 

 

Table 2: The table displays the parameters of the water heater coming from the JSON and their units. 

Parameter Description Units Type 

name Name of the client water heater  string 

q_heatflow The energy rating of the water heater Watts int 

rho Density of the water kg/m^3 int 

cp Specific heat of the water J/gram*C int 

q Volumetric flow of water out of the tank L/s int 

qf Volumetric flow of water into the tank L/s int 

Tf Temperature of water going into tank Celcius int 

height_of_tank Height of tank m int 

radius_of_tank Radius of tank m int 

thickness_of_tank Thickness of tank walls m int 

k Thermal conductivity of tank wall W/mK int 

temp_outside_tank Ambient temperature outside of tank Celcius int 
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wh_setpoint Setpoint of internal water temperature Celcius int 

V0 Initial volume in tank L int 

T0 Initial temperature in tank Celcius int 

sizeWH 
Value that can be used inside the simulation to keep track of the 
size of the WH Watts int 

 

 

8.2.3 Water Heater Governing Equations 
 

Below are the main governing equations for the water heater. Similar to the A/C, the 

water heater uses an energy balance equation (Equation 8.1) to model the physical aspects of a 

water heater. The water heater energy balance equation is below: 

 

 

Mass balance  

 

𝑑𝑉𝑑𝑡 = 𝑞 − 𝑞 

 

Where, 

 

𝑑𝑉𝑑𝑡 = change in volume of tank (liter/sec) 

𝑞  = volumetric flow of feed water in (L/s) 

𝑞 = volumetric flow of water exiting the tank (L/s) 

 

Heat Loss to Surroundings 

 

𝑄𝑠 =
𝑇 − 𝑇

𝑅𝑡ℎ
 

 

Where, 

 

𝑄𝑠 = heat lost to surroundings (Watts) 

(8.4) 

(8.5) 
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𝑅𝑡ℎ = thermal resistance tank of the tank 

𝑇 = temperature of the tank water (Kelvin) 

𝑇  = temperature of air surrounding the tank (Kelvin) 

 

Thermal Resistance 

 

𝑅𝑡ℎ =  
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡𝑎𝑛𝑘 ∗ 𝑘

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡𝑎𝑛𝑘 𝑤𝑎𝑙𝑙
 

 

Where, 

 

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡𝑎𝑛𝑘 = area of tank in meters squared 

𝑘 = thermal conductivity of tank wall (W/mK) 

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡𝑎𝑛𝑘 𝑤𝑎𝑙𝑙 = thickness of tank wall (m) 

 

Change in Temperature 

 

𝑑𝑇𝑑𝑡 =

𝑞 ∗ 𝑇 − 𝑞 ∗ 𝑇 +
𝑄 − 𝑄

𝜌 ∗ 𝑐

𝑉
−

𝑇 ∗ 𝑑𝑉𝑑𝑡

𝑉
 

Where, 

 
𝑑𝑇𝑑𝑡 in Kelvin/second 
𝑞  in L/sec 
𝑞 in L/sec 
𝑄  in Watts 
𝑄  in Watts 
𝑉 in liters 
𝜌 in kg/m^3 
𝑐  in J/gram*C  
𝑇 in celsius 
𝑇  in celsius 
 

(8.6) 

(8.7) 
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8.2.4 Water Heater Logic 
 

Figure 8.4 shows the logic for how the water heater will turn on/off during simulations. 

 
 
 

 
 
 
 
 
 

Figure 8.4: Similar to the A/C, the WH will stay off when selling DR regardless of the temperature of the water in 
the tank. 



55 
 

 
8.2.5 Water Heater Diagram 
 

Figure 8.5 shows the diagram of the water heater model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5: The various parameters of the WH and their relations are displayed. 
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Below are the python simulations to show how a water heater works within a house 

client. The forced off times show how possible demand response would work. When simulating 

the marketplace, the forced off times would be times where a house has offered the water heater 

demand response for sale, therefore, the water heater must stay off during those times. The 

parameters in Table 3 were used to create the WH plots in Figure 8.6. 

 

                                              Table 3: Water heater parameters to create Figure 8.6. 

Density of water 997 kg/m^3 
Specific Heat Water 4.187 J/gram*C 
Volumetric flow out 0.12 L/s 
Volumetric flow in 0.085 L/s 
Temperature of water 
into tank 

26.5 degrees Celsius 

Height of tank 1 meter 
Radius of tank 1 meter 
Thickness of tank wall .07 meters 
Thermal conductivity 
of wall 

1 W/mk 

Water heater set point 60 degrees Celsius 
Heat flow into tank 4000 Watts 
Temperature outside 
of tank 

26.85 degrees Celsius 

Initial volume in tank 100 liters 
Initial temperature of 
water in tank 

24.85 degrees Celsius 

Max volume capacity 
of tank 

210 liters 

Lowest allowable 
temperature of tank 
water 

48.85 degrees Celsius 

 

Forced off times (intervals are in seconds) 

 [500, 800], [1500, 2000], [50000, 71200] 

 

Water draw times (intervals are in seconds) 

 [21100, 23350], [25300, 27050], [49400, 53200], [58100, 58450], [72050, 73750], 

[74600, 76900], [80200, 80600] 
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It can be seen that the water heater turns on and off to make sure the temperature of the 

water in the tank stays above the set temperature (60 degrees Celsius). The water draw has been 

randomized to simulate how a house would use water during the day, as water is drawn from the 

tank, the volume and temperature for the water in the tank decreases. The bottom of the figure 

shows when the water heater must be off, this could be viewed as a home selling its water heater 

demand response, where the water heating unit must be off. 

 

8.3 Battery  
 
8.3.1 Battery Background 
 

As discussed in section 5.3, battery energy storage is a common tool in MGs and renewable 

energy applications. Therefore, a battery simulation was created based on the Coulomb counting 

method [85]. The battery is used to keep track of energy being bought and sold by the client as 

well as the load of the home (load, A/C, water heater). The battery can be charged in two ways: 

1. PV 

2. Buying energy from the market 

And discharge can happen in two ways: 

Figure 8.6: The temperature of the tank is shown in Kelvin. 
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1. Load 

2. Selling energy in the market 

 

8.3.2 Battery Parameters 
An example for the JSON inputs of a battery are shown in Table 4: 

 

Table 4: Battery parameters 

Parameter Description Units 
name Name of battery   
c Battery capacity Amp-hours 
low_battery_voltage Battery voltage Volts 

inverter_efficiency AC/DC inverter efficiency % 

number_of_panels Number of PV panels   

per_panel_watts Amount of watts per panel Watts 

is_customer_buying Customer buying decision True/False 

sell_threshold Lowest percentage at which 
the client is willing to sell 
battery energy 

% 

battery_threshold Lowest percentage at which 
battery will be still feed the 
load of the client 

% 

cost Cost of clients battery energy $/kWs 

maxSocConnections Number of battery 
connections out 

  

maxSocConnectionsIn Number of battery 
connections in 

  

maxSocRate Limit of total SOC leaving 
battery 

% 

maxSocRateIn Limit of total SOC entering 
battery 

% 

singleSocConnectionLimit Limit of SOC in each line in 
and out 

% 

soc_p SOC of battery % 
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8.3.3 Battery Governing Equations 
 

Everything has been converted to state of charge (SOC) using the coulomb counting 

method (Equation 8.8) to keep the simulations simple and to allow for a “common normalized 

currency” in the energy marketplace. Bought, sold, produced, and used, energy is converted to a 

relative SOC.  

 

 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) +  
𝐼(𝑡)

𝑄𝑛
∆𝑡 

 

Where, 

 

𝑆𝑂𝐶(𝑡) = state of charge (%) 

𝐼(𝑡) = current 

𝑄𝑛 = nominal capacity (Ah) converted to seconds for simulations 

 

Equation 8.9 is based of Equation 8.8 from the paper A Critical Look at Coulomb 

Counting Approach for State of Charge Estimation in Batteries [85]. 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) +  
∆ 𝑖(𝑡)

3600𝐶
 

 

Where, 

 

𝑆𝑂𝐶(𝑡) indicates the SOC at time t  

∆  is the sampling time  

𝑖(𝑡) is the current through the battery at the at time t 

𝐶  is the battery capacity in ampere hours (Ah) 

3600 is used to convert hours to seconds 

(8.8) 

(8.9) 
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Battery Overview 

 

Each home client has a function (battery_soc()) that keeps track of how the client battery is 

affected by the multiple variables in the simulation and is run every second. Factors that would 

affect a battery’s SOC include: 

 PV charging 

 Bought energy 

 Sold energy 

 A/C and WH usage 

 Load 

 Blackouts 

 

PV Charging 

 

PV charging occurs during times of sunlight and allows for a self sufficient energy source 

to be used in a client. 

 

battery_soc 

battery_soc() resides in the client functions python file and keeps track of the SOC of the 

battery every second. Every client contains a battery_soc(), however, the main clients using the 

full capabilities of battery_soc() are clients such as a home and a hospital. Clients such as 

simulated renewable energy vendors (i.e. solar farms) may have their SOC set to 100% 

permanently and enter and exit the marketplace. The functions below are called by battery_soc() 

to adjust the SOC based on actions taken by the client: 

 calcBatterySold() 

 calcSunSoc() 

 calcLoadSatisfiedByBattery() 

 calcBatteryBought() 
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calcBatterySold 

The function is used to take into account the decrease in the battery SOC based on how 

much SOC is being sold to buyers. The function will check the currentBuyers list of the vendor 

and see how much SOC each buyer is requesting and deduct it from the client SOC. The function 

also keeps track of how much money is made by selling the vendor’s SOC every second. 

 

calcSunSoc 

Adds energy obtained from PV to the SOC 

 

calcLoadSatisfiedByBattery 

The function calculates how much of the battery feeds the load of the client. If enough 

battery energy is not available for the load, then the function will tell the client to buy energy 

from gridDemandCharge. 

 

calcBatteryBought 

Function considers the rise in the clients SOC based on the amount of battery energy they 

bought in the current time step. 

 

8.3.4 Battery Logic 
 

Figure 8.7 displays the battery logic and the various steps a battery goes through when 

determining whether to buy/sell energy and how/when to charge/discharge. 
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Figure 8.7: All the steps occur each second. 
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The simulated battery (Section 8.3) is validated with real world battery and PV data and 

compared against simulated output. 
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Chapter 9  

 

9 Validity 
 

9.1 Solar validity  
 

Hassan et al. derived mathematical models to better understand PV arrays and their 

outputs as they relate to solar radiation under certain conditions [89]. Utilizing the chosen 

mathematical models allows the simulation to create a more realistic power output based on a 

real-life solar array. Equation 9.1 was chosen for its relation to the simulation. 

 

𝑃 = 𝑌 𝑓
�̅�

�̅� ,

 

 

Where, 

 

𝑃  is generated power (Watts) 

𝑌  is rated capacity of the PV module (under STC conditions) (Watts) 

𝑓  is the PV derating factor (i.e. soiling, losses, shading, snow cover, etc.) (0 to 1, example: 

derating factor of 0.97 yields power measurements that are 3% less than manufacture rating at 

STC) 

�̅�  is the total solar radiation on PV surface at that moment (W/m2) 

�̅� ,  is the incident radiation at STC (industry-wide standard for testing PV modules at STC, 

1000 W/m2, 25C, air mass of 1.5) (W/m2) 

 

Equations 9.2 and 9.3 are taken directly from the simulation code and are shown compared to 

parameters in Equation 9.1. 

 

p_many = self.per_panel_watts * (self.sun_times[time]/1000) * self.number_of_panels 

 

(9.1) 

(9.2) 
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soc = (p_many/(self.c * 3600 * self.low_voltage * self.inverter_efficiency)) * self.dt 

 

Where, 

 

𝑌  = self.per_panel_watts * self.number_of_panels 

�̅�  = (self.sun_times[time] 

�̅� ,  = 1000 

𝑓  = 1 (Assuming ideal conditions for simulation) 

 

9.2 PV validity 
 

The NeOn R Series solar panels from LG were used for the simulation, specifically, the 

LG440QAC-A6 (440W), some specifications are shown in Table 5 [90]. 

 

 

Table 5: The values for a LG battery are shown 

Model LG440QAC-A6 
Output 440 Watts under STC* 

*STC (Standard Test Condition): Irradiance 1000 W/m², Cell Temperature 25 °C, AM 1.5, Measure 

Tolerance ± 3% 

 

The values from Table 5 are used for Equation 9.1 and shown below: 

 

𝑌  = 440 

𝑓  = 1 

�̅�  = taken from sun.txt every second (units in W/m2, peak at 12pm) 

�̅� ,  = 1000 W/m2 

 

 

 
 

(9.3) 
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9.3 Battery validity 
 

The simulation uses a LG HB 10H home energy storage battery, selected DC 

Input/Output specifications are below (Table 6) [91,92]. 

 

Table 6: LG HB 10H values are displayed. 

Model LG HB 10H (BLGRESU10H) 
Battery Type Lithium Polymer High Voltage 
Total Capacity 9.8kWh 
Usable Capacity 9.3kWh 
Maximum Charge/Discharge Power 5kW/7kW 
Peak Power 7kW/10kW for 10 seconds 
Rated Input Voltage 400V 
Backup Power 5kVA/7kVA 
Nominal Capacity 63Ah 

 

To recreate the battery in the simulation, a standard 18650 battery cell will be used. This 

will be done by aggregating 18650 batteries in series and parallel to match the specifications of 

the 10H. Some typical values for an 18650 battery are shown in Table 7 [93,95]. 

 

Table 7: Typical 18650 values 

Model 18650 
Battery Type Lithium Ion 
Nominal Voltage 3.6V 
Nominal Capacity 2.5Ah 

 

A typical Li-ion voltage discharge curve is shown in Figure 9.1. It will be used for the 

discharge rated related to the simulated LG ESS in the simulation. 
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It is being assumed that the LG ESS is made up of the smaller 18650 battery. The 18650 

battery is a commonly used rechargeable lithium ion battery that serves a wide range of uses 

from laptops to EVs. A typical nominal voltage for an individual 18650 battery is 3.6V, dividing 

this value by 400V (the rated input voltage of the 10H ESS) gives a value of 111.11, which 

allows us to assume the 10H has 111 18650 battery cells in series. Dividing the 10H nominal 

battery capacity (63Ah) by the nominal battery capacity of the 18650 yields 25.2, which means 

we can assume there are 25 1850 batteries in parallel within the 10H.  

 

9.4 PV Output Validity 
 

PVWatts Calculator from NREL was used to create a base line comparison case for the 

validity of the PV panels in the simulation. Solar irradiance data was used for 2540 Dole Street 

in Honolulu, Hawaii [86]. 

Data from PVWatts was provided hourly, with two types of solar irradiance considered, 

beam irradiance (W/m2) and diffuse irradiance (W/m2). Beam irradiance is the irradiance that 

reaches the surface of the earth without being diffused, while diffuse irradiance is the irradiance 

Figure 9.1: Discharge curve for an 18650-battery cell [94] 
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that is diffused by earth’s atmosphere (i.e. water vapor, air molecules, clouds, dust, pollutants, 

etc.) [87,88]. 

PVWatts gave beam and diffuse irradiance hourly for one year, when performing the 

validation with the simulation. Beam irradiance and diffuse irradiance were combined to give a 

total solar irradiance per hour shown in Figure 9.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data in Figure 9.2 is given for one day in January, with the average daily solar 

radiation production for January being 2.72 kWh/m2/day. The system metrics for PVWatts are 

shown in Table 8. 

 

 

Table 8: PVWatts system specifications [86] 

DC System Size .4 kW 
Array Type Fixed (open rack) 
System Losses 0% 
Array Tilt  20 
Array Azimuth  0 
DC to AC Ratio 1 
Inverter Efficiency 99.5% 
Ground Coverage Ratio  0.4% 

-200

0

200

400

600

800

1000

1200

0 5 10 15 20 25 30

So
la

r I
rr

ad
ia

nc
e 

(W
/m

2)

TIme (Hours)

Daily Solar Irradiance (Hours)

Figure 9.2: Beam irradiance and diffuse irradiance were combined. 
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Because the simulation runs on a per second basis, it was necessary to convert the hourly 

data in Figure 9.2 to seconds to validate the PV system in the simulation. The per second data is 

shown in Figure 9.3.  

 

After running the data from Figure 9.3 into the simulation, the PV produced was 2.34 

kWh. The average for January was 2.72 kWh, giving a difference of 16% between PVWatts and 

the PV in the simulated system. The system metrics for PV panels in the simulation are shown in 

Table 9. 
 

Table 9: Simulation PV Specifications 

DC System Size per Panel .4 kW 
Number of Panels 1 
System Losses 0% 
DC to AC Ratio 1 
Inverter Efficiency 99.5% 

 

Figure 9.3: Hourly solar irradiance data from PVWatts is converted to seconds. 
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Chapters 8 and 9 discussed the simulated devices as well as their validations. The 

reasoning for simulating these devices was explained in previous sections. As mentioned before, 

a core component of this research was to create an energy marketplace where prosumers could 

interact in real time. In order for this to occur, a server was created and is explained in the next 

chapter (Chapter 10). 
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Chapter 10  

 

10 Server 
 

10.1 Server Overview 
 

The server keeps track of the marketplace and makes sure all tasks are done before 

moving to the next time step. It also contains all the APIs that allow clients to interact with the 

marketplace. Currently the server is locally hosted on a local server. It can also be hosted on 

other mediums such as Amazon Web Services (AWS), Blockchains, distributed servers, etc. 

However, for testing purposes and simplicity the server was hosted locally.  

The original server was meant to be hosted on a distributed acyclic graph, however, due 

to testing issues, it was decided it would be simpler and more efficient to test the energy trading 

platform on a localized server. The server itself utilizes the network library Eventlet to set up a 

server with the Python library SocketIO that allows the clients and servers to communicate bi 

directionally. server.py can be thought of as an application programming interface (API) that 

allows clients to interact with the server. Because a database is not being used, and we are not 

saving a state, the simulation is relying on memory and files, which can be a drawback of this 

simulation.  

The status of a client is changing every second, for example, the client may want to 

change their pricing model to become more competitive. Clients have the freedom to add/remove 

themselves from the marketplace at will. Because of these reasons, the marketplace is recreated 

at the very beginning of each time step. There are many reasons to remove a client from a buyer 

list, one of the main reasons is to give every marketplace participant a chance to buy/sell energy 

in every timestep. Because of this it is important to note that there are many functions that 

remove a client from a buyer list. Every client that participates in the marketplace is reevaluating 

its variables every second. For example, a home may look at its situation and determine it needs 

to buy energy in the current time step, it will search for the energy, buy it, then stop buying 

before the end of the time step, and repeat the process again in the next time step. This is done to 
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prevent a home, or any other client, attaching to a vendor’s seller list and staying there when not 

needed. 

All energy transactions and results reporting are handled by server.py. These transactions 

include: 

 Battery selling (House to House) 

 Battery buying (House to House) 

 Battery and DR buying for grid faults (Large Utility from Homes) 

 DR buying (Large Utility from Homes) 

 DR selling (Home to Large Utility) 

 Emergency battery buying (Hospital from Homes) 

 Emergency battery selling (Homes to Hospital) 

The sections 10.2 to 10.4 will describe three of the main transactions handled by the server. 

 

10.2 House to House Server Interaction 
 

House to House party chart (Battery buying (House to House)) 

 

Figure 10.1 shows a party chart where the interaction between 2 homes and the server are 

shown. House 2 is buying energy from House 1. 
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The steps of Figure 10.1 are further explained in the following steps 1-6: 

 

1. House 1 requests to be added to marketplace 

When a client logs in it sends its info and data to the server, so that it can be added to the 

marketplace for other clients to see.  

 

2. Updated marketplace info sent 

The server adds House 1 to the marketplace and sends the updated marketplace with House 1 

included, back to House 1 

 

3. Updated marketplace info sent 

House 2 who was in the marketplace prior to House 1, receives the updated marketplace from 

their server. All the other clients currently in the simulation, or joining the simulation, receive the 

new marketplace data as well.   

 

Figure 10.1: A house to house interaction showing how the server handles transactions. 
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4. House 2 requests to buy from House 1 

The server sends House Client 1 data to House Client 2 

 

4.5 House 2 adds itself to the currentBuyers list of House 1 

Now that House 2 received an updated marketplace it can go through all the potential vendors to 

determine if it can buy from any of the clients. After going through its checks, it was determined 

that House 1 meets all the criteria House 2 is looking for in a seller. House 2 then adds itself to 

the currentBuyers list of House 1 and sends the request to the server to be carried out. 

 

5. New marketplace data 

After the server adds House 2 to the currentBuyers list of House 1, it sends the updated 

marketplace back to House 2 

 

6. New marketplace data 

The server sends the updated marketplace to House 1 and all the other clients in the 

simulation 

The aforementioned process can involve any number of clients. These changes can 

happen simultaneously with as many clients (homes, hospitals, vendors, etc.) as the software can 

handle. 

Normally in the “real world” when the client requests something they usually get 

acknowledgment right away, but for our simulation new marketplace data confirms if request has 

been granted. 
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10.3 Hospital Server Interaction 
 

Hospital party chat (Emergency battery buying (Hospital from Emergency Vendors)) 

 

Figure 10.2 shows the party chart for how a hospital interacts with the marketplace in 

non-emergency times, the hospital will act similar to a house client in Figure 10.1 where it buys 

and sells energy. However, in times of emergency, the hospital will use the server to find 

emergency vendors. 

 

 

 

 

Figure 10.2: The hospital utilizes the server to allow itself to find emergency vendors in times of emergency. 
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The steps of Figure 10.2 where a hospital finds emergency vendors is further explained in 

the following steps 1-7: 

 

1. Hospital requests to be added to marketplace 

When a client logs in it sends its info and data to the server, so that it can be added to the 

marketplace for other clients to see.  

 

2. Updated marketplace info sent 

The server adds the Hospital to the marketplace and sends the updated marketplace back to the 

hospital. 

 

3. Hospital realizes it is in emergency situation 

Currently an ini file can be changed manually to let the hospital now whether, or not, it is 

in an emergency situation. 

 

4. Hospital checks marketplace for emergency sellers 

If the hospital is in an emergency situation it will sort through the marketplace looking 

for vendors that are emergency sellers 

 

5. Hospital uploads desired connections list 

After the hospital has sorted through the emergency sellers and found vendors that meet 

its criteria, it sends its desired connections list to the marketplace. 

 

6. New marketplace data 

After the server adds the Hospital to the currentBuyers lists of its desired connections, it 

sends the updated marketplace back to the Hospital. 

 

7. New marketplace data 

The server sends the updated marketplace to the emergency vendors and all the other 

clients in the simulation. 
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10.4 Large Utility 
 

Large Utility party chat (Battery and DR buying for grid faults (Large Utility from Homes)) 

 

Figure 10.3 shows the party chart for how the Large Utility uses the server to find 

batteries and DR in times where there is a grid fault and grid frequency needs to be restored. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The steps of Figure 10.3 where a Large Utility finds DR and battery vendors during grid 

faults is further explained in the following steps 1-7: 

 

1. Large Utility requests to be added to marketplace 

When a client logs in it sends its info and data to the server, so that it can be added to the 

marketplace for other clients to see.  

 

 

Figure 10.3: The interaction between the Large Grid and server are shown. 
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2. Updated marketplace info sent 

The server adds the Large Utility to the marketplace and sends the updated marketplace 

back to the Large Utility. 

 

3. Large Utility realizes there is a grid fault 

The Large Utility reads a txt file that informs it whether, or not, there is a grid fault in the 

present time step. 

 

4. Large Utility searches marketplace for battery and DR 

If the Large Utility detects a grid fault it will sort through the marketplace looking for 

vendors selling battery and/or DR. 

 

5. Large Utility adds itself to the buyers lists for DR and battery of the vendors it found 

After the Large Utility has sorted through the vendors for battery and DR, it adds itself to 

the respective buyers lists. 

 

6. New marketplace data 

After the server adds the Large Utility l to the currentBuyers lists for battery and/or DR, 

it sends the updated marketplace back to the Large Utility 

 

7. New marketplace data 

The server sends the updated marketplace to the battery and DR vendors, and all the other 

clients in the simulation. 

 

10.5 Server Functions 
 

Sections 10.5.1 to 10.5.3 introduce the functions, actions, and SIO events within the 

server (server.py), and give a brief description of each. 
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10.5.1 Functions 

 

__init__ 

Initializes the server time (currentTimeClock), marketplace, and emergency marketplace 

(emergencyMarketPlace) 

 

addAudienceMember 

Used to add clients into the marketplace 

 

removeAudienceMember 

Logs out clients from the marketplace 

 

load_blackout_zones 

Receives a list of blackout zones from zone_blackouts_config.ini, the list is used to 

determine which homes will be in a “blackout” and cannot receive energy from the grid. 

zone_blackouts_config.ini is in the format:  

 

{"2": [[3600,7200]], "3": [[500,600],[700,800]]} 

 

In the example above, 2 would be the zone of the client, and the list next to the zone is 

the length of the blackout, in this case 3600 to 7200 seconds, which would correlate to 1am to 

2am.   

 

10.5.2 Server Actions 
 

There is a list of functions within server.py with the word “Action” in the definition. 

These functions are the main functions that allow clients to manipulate the marketplace. 

 

addBlackoutFlagsAction 

The function will put the clients in a blackout based on the information from 

load_blackout_zones. In the JSON of a home client there exists a variable (“blackout_flag”) that 
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tells the client if it is in a blackout, or not. If the home is in a blackout, blackout_flag = False, if 

in a blackout, blackout_flag = True. Depending on the information in zone_blackouts_config.ini, 

addBlackoutFlagsAction will set the clients in the respective zones to False when in the blackout 

time range, or False when out of a specified blackout time range. 

 

addActionItem 

Function used to add the action functions to a list of functions to be executed in server.py 

 

loginAction 

Used to log a client into the marketplace 

 

logoutAction 

Used to logout a client from the marketplace 

 

addMultipleDDRWHBuyersAction 

The function is used by the Utility to add itself to the list of a clients’ WH buyer list 

(ddrCurrentBuyersWH) 

 

removeBuyerFromAllWHVendorsAction 

Allows for a Utility to be removed from a client’s WH buyer list (ddrCurrentBuyersWH) 

at the end of the time step 

 

addMultipleBuyersAction 

Used when buying battery energy. Buyers can add themselves to multiple vendor lists 

(currentBuyers) at the same time. Used by Utility, Home, and Hospital. 

 

removeBuyerFromAllBatteryVendorsAction 

Removes buyer from all the battery vendors it is buying from at the end of the time step  

 

appendDesiredConnectionsAction 

Used by the hospital to append its desired connections into the emergency marketplace  
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prioritizeEmergencyBuyersAction 

Used by server.py to ensure that if there are emergency buyers requesting energy from a 

vendor that already has non-emergency buyers, that the emergency byers are prioritized and sold 

to first 

 

removeFromEmergencyAction 

Removes emergency buyers from emergency marketplace at the end of the time step 

 

addMultipleDDRACBuyersAction 

The function is used by the Utility to add itself to the list of a client’s A/C buyer list 

(ddrCurrentBuyersAC) 

 

removeBuyerFromAllACVendorsAction 

Allows for a Utility to be removed from a client’s A/C buyer list (ddrCurrentBuyersAC) 

at the end of the time step 

 

executeAction 

Function ensures that all “action” functions are executed in every time step 

 

changeTimerAction 

Changes the day and timer in the marketplace and also resets the timer every 24 hours 

(86400 seconds) 

 

increaseTimer 

Increases the timer by 1 every second and checks the blackout flags 

 

parseActionItems 

Function makes sure that each action that was called will be executed in a specified order. 

There is also a section in parseActionItems what looks for instances where two buyers may be 

trying to append themselves (addMultipleBuyersAction) to the currentBuyers list of a vendor 
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that has only one spot left. In those cases, a formula is used on each of the conflicting buyers to 

determine which buyer will append themselves to the vendor list. 

 

score0 = ["maxSocConnections"] * ["singleSocConnectionLimit"] / ["cost"]  

 

The idea behind the equation is the vendor with the lower score will have their 

addMultipleBuyersAction deleted from the parse.  

 

10.5.3 SIO Events 
 

SocketIO is a Python library that allows for bidirectional event-based communication 

between the clients and the functions in server.py. They are used by the client interfaces to 

interact with the marketplace and emergency marketplace. 

 

connect 

Connects a client to the server 

 

login 

Client is logged into the marketplace with their relevant data 

 

logout 

Used to logout a client from the marketplace 

 

addMultipleBuyers 

Allows a client to add itself to the lists multiple battery vendors 

 

removeBuyerFromAllBatteryVendors 

Removes client from battery vendors it was buying from 
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appendDesiredConnections 

Used by an emergency client, such as a hospital, to append its desired connections to the 

emergency marketplace 

 

removeFromEmergency 

Used to remove emergency client’s desired connections from the emergency marketplace 

 

addMultipleDDRWHBuyers 

Allows Utility to add itself to multiple WH DR sellers 

 

removeBuyerFromAllWHVendors 

Removes Utility from WH DR sellers 

 

addMultipleDDRACBuyers 

Allows Utility to add itself to multiple A/C DR sellers 

 

removeBuyerFromAllACVendors 

Removes Utility from A/C DR sellers 

 

increaseTime 

Increases the simulation timer 

 

disconnect 

Disconnects a client from the server 

 

Chapter 10 discussed the server and how the clients interact with it, Chapters 11, 12, and 

13 will discuss the main simulated clients (Chapter 11: Home Client, Chapter 12: Hospital 

Client, Chapter 13: Large Utility Client), as well as the roles of these clients in the simulation 

and their functions. 
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Chapter 11  

 

11 Home Client 
 

The home is one of the main clients in the simulation, they can act as prosumers and are 

one of the most abundant clients in the marketplace. They can be used to simulate residences 

such as homes, or apartments. A home can partake in the following scenarios: 

 Buying/selling in the marketplace (battery) 

 Energy Arbitrage (energy trading) 

 Independent client goals (different houses having different buying/selling goals) 

 Selling demand response 

 Partaking in frequency response (DR or Battery) 

 Scheduled Demand Response vs Real Time Demand Response 

The home client can have the following simulations: 

 PV 

 Water Heater 

 Air Conditioner 

 BESS 

 Load 

 Demand Response (A/C, Water Heater, and BESS) 

Homes can also partake in the following scenarios: 

 Demand Response (selling) 

 Frequency Response (selling WH, A/C, BESS) 

 Energy Arbitrage (buying/selling) 

 Emergency Marketplace (selling emergency power) 

 Scheduled Demand Response vs. Real Time Demand Response (can do either) 

 Independent client goals (different houses having different buying/selling goals) 

 Can run real time data (Can run real data from an A/C, for example, real A/C data can 

work with a simulated Water Heater and BESS for sizing) 
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11.1 Buying Energy 
 

If the home is allowed to partake in the Energy Marketplace, it can search the marketplace 

for potential vendors. When searching the marketplace, a home looks at each vendor and checks 

multiple variables before buying. These variables include: 

 Zone 

 Cost 

 singleSocConnectionLimit 

 The number of buyers the vendor currently has 

A house client has multiple parts: 

 The battery simulation 

 A/C and water heater simulation 

 Client that interacts with the marketplace 

 

11.2 Battery Simulation  
 

The battery simulation, discussed in Section 8.3, has the battery logic as well as the logic 

for buying/selling in the marketplace. The client is a separate python file allows the Battery, 

Water Heater, and Air Conditioner to interact with each other. In addition, the client allows the 

home to interact with the marketplace. To better understand how the different python files of a 

home client interact, a figure of the home client architecture is shown in Figure 11.1. 
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From Figure 11.1 it can be seen that the Client Interface is the only portion that interacts 

with the marketplace. The information that the client interface receives from the marketplace will 

affect the simulation files connected to that home client. For example, if the home client is 

buying energy, the information it receives on vendors comes from the marketplace, and if the 

home client choses to buy from one of the vendors, this will affect the battery simulation. 

As discussed in Section 10.5, the server is used to keep tracks of changes made by 

clients, the role of the server in a home client architecture is shown in Figure 11.2. 

 

 

 

 

Figure 11.1: The client interface allows the various simulation files of a home client to interact with the 
marketplace and other home clients. 
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The server is responsible for ensuring that all marketplace and client interactions take 

place in every time step. Currently, the server is hosted on a local machine, however, the server 

can be hosted on a multitude of different type of server architectures. 

One of the main functions of a home client is to buy and sell battery energy on the 

marketplace. The following Sections 11.3 will discuss home client arbitrage (energy 

buying/selling).  

 

11.3 Energy Arbitrage (Buying) 
 

11.3.1 Overview 
 

The goal of a home is to keep the SOC of its battery at 100%. If it cannot meet this goal with 

its own PV, and it has permission to use the marketplace, the home will look for vendors to 

supply its needs. The home requires two conditions to be able to buy from the marketplace: 

1. Does the home have permission to use the marketplace? (market_use_permission) 

2. Is the SOC of the battery below 100%? (currentSocReserves) 

Figure 11.2: The server’s role is to communicate with both the marketplace and clients. 
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If both of the previous conditions equate to True, then the home will enter the marketplace. 

The home then gathers all the vendors in the marketplace and begins to sort them based on its 

own criteria. The main sorting function for a home is getVendorsToBuyFrom, which is in 

battery_infinite_test.py. Figure 11.3 gives a flowchart of how a home client will look to buy 

battery energy from a vendor in the marketplace. Section 11.3.3 following Figure 11.3 further 

explains the portions of the flowchart, the numbered boxes in the flowchart correspond to the 

numbers in Section 11.3.3.  
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11.3.2 Buying Energy Flow Chart 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.3: The process of how a home client purchases energy from the marketplace (steps 
1 through 3). 
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Figure 11.4: The process of how a home client purchases energy from the marketplace (steps 
4 through 15) 
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11.3.3 Buying Energy Flowchart Details 
 

1. Deletes vendor called GridDemandCharge 

  

GridDemandCharge is a vendor that is only bought from when a house needs to, this is 

only in times when the SOC of the battery is below a certain level (battery_threshold) and there 

are no available vendors in the marketplace. The vendor can be seen as being part of a classic 

utility model where a buyer only buys from the utility directly. The GridDemandCharge vendor 

can still be bought from later if the home determines it needs it based on criteria discussed in this 

section. GridDemandCharge energy cannot charge the battery and instead feeds a client’s home 

directly. 

 

2. getVendorsToBuyFrom calls function prefilterAvailableVendors 

 

The function is used to determine if the home can buy from the Grid, or not, based on a 

blackout (blackout_signal). Similar to a real-life scenario, if there is a blackout, the customer is 

cut off from the utility, if not, the home can buy power from the grid. In the simulations, the Grid 

competes in the marketplace with other vendors. 

 

“Grid” vs “GridDemandCharge” 

Both the Grid and GridDemand charge are assumed to be part for the same entity, the utility. 

However, “Grid” is the portion of the utility that competes with other vendors on the open 

market while “GridDemandCharge” is the portion of the utility that supplies energy to homes 

that: 

1. Do not have access to the marketplace, or, 

2. Cannot find vendors and their battery is below a certain threshold and therefore can only 

be supplied by the grid 

The “Grid” and “GridDemandCharge” can offer the same, or different rates even though they 

are both seen as being part of the utility. For example, “Grid” can offer TOU rates, while 

“GridDemandCharge” can offer a high average price as a sort of penalty for homes needing on 
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demand energy. In a blaclout, the home cannot buy from the Grid (prefilterAvailableVendors), or 

GridDemandCharge (clacLoadSatisfiedByBattery). 

 

3. Additional vendor checks 

 

The next check is for a buyer to see if their name is already in the currentBuyers list of a vendor 

 

If a home is still in need of energy, it will be searching for buyers every second, even if it has 

found a buyer in the previous second. There are two main reasons for this: 

1. A home can continually check its status after receiving energy to see if it needs to 

disconnect 

2. It makes sure buyers do not stay attached to sellers when they do not need to, so that 

sellers can always be available to buyers that need them 

If the buyer is in the currentBuyers list of the vendor, it will remove itself to be able to buy again 

in the current second 

 

The function then checks if the buyer is in the specified “zone”.  

 

Each vendor has zones they are allowed to trade energy with in the marketplace. For 

example, house1 may only be able to buy energy from zones 1 and 2, while house2 can only buy 

energy from zone 1. Zoning is only limited to buying, for example, a home may only be able to 

buy from zone 1, but still may be able to sell to zone 2. The buyer is the one limited by zoning. 

Zones act as a way to simulate areas, such as microgrids, neighborhoods, counties, etc. 

 

If the seller has zero maxSocConnections, then a buyer will remove them from a list of potential 

candidates. 

 

A vendor in the marketplace is removed from the marketplace only if the client is stopped. 

Otherwise, a client is always in the marketplace. The way a client “enters” and “exits” the 

marketplace is buy setting its maxSocConnections to 0. There are two instances where a seller 

would set its maxSocConnections to 0: 
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1. The seller does not have enough SOC in its battery to sell energy. 

2. The seller has maxed out its maxSocConnections and cannot add more buyers. 

A buyer then checks if the seller’s number of buyers (currentBuyersList) is larger, or equal 

to, the number of its maxSocConnections. If the outcome is false, that means the seller cannot 

afford anymore connections, and the seller will be removed from the potential vendors list. 

 

One of the last checks is if the seller’s cost is more than the max the buyer is willing to pay. 

 

If the cost of the seller’s energy is more than a home is willing to pay, it is removed from 

the potential seller list. How a home determines the max price it is willing to pay is explained in 

Section 11.3.4. 

 

4. For vendors that passed the previous checks, adjust their maxSocRate to match buyer 

singleSocConnectionLimit 

 

Once the home has narrowed down the seller list on the aforementioned criteria, it then 

begins further sorting the potential vendors. First by adjusting the maxSocRate of each vendor. 

Each buyer has a limit to how much SOC it can accept from a seller on one connection 

(singleSocConnectionLimit). The singleSocConnectionLimit can be thought of as the max 

amount of water that can go through a pipe.  

If the maxSocRate of the seller is higher than the buyers singleSocConnectionLimit, the 

buyer will request a maxSocRate that is equal to their singleSocConnectionLimit. 

Note that Figure 11.5 gives a visual representation of how maxSocRate, 

singleSocConnectionLimit, and maxSocConnections relate.  
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 The singleSocConnection limit applies to each line “entering” and “exiting” the battery. 

An analogy can be the limit of current that can go through a line, or the amount of water that can 

go through a pipe. maxSocConnections is the number of “lines” going out of the battery, so if 

maxSocConnections is 3, then the client can only sell to three buyers. maxSocRate is total 

amount of SOC that can leave a battery every second, it is a product of the combination of 

maxSocConnections and singleSocConnectionLimit. The maxSocConnectionsIn and 

maxSocRateIn work exactly like maxSocRate and maxSocConnections, except they apply to a 

battery finding connections to charge itself. singleSocConnectionLimit applies to connections in 

and out of the battery. 

 

5. Determine how many vendors the buyer can buy from at one time 

 

This is done by checking if the number of maxSocConnectionsIn is larger than the 

number of available vendors. If maxSocConnectionsIn is less than the number of vendors 

available, the number of vendors a home will buy from will be equal to maxSocConnectionsIn. 

There is no need to worry if the home is already buying because as state earlier the home is 

resetting its buyer list every second. 

 

6. getVendorsToBuyFrom calls function bestEnergyPrices 

Figure 11.5: Relation of maxSocRate, singleSocConnectionLimit, and maxSocConnections. 
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bestEnergyPrices() provides optimization on the vendors the buyer has found. Figure 

11.4 (steps 7 thru 13) shows the continuation of the steps from Figure 11.3. 

 

11.3.4 Best Energy Prices Flow Chart 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11.6: The flowchart shows how the home client uses the 
function bestEnergyPrices() to determine the optimal energy prices 
from vendors (steps 1 through 10). 
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7. Vendor data received from getVendorsToBuyFrom is sorted by maxSocRate in 

descending order to have the largest SOC values first 

 

Sorting SOC rates from greatest to least makes the marketplace more efficient. The buyer 

would buy from the least amount for vendors to satisfy its SOC needs.  

 

vendorCollection: {'house3': 2, 'house4': 1.5, 'house5': 1} 

 

Figure 11.7: Continuation of Figure 11.5 (steps 11 through 
13). 
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The function sorts the potential vendors in descending order by the max SOC rate per 

connection (maxSocRate) the respective seller can offer. If the marketplace does not have 

vendors, the function will not initiate, and the simulation will continue. 

 

8. If there is more than one vendor, the function uses numVendorsToBuyFrom to trim the 

list, total_soc is then calculated  

 

Now the buyer can finally choose the possible vendors it could buy from to fulfill its 

needs, however, the buyer is limited by its input connections. 

numVendorsToBuyFrom is based on maxSocConnectionsIn. The buyer is limited in how 

many vendors it can buy from (numVendorsToBuyFrom). numVendorsToBuyFrom is 

determined by the amount of maxSocConnectionsIn available as well as how many vendors are 

found in the marketplace in that moment. 

 

If maxSocConnetionsIn = 2, the list from step 7 would become: 

 

vendorCollection: {'house3': 2, 'house4': 1.5} 

 

9. vendorCollection is then sorted by multiplying the cost of the vendor by their respective 

maxSocRate and sorted in ascending order 

 

vendorCollection is sorted by multiplying the cost ($/SOC) of each vendor by their 

maxSocRate. This allows a buyer to see what would be the highest cost of energy for each 

vendor. Using this number, the vendors are then sorted from the smallest to the largest.  

 

10. If total_soc is greater than target_soc the function then begins adjusting the 

maxSocRates of vendors in cases of SOC overages 

 

bestEnergyPrices then checks if the buyers total_soc is greater than the target_soc, and if 

so, by how much (soc_overage). target_soc is equal to the maxSocRateIn within the home’s 

JSON file. The maxSocRateIn is the highest rate of SOC that can come in per second. For 
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example, if a buyer had a maxSocConnectionsIn of 2 and a singleSocConnectionLimit of 5, the 

maxSocRateIn (target_soc) could be 10.  

 

bestEnergyPrices employs an optimization algorithm that looks to find the cheapest group of 

vendors that fulfills the target_soc while maximizing resources of those vendors (maxSocRate) 

and indirectly optimizing buying/selling mechanisms of the marketplace. The algorithm iterates 

from the highest priced vendor to the lowest priced vendor. The soc_overage is subtracted from 

the most expensive vendors first as the list is narrowed down.  

 

11. total_cost is calculated 

 

The total cost of the remaining vendors with theirs adjusted SOCs is calculated. 

 

12. While total_soc is greater than, or equal to, the target_soc 

 

Optimization begins to determine the cheapest set of vendors to buy from while 

maximizing the utilities of the respective vendors being bought from  

A new total SOC (new_total_soc) so that is can be compared to the target SOC 

(target_soc) so the target SOC can be optimized 

If the new_total_soc is larger than the target_soc, the soc_overage is calculated similar to 

previous steps where the algorithm iterates from the highest priced vendor to the lowest priced 

vendor. The soc_overage is subtracted from the most expensive vendors first as the list is 

narrowed down. 

The new_total_cost is calculated then compared to the previous total_cost. If the 

new_total cost is lower than the total_cost, the new group of vendors is accepted as the most 

optimal.  

The process is repeated until the most ideal group of candidates it found. 

 

13. bestEnergyPrices then returns the answer to getVendorsToBuyFrom 

 

A list of optimized vendors is sent to getVendorsToBuyFrom 
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14. getVendorsToBuyFrom then iterates through the collection of vendors from 

bestEnergyPrices to optimize it further 

 

getVendorsToBuyFrom then iterates through the collection of vendors provided by 

bestEnergyPrices to see if the list can be made smaller by reducing the number of vendors it buys 

from and seeing if this list can be optimized with bestEnergyPrices. This process continues until 

getVendorsToBuyFrom gets the most optimal list of vendors at the cheapest price. 

 

15. Optimized list is sent to the server to add the filtered buyers 

 

The Client Interface uses server functions to add itself to the currentBuyers list of the 

filtered vendors 

 

11.4 Energy Pricing 
 

A home client can currently use 4 strategies to determine how much they are willing to 

pay for energy every second. The function buy_pricing_strategy() is used to determine how 

much a client is willing to pay for energy. The methods are explained below: 

 

11.4.1 Buy Price 
 

Method 1 

The first method allows the buyer to set their buy price to be the average of all sellers in 

the market. However, the buyer has a price floor (my_buy_floor_price) and if the average price 

calculated is lower than this price floor, the buyer will not use their price floor rather than the 

average price of all the vendors in the market 
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Method 2 

The buyer will actively raise and lower their price depending on whether, or not, they can 

find sellers. 

If a buyer has been buying from a vendor for a set amount of time (count_buying_time), 

the buyer will then lower the price (buy_selected_price_delta) they are willing to pay for energy 

in hopes of finding a cheaper energy source. Conversely, if a buyer has not yet found a seller 

willing to sell energy (buy_max_time_to_increase_price) at the price they are willing to offer, 

the buyer will then raise their buying price in hopes of finding a vendor. 

In the case of lowering their buying price, the buyer has a price floor. The same logic 

applies to a buyer buying energy, there exists a price ceiling (my_buy_ceiling_price), so that the 

buyer does not continually raise their buy offer. 

 

Method 3 

If the third method is chosen a buyer will find the seller in the market with the second 

lowest price and use it to create a buy price that is 10% lower than the aforementioned second 

lowest price that was found. 

 

Method 4 

The buyer uses a constant price (buy_my_cost_constant) that never changes 

 

11.4.2 Sell Price 
 

Similar to determining how much a home client is willing to pay for energy, a home 

client can also determine how much they are willing to sell their battery energy for every second. 

Four methods are available and are determined in the function battery_pricing_strategy(). 

 

Method 1 

If the seller finds other sellers in the market it will make its priced based on the average 

of all sellers it has found. Each seller has a price floor, so if the average is lower than the price 

floor, the price of the battery energy being sold will be equal to the price floor. 
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Method 2 

The seller will use a local clock to determine whether it wants to raise or lower its price 

of energy. If a certain amount of time has passed (max_time_to_lower_price) without the seller 

having sold energy, it will increment the price of its energy down by a certain amount 

(selected_price_delta). Similar to Method 1, there is a price floor, so that the price of energy 

cannot go below a set minimum. If the seller has noticed that they have been selling energy for a 

certain amount of time (max_time_to_increase_price) then the seller will increase their price by 

a delta amount (selected_price_delta) in hopes of increasing profits) 

 

Method 3 

The seller will look at all sellers in the market and look for the second to lowest price of 

battery energy. The seller will then make their sell price a certain percentage lower than the 

second lowest price they found in the marketplace. 

 

Method 4 

The seller has the option to set a constant price regardless of what other vendors are 

setting their energy prices for in the market. 

It is important to note that a home can buy and sell energy at the same time, however, a 

home cannot buy and sell to and from the same client at the same time. 

 

11.5 Energy Arbitrage (Selling) 
 

Within the client portion of the home is a function that determines whether a home can sell 

energy. The function broadcast_my_battery() is used to determine if a home can sell battery 

energy, if so, it will make it available in the marketplace. Each house client has a 

"sell_threshold" that tells the battery when it can, and cannot, be available in the marketplace. 

When below the threshold, maxSocConnections is set to 0 and no one in the marketplace can buy 

from the vendor. If above the sell threshold, the maxSocConnections will be greater than 0. To 

summarize, the below conditions must be met in order for a house to be able to sell energy:  

 Client is allowed to use marketplace (marketPermission == True) 

 Above sell threshold (current battery SOC > sell_threshold) 
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If a client makes its battery energy available for purchase, the buying client will use the 

process described in Section 11.3. 

A home has a certain amount of maxSocConnections available, as buyers add themselves to 

the sellers currentBuyers list, the number of connections decreases. 

 

11.6 Selling to Emergency Buyers 
 

In emergency situations, emergency buyers have priority over “regular” marketplace 

buyers. Each home client has the ability to participate in the emergency marketplace, which 

means it can sell energy to emergency buyers when there is a simulated contingency in the grid 

(further discussed in Section 12.0). In each home client JSON there is a variable called, 

isEmergencyParticipant, if set to True, the home will participate in the emergency marketplace, 

if set to false, it will not. 

Each home client interface has a function (findPossibleEmergencyBuyers) that checks every 

second if there are emergency buyers in the emergency marketplace that are trying to buy from 

said home. To add an emergency buyer to its currentBuyers, a home will take two actions:  

1. The function will look in the emergency marketplace looking for an emergency buyer 

that has its name in its desiredConnections list with the requested SOC per second. 

2. If the home finds its name it, it will add the buyer with its requested SOC to its 

currentBuyers list. 

The following functions are involved in adding emergency buyers. 

 findPossibleEmergencyBuyers() 

 appendDesiredConnections() 

 appendDesiredConnectionsAction() 

 prioritizeEmergencyBuyersAction() 

 

11.7 Demand Response Selling 
 

Home clients have the ability to sell demand response, they are the only clients in the 

simulation with the ability to sell DR. Each home as at least one WH and one A/C. The JSON 
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file for a home client contains two sections to input potential off times (in the form of a list) for 

the A/C and WH: 

 “ddrACOffTimes” and “ddrWHOffTimes” 

An example of the format of the off times is below: 

 

ddrACOffTimes = [[0,7200], [10000, 18000], [43200, 46800]] 

 

All times are in seconds, 0 to 3600 would be midnight to 2am, while 43200 to 46800 

would be noon to 1 pm. 

battery_infinite_test.py has a function (create_dr_intervals()) that can create 

“randomized” DR intervals for the A/Cs and WHs. The function creates off times for the AC and 

WH in units of 5-minute intervals. It was decided that the smallest time interval the function 

could create was 5 minutes, so that the function was not creating intervals that were, for 

example, on the order of seconds to avoid 1 second of DR being put up for sale. A DR buyer is 

not obligated to use an A/C and/or WH for the entirety of the 5-minute interval. The 5-minute 

interval is to ensure there is a reasonable window of DR for sale. 

Inputting the DR off times manually can allow for scheduled DR simulations, while using 

the create_dr_intervals() function allows for a more “randomized” approach where homes put 

DR for sale at “random” convenient times. Some additional notes about DR in the current 

simulations: 

 If a home has multiple A/Cs, the off times apply to all the A/Cs, the same rule applies for 

WHs. 

 Currently the only buyer of DR in the simulation is the Large Utility (Section 13.0). 
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Chapter 12  

 

12 Hospital Client 
 

12.1 Overview 
 

The hospital client has all the same functions as a house client. But what separates it is its 

ability to use the Emergency Marketplace. In a real-life scenario, there may be moments where 

an important resource, such as hospitals, firehouses, food storage locations, etc., become crucial 

in emergency situations and become a priority in times of disaster. The hospital client was 

created to simulate how one of these entities can service in instances where it is cut off from the 

utility managed grid and instead works with neighbors to ensure it can stay in operation. 

 

12.2 Marketplace vs Emergency Marketplace 
 

What separates the Emergency Marketplace from the regular Marketplace is that only 

certain clients such as the hospital client can use the Emergency Marketplace. When an 

emergency buyer determines they are in an emergency situation, they can create a list of vendors 

they would like to buy emergency power from and send that list to the Emergency Marketplace. 

Vendors that participate in the Emergency Marketplace (isEmergencyParticipant) will then make 

room for the emergency buyer in their current buyers list (currentBuyers). 

 

12.3 Buying Emergency Power 
 

The hospital client uses a function (findMwHospitalEmergency) located in its Client 

Functions to find emergency vendors. The process of how a hospital would buy energy in an 

emergency situation is shown in Figure 12.1 and explained in Section 12.5. 
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12.4 Buying Emergency Power Flowchart 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 12.1: The process for how an emergency buyer, such as 
a hospital, buys power during a contingency (steps 1 through 
6). 
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Figure 12.2: Continuation of Figure 12.1 (steps 7 through 13) 
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12.5 Buying Emergency Power Flowchart Details 
 

1. Hospital checks an emergency signal 

 

The hospital client interface uses the function load_emergency_signal() located in the 

client functions to load a signal from a ini file (emergency_signal_config.ini) that tells the 

hospital whether it is in an emergency, or not. The ini file can be changed as the simulation 

progresses, it can be set to 0, for no emergency, and 1 for emergency. If there is no emergency, 

the client will behave similar to home in that it will buy/sell battery energy, however, the hospital 

does not sell DR for the sake of simplifying the simulations. 

 

2. If there is an emergency, the hospital will begin looking for emergency vendors in the 

emergency marketplace 

 

If there is an emergency, the hospital will cease selling the battery on the marketplace and 

focus on searching for emergency vendors. 

An emergency vendor is any vendor that participates in the emergency marketplace. 

Within a client JSON is a variable (isEmergencyParticipant) that will signify whether a client 

will, or will not, participate in the emergency marketplace. If a home client has 

isEmergencyParticipant set to true, the client will participate in the emergency marketplace and 

sell energy to buyers such as a hospital that are in an emergency situation. 

 

3. Function is used to begin sorting emergency vendors 

 

The function findMwHospitalEmergency() is used by the hospital to look for emergency 

vendors 

The function begins by setting a target sum (target_sum) to begin looking for energy.  

The target sum is equal to the maxSocRateIn of the hospital. 

The hospital will then remove its name from any vendors it is currently buying from, this 

prevents the hospital from “double buying”. 
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The hospital then searches the marketplace looking for vendors that are emergency 

vendors (isEmergencyParticipant) and checks if these vendors are in the zones that the hospital 

can buy from. When the emergency vendors are found, the hospital will adjust the vendors SOCs 

to meet the requirements of the hospital’s singleSocConnectionLimit. 

 

4. The hospital will then be looking at the currentBuyers list of each of the emergency 

vendors it has found. 

 

If a seller has maxed out their maxSocConnections to emergency buyers, then the 

hospital will delete them as a potential emergency vendor. The hospital is able to check if a 

buyer is an emergency buyer by checking if said buyer is in the emergency marketplace. 

 

5. Hospital then checks how many macSocConnections they have available, and whether, 

or not, the hospital has found more emergency vendors than they have 

maxSocConnectionsIn 

 

If emergency sellers have been found the sorting process begins. 

 

6. The hospital then looks for the emergency vendor with the highest SOC rate 

 

The emergency vendors are then sorted from highest to lowest in a list called 

vendorCollection. The total sum (total_sum) of all the vendors in vendorCollection is then 

calculated. 

 

7. If the total sum (total_sum) is larger than the target sum (target_sum) the SOC of the 

largest emergency vendor is adjusted 

 

The emergency vendor with the largest SOC is adjusted by subtracting the difference in 

total sum and target sum (total_sum - target_sum) from the maxSocRate of the emergency 

vendor. 
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8. Hospital then removes itself from the currentBuyers lsits of the emergency vendors it has 

found 

 

The hospital is removing itself from the currentBuyers list, which applies to the hospital 

in normal marketplace conditions, it removes itself because it now in an emergency buying 

situation. The currentBuyers list is used in both emergency and regular conditions. When the 

hospital removes itself from the currentBuyers lists it prevents the hospital from trying to buy 

energy from a vendor twice.  

 

9. Hospital then checks if the maxSocRate of each vendor is higher than the hospital’s 

singleSocConnectionLimit 

 

If the maxSocRate of a vendor is higher than the hospital’s singleSocConnectionLimit, 

the hospital will adjust the amount SOC it is requesting from the emergency vendor to match its 

singleSocConnectionLimit. 

Conversely, if the emergency sellers singleSocConnectionLimit is lower than that of the 

hospital, the hospital will adjust their requested SOC rate to match that of the emergency vendor 

 

10. Creates dictionary 

 

Emergency vendor list is sorted in descending order by SOC value. A dictionary format 

is used because the output needs to be in a dictionary format for the emergency marketplace. 

 

11. Check if number of vendors found is more than maxSocConnectionsIn 

 

If the number of emergency vendors found is larger than the maxSocConnectionsIn of the 

hospital, the hospital will trim the list of vendors, so that the max number of vendors the 

emergency buyer requests energy from is not bigger than maxSocConnectionsIn. Because the list 

is sorted in descending order with the vendors with eh largest SOCs first, the emergency vendors 

that are trimmed are the vendors with eh smallest available SOC. 
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In this step, the hospital also calculates the sums the total amount of SOC found from all 

the desired connections. 

 

12. Sum the total cost of emergency power 

 

If there is a cost associated with emergency power, this is where that total will be 

calculated. All the vendors that the hospital will request energy from are also formatted to be 

output to a CSV file. 

 

13. Output the desired connections to the emergency marketplace 

 

The list of vendors is output to the client interface, which then sends the list of vendors 

and the requested SOC rates to the emergency marketplace. How the emergency vendors add the 

hospital to their vendor lists is further explained in Section 11.6. 
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Chapter 13  

 

13 Large Utility Client 
 

13.1 Overview 
 

The purpose of the Large Utility client is to simulate instances of grid frequency 

regulation using DR and batteries to correct grid faults, such as a sudden loss in generation, or a 

sudden surge in grid load. The client does not buy, or sell, energy similar to the house and 

hospital clients. Instead, its only purpose is to acquire DR and batteries from a marketplace in 

times of need, such as a grid fault.  

An ideal grid frequency is set at 60Hz. Predetermined grid faults are fed into the 

simulation every second and a Large Utility client is given the tools to monitor and address these 

faults on a second-by-second basis. Below is an example of how a Large Utility client monitors 

and adjusts the grid frequency. 

 

13.2 Governing Equations 
 

 

The Large Utility Client utilizes an equation derived from the swing equation for a 

generator as it relates to system frequency.  

 

𝑑Δ𝑓

𝑑𝑡
=

(𝑃 − 𝑃 )

2𝐻
 

 

Where,  

 

𝑑Δ𝑓 is change in frequency 

𝑃  is total generation 

𝑃  is total load power 

(13.1) 
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To consider how quickly load power changes with frequency deviation, load response 

gain is added to Equation 13.1 to create Equation 13.2 [96,97]. 

 

𝑑Δ𝑓

𝑑𝑡
=

(𝑃 − 𝑃 − 𝐾 ∗ Δ𝑓)

2𝐻
 

 

Where, 𝐾  is load response gain 

 

Equation 13.2 is further modified by adding a droop gain term to also determine how 

generated power responds to frequency deviations, Equation 13.2 with droop gain is shown in 

Equation 13.3. 

 

 

𝑑Δ𝑓

𝑑𝑡
=

(𝑃 − 𝑃 − 𝐾 ∗ Δ𝑓 − 𝐾 ∗ Δ𝑓)

2𝐻
 

 

Where, 𝐾  is droop gain 

 

∆𝑃 = 𝐾 ∗ Δ𝑓 − 𝐾 ∗ Δ𝑓 

 

 

 

Within the simulation, a variation of Equation 13.4 is used and is presented as Equation 

13.5. 

 

 

∆𝑃 =
𝑘

100
∗ 𝑃 ∆𝑓 +

100

𝑑
∗ 𝑃

∆𝑓

𝑓
 

 

 

 

(13.2) 

(13.3) 

(13.4) 

(13.5) 
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Where,  

 

∆𝑃 = change in power (negative is generation loss, positive is load loss) 

𝑑 = droop (%) 

𝑃  = total load power (Watts) 

𝑃  = total rated power of generators (Watts) 

𝑘  = load response (%/Hz) 

𝑓 = synchronous grid frequency (Hz) 

∆𝑓 = change in grid frequency (Hz)  

 

Rearranging Equation 13.5 yields: 

 

∆𝑓 =
∆𝑃

𝑘 ∗ 𝑃
100

+
100 ∗ 𝑃

𝑑 ∗ 𝑓

 

 

Table 10 shows how a change in ∆𝑃 will affect the other parameters in the simulated grid 

and how a change in frequency can be corrected by the simulated Large Utility Client. 

 

Table 10: The table displays how the Large Utility would respond to various changes in the simulated grid. 

Change to ∆𝑷 Loss Constant Grid 
Frequency 

Power Solution 

+ Load Generation Increases Inject Power Batteries 
- Generation Load Decreases Shed Load DR 
+ Load Generation Increases Decrease 

Generation 
Shutdown 
Generators 

- Generation Load Decreases Increase 
Generation or 
Decrease load 

Batteries or 
DR 

 

 

Equation 13.6 is used within the simulation to calculate the change in frequency based on 

a loss in load or generation. The values held constant in simulation for simplicity are 

𝑃 , 𝑑, 𝑘 , 𝑓  

 

(13.6) 
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13.3 Architecture 
 

The architecture for how information is sent from the different parts of a Large Utility 

client is shown in Figure 13.1. 

 

 

 

 

 

 

 

 

 

 

The flowchart showing the steps a Large Utility takes to correct the gird frequency is 

shown in Figure 13.2. Further explanation of Figure 13.2 is in Section 13.5. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13.1: The numbers are the order in which information 
travels in the simulation when the Large Utility is attempting to 
alleviate a grid fault. 
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13.4 Large Utility Flowchart 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13.2: The process a Large Utility uses to alleviate a grid fault 
(steps 1 through 4). 
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13.5 Large Utility Flowchart Details 
 

1. The Large Utility is checking the grid frequency every second 

 

The Large Utility Client Interface uses a function newFrequency() to check if the 

frequency of the grid is within range. The frequency of the grid id located in an ini file 

(grid_frequency.ini) and is updated every second based on grid faults from a txt file 

(grid_fault.txt) and actions taken by the Large Utility.  

Figure 13.3: Continuation of Figure 13.2 (steps 5 through 9) 
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The target grid frequency is set at 60Hz, if a fault was determined in a previous time step, 

newFrequency() takes into account the fault and any energy that was bought to alleviate the fault. 

A new frequency is calculated and used in the present time step.  

 

2. The Large Utility uses a function to check grid frequency changes from faults and 

determine what actions need to be taken to remedy said faults 

 

The simulation (large_grid.py) uses a function (calculateGridFrequency3) to check grid 

frequency changes from faults and determine what actions need to be taken to remedy said faults 

Every second calculateGridFrequency3() takes into account the new frequency from 

newFrequency() and grid faults from a .txt file (grid_fault.txt) to calculate a new grid frequency 

(current_frequency_w_fault) based on frequency from the previous time steps and taking 

account any grid faults in the present time step. The values from grid_fault.txt are read every 

second, a value of 0 means no fault, a positive value means load loss, and a negative value refers 

to generation loss. Equation 13.6 gives the equation used to calculate the change in a simulated 

grid frequency depending on whether delta P is 0, positive, or negative. 

 

3. The change in frequency is calculated to determine what actions the Large Utility needs 

to take to assess the change in grid frequency  

 

The client functions calculate the change in frequency (delta_f) to determine what actions 

the Large Utility needs to take to assess the change in grid frequency. Calculating delta_f allows 

calculateGridFrequency3() to begin searching for the appropriate vendors to buy from in order to 

stabilize the grid frequency. The changes in frequency are based on the change in P and are 

calculated using Equation 13.6 (newFrequency), any previous faults that were not addressed in a 

previous timesteps (carry_over 341 simulation) are also considered. carry_over refers to the 

amount of fault that could not be taken care of in the previous time step. 

 

4. If there is a grid fault in the current time step, the Large Utility calculates how that fault 

affects the grid frequency 
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current_frequency_w_fault is used by calculateGridFrequency3() to determine the action 

needed to alleviate the current (and possibly previous) faults. The logic below is used to 

determine the appropriate action by the Large Utility: 

 

if current_frequency_w_fault > fs + 0.5: 

            frequency_change_needed = current_frequency_w_fault - (fs + 0.5) 

            power_change_needed = (((Klr*(Pl))/100) + ((100*Prated)/(d*fs))) * (frequency_change_needed) 

            #SHUTDOWN GENERATORS 

            amount_generators_off = power_change_needed 

            amount_DR_BAT_needed = 0 

            buyDRandBat = False 

elif current_frequency_w_fault < fs - 0.5: 

            frequency_change_needed = current_frequency_w_fault - (fs - 0.5) 

            power_change_needed = (((Klr*(Pl))/100) + ((100*Prated)/(d*fs))) * (frequency_change_needed) 

            #BATTERIES OR DR 

            amount_generators_off = 0 

            amount_DR_BAT_needed = power_change_needed 

            buyDRandBat = True 

else:             

            frequency_change_needed = 0 

            power_change_needed = 0 

            amount_generators_off = 0 

            amount_DR_BAT_needed = 0 

            buyDRandBat = False 

 

+/- 0.5 creates an acceptable range for the grid frequency, so if the grid frequency is 

60Hz, the Large Utility will work to keep the frequency between 59.5 and 60.5 Hz. 

 

5. The Large Utility outputs its actions to alleviate the grid fault 

 

calculateGridFrequency3() outputs the actions that will be taken by the utility to the 

Large Utility Client interface Depending on the grid fault, the output can be some combination of 

the following if a buy decision is made: 
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 Buy demand response (DR) 

 Buy battery 

 Turn off generators 

 Find DR and batteries in the next time step 

 

6. The grid frequency is updated 

 

Depending on the actions of the utility, the frequency is changed using newFrequency() 

and change_frequency(). newFrequency() calculates the changes in frequency based on Equation 

13.6, while change_frequency() updates the new frequency in grid_frequency.ini 

 

7. The Large Utility begins looking for vendors 

 

The Large Utility client begins looking for vendors to fulfill the outputs of 

calculateGridFrequency3(). The client begins searching the marketplace for DR (A/C and WH) 

and battery vendors using the functions: 

 findMW (battery) 

 findDRWH (Water Heater) 

 findDRAC (A/C) 

 

findMW() 

The function looks for potential battery vendors based on how many MW are needed to 

address the current grid faults. The utility will offer different prices for battery energy based on 

the size of the grid fault using the logic below: 

 

if delta_f <= 0.3: 

max_offered = 0.01 

if 0.3 < delta_f <= 0.5: 

            max_offered = 0.03 

if delta_f > 0.5: 
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            max_offered = 0.05 

 

The potential vendors are filtered out based on: 

 Price 

 Location 

Once the potential vendors are filtered, the function then begins optimizing the potential group of 

vendors. 

A target sum (targetSum) is determined by equaling it to the initial neededMW (MW 

needed to correct fault) 

 

findDRWH() 

The function looks for potential battery vendors based on how many MW are needed to 

address the current grid faults. The utility will offer different prices for battery energy based on 

the size of the grid fault using the logic below: 

 

if delta_f <= 0.3: 

max_offered = 0.01 

if 0.3 < delta_f <= 0.5: 

            max_offered = 0.03 

if delta_f > 0.5: 

            max_offered = 0.05 

 

The potential vendors are filtered out based on price and location. A list of potential WH vendors 

is sent to findDRandBat 

 

findDRAC() 

The function looks for potential battery vendors based on how many MW are needed to 

address the current grid faults. The utility will offer different prices for battery energy based on 

the size of the grid fault using the logic below: 
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if delta_f <= 0.3: 

max_offered = 0.01 

if 0.3 < delta_f <= 0.5: 

            max_offered = 0.03 

if delta_f > 0.5: 

            max_offered = 0.05 

 

The potential vendors are filtered out based on price and location. A list of potential A/C 

vendors is sent to findDRandBat. 

 

8. The Large Utility sorts the battery and DR vendors 

 

The outputs of findMW(), findDRAC(), and findDRWH() are sorted in findDRandBat 

 

findDRandBat() 

Part One 

 Candidate list is created by combining lists of vendors provided by findMW(), 

findDRAC(), and findDRWH() 

 All found vendors are separated by AC, WH, and Battery by giving them designation in 

front of their names, (“WH__”, “AC__”, “BAT__”) 

 A target sum (targetSum) is created by equaling the targetSum to the needed energy 

(neededKwh)  

 The algorithm will then go through the combined list of vendors looking for a candidate 

with a value closest to the target_sum 

 The candidate is then deleted from the original list (listOfMWValues, 

listOfVendorNames and added to another list of filtered candidates 

(vendorsToBuyFromMWValues, vendorsToBuyFrom) 

 The algorithm will continue to loop and add canidates unitl the target sum is zero. Not 

pick all candidates may be picked, the group of candidates that are picked are the group 

that reaches the target sum the fastest. 
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 Once the algorithm has found enough candidates to fulfill the needed target sum, the 

second portion of the algorithm begins. 

Part Two 

 At this point the lists vendorsToBuyFromMWValues and vendorsToBuyFrom have been 

populated and the order of the vendors is from largest energy value to the lowest  

 A new target sum is created, it is the sum off all filtered candidates (from previous step) 

values (vendorsToBuyFromMWValues) 

 Optimization begins by deleting the second to last vendor (from listOfMWValues) and 

testing to see of this allows the total of all the MW found from potential vendors to be 

equal to, or less than what the utility is looking for. The reason behind this is the 

assumption that in Part One of the optimization, the last value was “just enough” to put 

the sum of the watt values above the target sum, so this last value is not assumed to affect 

the total as much as the other values. 

 If after deleting the second to last value, the total of all the vendor values is still larger 

than needed energy (neededKWh) and there exists more than one candidate, the 

simulation will continue. 

 After every candidate deletion, the optimization checks how many candidates are left, if 

the number of vendors is equal to one, the optimization will stop, otherwise it continues 

until the right amount of energy is found. 

 Once all candidates have been found, the optimization separates them by WH, A/C, and 

Battery, and outputs the list to buy from to the client interface. 

 

Closer look at findDRandBat() algorithm (lines 755 to 810)  

 

1. findDRandBat() will look at the target sum (target_sum), and then looks for a candidate 

within the list of vendors for a value closest to the target sum. Each candidate found is 

deleted from the initial list of vendors.  

2. The algorithm then goes through the list of vendors until the target sum is zero. Might not 

pick all candidates, the group of candidates picked is the group that gets it to the target 

sum the fastest. Vendor list is sorted from largest to smallest value at this point.  

3. New target sum is summed based off all filtered candidates’ values (from previous step).  
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4. When further sorting, the algorithm looks at second to last value* (which is second to 

smallest) trying to see if by dropping the value it will make the total sum of the remaining 

candidates equal to the target sum. 

5. Filtering process is continued until a filtered candidate list is produced. 

 

*The second to last value was chosen because in the previous while loop (lines 755 to 770), the 

last candidate was chosen to put us over the limit. The algorithm always chooses target sum that 

is over needed what is needed (guaranteed). So, if the last value were to be dropped, the target 

sum would be under what is needed, so there is no point in dropping last value. 

 

9. The Large Utility makes its purchases 

 

The Large Utility client then uses functions that use the server.py functions to purchase 

from the appropriate vendors. Server functions are used to add the Large Utility as a DR and 

Battery buyer to the found vendors. 

 

Chapters 11, 12, and 13 discussed the main simulated clients (Chapter 11: Home Client, 

Chapter 12: Hospital Client, Chapter 13: Large Utility Client), the following chapter (Chapter 

14) will discuss other clients that interact with the simulated marketplace, as well as additional 

simulation components. 
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Chapter 14  

 

14 Additional Simulation Sections 
 

14.1 Vendor Client 
 

The Vendor Client was created to simulate different types of sellers that are not homes. 

These vendors can be independent system operators, aggregators, community run energy 

projects, etc. For example, a vendor can be a solar farm, or a biomass powerplant. The vendors 

do not buy energy, they can only sell energy and they are meant to enter, or exit, the market to 

provide another option to buy energy. Each client has a battery; however, this battery is not in 

use and the SOC will stay at 100%. Vendors can enter, or exit, the market at any time and can 

stay for as long as is deemed necessary for the simulation. 

 

14.2 Grid Demand Charge 
 

As mentioned in Section 11.3.3, there is a vendor known as “GridDemandCharge”. It can 

be seen as being part of the Utility and is only used by a house, or hospital client. The only time 

it is used is to provide energy to a home, or hospital, when they cannot find energy in the 

marketplace, and they do not have enough energy being provided by their renewable resources 

and battery. “GridDemandCharge” is meant to only serve the load of a home, or hospital, if they 

cannot find energy elsewhere, it will not charge the battery to 100% SOC. 

The vendor can be used to help show how a home may need to size its battery and 

renewable sources, so that it can reduce its reliance on a utility. 

 
14.3 Grid Vendor Client 
 

Similar to a Vendor Client (Section 14), the Grid Client can be used to simulate a vendor 

in the marketplace. The client is part of the utility, but it competes in the marketplace with all the 

other vendors including homes. The Grid Vendor Client can enter and exit the marketplace 
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similar to other vendors, while being able to adjust its pricing. For example, the Grid Vendor 

Client can use a constant price throughout the day or use a time of use (TOU) pricing model. 

 
14.4 Timer 
 

Python script (client_timer.py) that iterates the simulation every second. Speed of timer 

can be increased, or decreased, however, from the perspective of the simulation, it will always be 

iterating every second. 

 

14.5 CSV Outputs 
 

Throughout the simulation different variables are being output to a csv file. As long as 

the simulation runs, the csv files will be populated. Each client (Home, Hospital, Large Utility, 

etc.) has a CSV output that allows a user to view and plot variables as they relate to time. All 

clients have similar variables in their CSV filers such as name and zone, however, CSV files may 

differ based on the type of client. For example, the Hospital client has a variable 

getCostOfEmergency, because the hospital needs to keep track of how much it is paying for 

emergency power. A House client would not have the variable getCostOfEmergency. In every 

Client Interface there exists a function, sendToTxt() that handles the function calls to obtain 

variables from the Client Functions and output them to a CSV file. Each CSV file name is in the 

format “clientname_results.csv” 

 

Initial results of the simulated energy marketplace are discussed in the next chapter 

(Chapter 15). 
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Chapter 15  

 

15 Simulation Results 
 

The following sections will describe some initial simulations and their validity. It should 

be noted when the price of $/kWs is seen, it is the kilowatt seconds, similar to kWh divide by 

3600 seconds. 

 

15.1 Single Home No Battery 
 

A single home with no battery and no market usage was simulated to have a base case of 

a home on Oahu. This is similar to a “classic” consumer model in a power grid that only buys 

energy from a utility and does not have any installed renewables. 

 

15.1.1 Overview 
 

The simulated home will only buy grid energy at an average energy cost for Oahu (2015) 

 

15.1.2 House details 
 

House Characteristics 

 No PV 

 Duck curve load (load_duck.txt 2015) 

 No A/C, No WH 

 Grid price (28 cents, average price for Oahu in 2015) on grid side 

 Run with average pricing to get monthly use and bill for 2015 data. 

 SOC battery started at 0, all power coming from grid. 

 Nobody else in market 

 House cannot use marketplace. 

Table 11 summarizes the base case parameters. 
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Table 11: Base case house parameters 

House House 1 
PV No 
Load 2015 “Duck Curve” 
A/C No 
Water Heater No 
Market Usage No 
Battery No 
Grid Energy Price Oahu 2015 Average 

 

 

15.1.3 Equations used to calculate Watts and cost per second 
 

Equations 19.1 and 19.2 were used to calculate the per second usage of load (19.1) and 

the cost associated with it (19.2). 

 

𝑊𝑎𝑡𝑡𝑠 𝑈𝑠𝑒𝑑 𝑃𝑒𝑟 𝑆𝑒𝑐𝑜𝑛𝑑 = 𝐺𝑟𝑖𝑑 𝐷𝑒𝑚𝑎𝑛𝑑 𝐶ℎ𝑎𝑟𝑔𝑒 𝑆𝑂𝐶 ∗
(𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ) ∗ 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 ∗ 3600 ∗ 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)

100
 

 

 
 

𝑊𝑎𝑡𝑡𝑠 𝑈𝑠𝑒𝑑 𝑃𝑒𝑟 𝑆𝑒𝑐𝑜𝑛𝑑 = 𝐺𝑟𝑖𝑑 𝐷𝑒𝑚𝑎𝑛𝑑 𝐶ℎ𝑎𝑟𝑔𝑒 𝑆𝑂𝐶 ∗
(𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ) ∗ 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 ∗ 3600 ∗ 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)

100
∗ 𝐺𝑟𝑖𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑠𝑡 

 

Grid Demand Charge SOC is the energy that the home is consuming from the grid every 

second. The battery parameters are then used to convert the SOC to Watts. Grid Energy cost is in 

the units $/kWs. 

 

 

 

 

 

 

 

 

(19.1) 

(19.2) 
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15.1.4 Load Usage 
 

The daily load data being used by homes in the simulation is based on a duck curve from 

a report by The Economic Research Organization at the University of Hawai’i (UHERO) from 

2016 and is shown in Figure 16.1 [98]. 

 

To begin testing the validity of the simulation models it was necessary to obtain some 

average use and cost prices for a home on Oahu, these were provided from a report by the 

Hawaii State Energy Office (2019) and are shown in Table 12 [99]. The data is the average 

residential data for Oahu from 2015. 

 

Table 12: Hawaii Energy Facts & Figures from Hawaii State Energy Office (July 2019). The data is for 2015. 

Average Rate ($/kWh) 0.28 
Average Monthly Usage (kWh) 504 
Average Monthly Bill ($) 141 

 

Data from Figure 15.1 was converted to a per second basis and used in the simulation. 

Figure 15.2 shows the load usage of a home client. 

Figure 15.1: Load usage “duck curve” for a residential Oahu home 
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It can be seen that the output of Figure 15.2 closely matches that of Figure 15.1. Figure 

15.3 shows how much energy a home uses from the grid. If a home does not have renewables, 

battery, or the ability to use the marketplace, it would then need to buy all of its energy from the 

grid. Because the home believes its load is the same as the 2015 Oahu duck curve, it would make 

sense that the amount of energy bought from the simulated grid would match the shape and 

magnitude of Figure 15.2 This is the case with the base case simulation and is confirmed by 

Figure 15.3. 

 

Figure 15.2: Load usage by a home client based on data from Figure 15.1. 
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15.1.5 Simulation Results 
 

The usage output of the base case for one day is shown in Table 13. 

 

Table 13: Simulated base case outputs for one day. 

 Daily 30 Day Month 
Energy Usage (Ws) 66388831.8 - 
Energy Usage (kWh) 18.5 557.48 
Cost (Cents) 516.38 - 
Cost ($) 5.16 154.91 

 

The daily and monthly averages (30 days) from the simulated base case for a home are 

shown in Table 13. An article from UHERO confirmed the average energy consumption for a 

home on Oahu was approximately 18.5 kWh per day around 2014, showing that the simulation 

results match almost exactly with published data [100]. 

When using TOU pricing (September 2022) for the same exact daily load data from 

Figure 15.3, the cost for daily usage was $7.73. The time of use rates are shown in Table 14 

[101]. 

 

 

Figure 15.3: The home is buying all its energy from the grid. 
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Table 14: Oahu TOU rates September 2022 

Time of Day Price of Energy 
Off-Peak 49.5 ¢/kWh 
Mid-Day 30.5 ¢/kWh 
On-Peak 57.3 ¢/kWh 

 

It can be seen that the 2022 TOU pricing from September 2022 is significantly higher 

than the 2015 average Oahu price of 28 ¢/kWh which is reflected in the daily usage cost. 

After acquiring a base case to confirm the validity of the home simulation models, it was 

possible to begin simulating homes as prosumers in an energy marketplace, the initial 

simulations focused on determining if a home could save money by buying from a prosumer 

rather than buying all its energy from the grid, this topic is discussed in further detail in the 

following section (Section 15.2). 

 

15.2 Two Homes, One Home with Battery, One Home without Battery 
 

One of the main functions of a potential real time energy market was to allow homes to 

create cost savings by allowing a home to buy from prosumers rather than relying solely on 

entities such as utilities. An initial simulation set a prosumers price to 0.006 $/kWs, which would 

below the current .0078 $/kWs price the simulated grid was offering on a per second basis. 

Unlike a utility, the simulated prosumer was limited in how much energy it could sell based on 

its battery SOC. Parameters for the simulation and the two homes are shown in Table 15. 

 

Table 15: The parameters for the two homes exchanging energy 

House House 5 House 4 
PV No Yes 
Load 2015 “Duck Curve” 2015 “Duck Curve” 
A/C No No 
Water Heater No No 
Market Usage Yes Yes 
Battery Yes Yes 
Grid Energy Price Oahu 2015 Average Oahu 2015 Average 
Battery Cost - 0.006 
Battery Sell Threshold - 65% 
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In the simulation, House 5 acted as the buyer and House 4 as the seller, the reason House 

5 is buying energy from the grid until 10800 seconds is because the initial SOC of House was set 

at 0, so what is happening it that House 5 is buying energy from the grid to meet its load, while 

simultaneously buying energy from House 4 to charge its battery to the 10% battery threshold. 

Once House 5 reaches 10% SOC, it can use its battery to meet its own load and does not need the 

grid, which is seen at 10800 seconds. The 10% battery threshold was introduced to simulate a 

real-world battery safety feature, anything below 10% and the home must use energy from the 

grid to meet its load or go into a blackout if the grid is not available. The battery threshold of 

10% can be changed for different simulation scenarios. Figure 15.4 shows this scenario from the 

perspective of House 5.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15.4: The amount of energy House 5 buys from the grid on a per second basis   
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From Figure 15.4 it can be seen that House 5 does not need to buy energy from the grid 

as long as House 4 can meet its energy needs which begins around 10800 seconds. However, 

around the 45000 second mark, House 4 is close to its sell threshold (65%) and cannot 

consistently sell energy to House 5. The reason for the up and down nature of House 5’s grid 

energy purchases is due to the fact that House 4 is oscillating between being able to sell energy 

and not being able to sell energy. This is because House 4 needs to meet its own needs, but is 

also acquiring energy from its solar panels, which allow it to go above its 65% sell threshold and 

sell energy for a second before dropping below its threshold. So, at this time, House 5 is 

switching between buying energy from the grid and House 4. Around 72000 seconds House 4 

can no longer sell energy to House 5 as it is below its sell threshold and cannot go above it as it 

does not have the sun to charge its battery through its PVs. The total amount of money spent by 

House 5 on grid energy was $1.88 as opposed to $5.16 spent in Table 13. 

The next steps in the simulation were to see how homes could trade with each other using 

different pricing strategies. This was explored in Section 19.3. 

 

15.3 Four Homes Different Pricing Strategies 
 

15.3.1 Overview 
 

Four homes were introduced into the simulation alongside the grid. House 5 was again 

set up as a base case, however, it was able to use energy from the market and interact with the 

various house vendors. The main difference between the homes was the strategies they used to 

determine how much they were willing to spend on energy, as well as how they would price their 

own energy that was for sale. The methods used for pricing were described in Section 11.4.1 

(buy) and 11.4.2 (sell). 

 

15.3.2 Simulated House Details 
 

The parameters for each of the homes in the simulation are shown in Table 16. It should 

be noted that House 5 is starting from an initial SOC of 0% and will not be able to sell energy 
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during the simulation. Each home has a different combination of buying/selling strategies; 

however, each home uses the 2015 “Duck Curve” for its simulated load. A/Cs and WHs were not 

used in this simulation, therefore, they are not included in the load of each home. 

 

Table 16: The parameters for the four homes exchanging energy with different pricing strategies. 

House House 5 House 4 House 3 House 2 
PV No Yes Yes Yes 
Load 2015 “Duck Curve” 2015 “Duck Curve” 2015 “Duck 

Curve” 
2015 “Duck 

Curve” 
A/C No No No No 
Water Heater No No No No 
Market Usage Yes Yes Yes Yes 
Battery Yes Yes Yes Yes 
Battery Voltage 400 400 400 400 
Battery Amps 63 63 63 63 
Max SOC Rate 0.001 0.001 0.001 0.001 
Initial Battery SOC 0 100 100 100 
PV Panel size 0 440 x 13 440 x 13 440 x 13 
Inverter Efficiency 0.9 0.9 0.9 0.9 
FPV 0 1 1 1 
Max Number of 
connections Out 

2 2 2 2 

Max Number of 
Connections In 

2 2 2 2 

Line connections 
limit 

1 1 1 1 

Grid Energy Price Oahu 2015 Average Oahu 2015 Average Oahu 2015 
Average 

Oahu 2015 
Average 

Battery Cost - - - - 
Battery Sell 
Threshold 

- 65 65 65 

Battery Threshold 10 10 10 10 
Zone 1 2 2 2 

 

Table 17: Continuation of Table 16 

House House 5 House 4 House 3 House 2 

Battery Sell 
Threshold 

65 65 65 65 

Battery Threshold 10 10 10 10 

Buy Strategy 1 3 2 4 
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Sell Strategy 4 2 3 1 

Sell Price Delta - 0.001 - - 

Floor Price (selling) 0.002 0.002  0.002 

Max Time to Lower 
Price (selling) 

- 150 - - 

Max Time to Raise 
Price (selling) 

- 100 - - 

Cost Constant 
(selling) 

0.002 - - - 

Buy Price Delta - - 0.001 - 

Ceiling Price 
(buying) 

- - 0.004 - 

Floor Price (buying) 0.002 - - - 

Max Time to Lower 
Price (buying) 

- - 15 - 

Max Time to Raise 
Price (buying) 

- - 15 - 

Cost Constant 
(buying) 

- - - 0.002 

Below Battery 
Threshold Max Price 
Willing to Pay 

0.004 0.004 0.004 0.004 

 

 

Sections 19.3.3 through 19.3.6 show the different outputs of each home, which is due to 

their various parameters and pricing strategies. 

 

15.3.3 State of Charge of Home Batteries 
 

The SOC for the various homes is heavily influenced on their sell strategies. A house 

with a more competitive strategy will sell SOC at higher rates. This is shown in Figure 15.5. 
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House 5 has a consistently low SOC because its initial battery SOC was set at 0, from the 

outset, House 5’s sole focus was to get above its 10% battery shutdown threshold. A common 

drop off can be seen after 60000 seconds because most homes are still selling, however, they no 

longer have the sun to charge their batteries, so their SOC will decrease at a faster rate. Each 

home has the same sell threshold of 65%, so once the homes reach this threshold, they no longer 

sell energy in the marketplace. Another point of emphasis is that each home has only 2 

connections in for buying and 2 connections out for selling, this was done for simplicity, but also 

limits the advantages of one home over another. Each line in and out of a home can only move 

0.001 SOC per second per line connection. This value can be changed if need be for future 

simulations. 

 

 

 

 

Figure 15.5: SOCs of the 4 different homes with different pricing strategies   
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15.3.4 Home Buying Prices 
 

Each home had a different buy strategy, meaning each home had a different goal for 

determining what they were willing to pay for energy. The results of these different strategies 

can be seen in Figure 15.6. 

 

 

 

 

House 2 used a constant buy price (0.002) which is why its buy price never changes. 

House 3 used buy strategy 2, which would adjust its price based on whether, or not, it had found 

sellers to buy from, which is why its price changed more often than its peers. If House 3 had 

been buying from a house for a certain amount of time, it would then lower the price it was 

willing to offer in hopes of finding cheaper energy in the marketplace. On the other end, if House 

3 had gone a certain amount of time without buying from a seller, it would increase the price it 

was willing to pay for energy. House 4 implemented strategy 3 where it would look for the 

second lowest vendor selling price and undercut it by 10% to see if it could find a seller. House 1 

implemented a strategy where it based its price off the average of all the sell prices in the 

Figure 15.6: Buy price of each home using a different buy strategy.   
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marketplace, the reason their buy price does not dip below 0.002 is because that is where their 

price floor for House 5 was set. 

 

15.3.5 Home Selling Prices 
 

Similar to Section 19.3.4, each home implemented a strategy to determine the price of its 

energy. The sell prices for each home are shown in Figure 15.7. 

 

 

 

 

 

House 5 implemented a constant cost strategy, which is why its sell price never changed. 

House 2 used sell strategy 1, which made its sell price the average of all sell prices in the market. 

House 3 deployed strategy 3 where it looks for the second lowest sell price in the market and 

then sets its sell price 10% lower than the price it found. House 4 determines its price (strategy 2) 

based on whether, or not, it has buyers. If House 4 spends a certain amount of time (in this case 

Figure 15.7: Sell prices of each home on a per second basis using their respective strategies.   
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100 seconds) with a buyer, it will raise its price to try and increase it profits. If House 4 does not 

have a buyer, it will lower its price after 150 seconds of not having a buyer. 

 

 

15.3.6 Number of Buyers 
 

The number of buyers each home had at every second is shown in Figure 15.8. 

 

 

 

 

From Figure 15.8 it can be seen that House 5 was never able to have any buyers, this was 

due to the fact that their SOC never went about their sell threshold (65%). Homes 2,3, and 4 used 

strategies that changed their sell prices, which is why the number of buyers would fluctuate 

throughout the simulation. It should also be noted that each home was restricted to two 

connections in and two connections out, which is why each home could only sell to two buyers at 

any given time. As a rule, a home can also never buy energy from a home it is selling to and vice 

versa. 

Figure 15.8: The amount of buyers each home had per second   
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15.3.7 Amount of energy bought and sold 
 

The amount of money each home spent and made in the marketplace is shown in Table 

18. 

 

Table 18: The transactional values of energy bought and sold for each home using various buy/sell strategies. 

House Amount Bought Amount Sold Amount Bought 
from Grid 

2 $0.39 $0.80 0 
3 $0.52 $1.27 0 
4 $0.31 $0.29 0 
5 $1.02 0 $1.09 

 

 

From Table 18 it can be seen that House 5 needed to buy from the grid as its battery 

threshold was below 10% at the start of the simulation, therefore it could not use its battery to 

meet its load until it went above the threshold. House 3 made the most money from selling 

energy, which makes sense due to the fact it has the most aggressive selling strategy (Strategy 3), 

which will raise the price of its energy after a set time of having a buyer in order to increase 

profit. The second highest profit was made by House 2, which implemented a strategy that used 

the average of all market sell prices to create its own sell price. Based on Table 18, Houses 2 and 

3 were able to make a profit, while houses 4 and 5 lost money, however, it should be noted that 

House 4 almost broke even. 

Future simulations will focus on changing variables to understand how homes can best 

meet their needs while optimizing costs. 

 

15.4 Hospital Emergency Marketplace Buying 
 

The simulation also has the ability for certain clients to implement the emergency 

marketplace. The emergency marketplace was discussed in Section 12.2 and allows entities such 

as hospitals to run in times of contingency and/or disaster.   
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A proof of concept was shown with 1 hospital, 4 houses, and the grid. Figure 15.9 shows 

the triggering of an emergency signal in the simulation. Right now the emergency signal is 

triggered manually and is up to the user to trigger it, and for how long. 

 

 

 

 

 

 

 

 

 

 

An emergency signal was triggered twice to activate the emergency market during the 

86400 second simulation period. The first time from 28402 to 31917 seconds and the second 

time from 62391 to 66111 seconds. The same homes from Section 19.3 were used in this 

simulation with the hospital. Based on the criteria, only 3 out of the 4 houses (Houses 2,3,4) 

were able to sell energy to the hospital during the emergency. The one house (House 5) that 

could not sell emergency energy was below its sell threshold (65%) during both emergencies. 

The number of emergency vendors wanted by the hospital are shown in Figure 15.10. 

 

 

 

 

 

 

Figure 15.9: Emergency signal being triggered.   
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It can be seen in Figure 15.10 that the hospital was able to find and buy from the 3 

vendors that could sell during the emergency signal. Figure 15.11 shows the SOC of the hospital 

during the emergency signals. 

 

 

 

 

 

 

 

 

 

 

Figure 15.10: Number of emergency vendors wanted by the hospital during emergency 
signal.  

Figure 15.11: SOC of hospital battery during emergency signals. 
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An immediate jump in the SOC of the hospital can be seen during the emergency signals. 

This is due to the fact that it was able to immediately buy from the vendors that were 

participating in the emergency market. 

Future emergency marketplace simulations will look at creating tiers for emergency 

buyers that play a part in who vendors sell energy to. For example, A hospital can be a tier 1 

emergency buyer meaning they get priority, while a school could be a tier 2 emergency buy 

meaning they get whatever vendors are left after a tier 1 vendor has fulfilled its needs. It will also 

need to be determined how costs will come into play for emergency vendors, for example, do 

emergency participants get paid per SOC sold? Per time in the emergency marketplace? Or is it a 

yearly lump sum paid at predetermined intervals based on emergency seller availability? 
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Chapter 16 

 

16 Novelty and Contributions 

 

This simulation provides a simulated energy marketplace where clients such as homes, 

power grids, and hospitals can trade renewable energy in real time in a decentralized manner. 

The platform provides the following functionalities. 

 

16. 1 Modular 

 
The simulation provides a modular architecture that allows for every part of the 

simulation to be changed to simulate scenarios. For example, the logic for the thermostat 

currently employs a simple on off switch that depends on the temperature of the room. However, 

if wanted, a more complex algorithm can be programmed that allows the thermostat to use 

historical weather data to make decisions on the daily set temperature of the room to lower costs. 

 

16.2 Code is portable 

 
The code can be run on almost any device ranging from microcontrollers to full scale 

servers 

 

16.3 Real time deployment of scenarios 

 
Different scenario parameters can be changed “on the fly.” For example, grid faults can 

be introduced at any time, sensors can be turned on/off, and a home goals (i.e. pricing strategies) 

can be changed as the simulation runs. 
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16.4 Can run indefinitely. 
 

Because the simulation runs in real time with the ability to change parameters “on the 

fly”, the code can be run as long as a user sees fit. It can be run alongside actual devices to 

compare theoretical values to real world data. 

 

16.5 The ability to incorporate real time sensor data  
 
 

Many simulations can employ imported historical data (usually through CSV files), 

which can be done by this simulation, however, it also has the ability to use sensor data on a per 

second data in real time as well. The data can then be used for online/offline simulations. 

 

16.6 Can import different types of sensor data (A/C, Battery, various 

appliances, etc.) 

 
In addition to importing sensor data in real time, the simulation can also import multiple 

types of sensor data simultaneously, in a variety of formats. For example, data from a water 

heater can be fed into the simulation from a ZigBee sensor while an air conditioner can send data 

through Bluetooth. 

 

16.7 Open Source 

 
The simulation is open source, unlike many other renewable energy trading software 

where licenses can cost tens of thousands of dollars, this simulation was made using open source 

resources and has the potential to be used by anyone who would like to understand their energy 

usage and how this usage can be leveraged in an energy market. 
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16.8 Can output data to multiple sources 

 
With some changes to the code, the outputted data can be sent to many types of platform. 

Currently, results are being outputted to CSV files, however, data can easily be sent to platforms 

such as blockchains or traditional databases. 

 

16.9 Other renewable simulations can be very complex 

 
Renewable energy software can be quite complex and the reasoning is due to the fact that 

the factors around energy production and distribution are very intricate. But the current 

simulation provides a simpler approach that allows a user to focus more on a specific portion of 

their energy production rather than having to define an entire system every time they run a 

simulation. For example, a user can focus on sizing their A/C and WH for demand response and 

only focus on that instead of having to define how their A/Cs and Water Heaters will interact 

with the marketplace. 

 

16.10 The ability to test multiple types of interactions in one simulation 

 
Some of the interactions that can be studied using this simulation are: 

 House to house 

 House to microgrid 

 Microgrid to microgrid 

 Microgrid to grid 

 Variations of high priority participants (i.e. hospital) 

 

16.11 Testing emergency scenarios  

 
The emergency marketplace allows the ability to understand how a participant such as a 

hospital can interact with an emergency marketplace in times of contingency to continue 

running. Different scenarios can be tested, these include, but are not limited to: 

 Tiering the emergency vendors  
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 Creating a pricing model for emergency markets 

 

16.12 A free market 

 
Homes and other clients in the marketplace are allowed to follow their own goals. The y 

can come and go as they want without long term commitment. For example, a home can test 

selling their DR on the marketplace, if for whatever reason they decide against it, they merely 

have to leave the market. 

 

16.13 Can simulate clients in a specific environment 

 
A home can be simulated with different parameters such as number of A/Cs and sizing of 

a water heater. This home can then be put in a simulated market to understand how it would react 

to the environment. Some questions a home can ask itself may then include, “if I changed my 

DR availability, how would it affect me for year?” When should I turn off my A/C and WH 

based on my own usage?”  

 

16.14 Simulation can be used to test hardware in an actual test bed 

 
The current simulation allows the potential to understand what computing resources you 

need before actually doing this. If you did deploy the simulation into an actual testbed, you 

would have the ability to characterize the computing resources required to make the simulation 

“go live.” And this can then be tested at different levels, from house to neighborhood, 

neighborhood to city, city to country, etc. 

 

16.15 The ability to view an energy market from different perspective  

 
Because there are multiple clients and each has its own goals, there exists the ability to 

view the simulation from a multitude of views. For example, if a contingency occurred in the 

grid, a user can view the goals of a hospital, a home, and a utility and then see how each of their 

individual goals would be carried out, even though each client is using the same marketplace. 
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16.16 Simulation can be run as a game 

 
If a graphic user interface (GUI) is introduced, a user can use the simulation similar to a 

game, easily adding and subtracting clients and parameters to understand how the market will 

react and change. 

 

16.17 Utilities can use the simulation to understand how their outputs would 

affect a market in real time 

 
A grid can be simulated as a black box and a utility can feed its data to it to understand 

how the market would react. For example, if a utility decided to change the price of energy, or if 

the utility decided it wanted to buy demand response to react to a contingency. 

 
16.18 Scalable 
 

 All simulations were done on a local computer, the local computer also hosted the server. 

With more computing power, the simulations can be larger, and faster in obtaining results. 
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Chapter 17  

 

17 Future Work 
 

Due to the modular nature of the simulation, there is a lot of potential to add to the 

testbed. Some of these features are discussed in the following sections. 

 

17.1 Potential Testbed 
 

 

Future work will focus on setting up a potential testbed. Devices such as the PV, WH, 

Battery, and A/C would need sensors to communicate with a central microcontroller.  

 

17.1.1 Sensor 
 

The sensors would be connected to the energy usage devices in the home, such as the PV, 

WH, A/C and battery. Sensors can then be integrated in the devices, or “piggy back” on a 

propriety device. Sensors themselves could have smaller microcontrollers with capabilities such 

as WiFi, or Bluetooth that allow it to communicate with the centralized microcontrollers (local 

client). 

 

17.1.2 Microcontroller 
 

The microcontroller would be a device could be a device such as a: 

 Raspberry Pi 

 Microchip Microcontroller 

 Atmel 

 Microchip PIC 

 Nvidia Jetson Nano 
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 ARM 

 

Some microcontrollers can run the current Python client applications with modifications. The 

client application can also be ported (translated) to another programming language such as 

JavaScript, or C, for optimization depending on the microcontroller chosen. 

In the event a microcontroller loses a connection with the “central” server (i.e. blackout), the 

microcontrollers can continue to process transactions based on the local resources available to 

them. For example, during a blackout, the only transactions would be local to homes within a 

zone. The microcontrollers would function as a standalone entity and keep its own ledger of 

transactions that occurred during the blackout. When the microcontroller reconnects, it would 

push the recorded offline transactions to the cloud server. 

 

17.1.3 Client Server Relationship 
 

To communicate between the client and server, several approaches can be used, these 

include, but are not limited to: 

 HTML WebSockets (real time) 

 SocketIO Library (real time) 

 MQTT (real time using publish-subscribe mechanism) 

 Polling (not in real time, client checks for updates from server in a specified interval) 

 

17.1.4 Server 
 

The simplest option would be a single server (real server) similar to our current setup, 

using AWS as an example, we could utilize AWS EC2. Another option would be AWS Elastic 

Beanstalk (EBS) that would allow for a stouter option when compared to a single AWS EC2 

instance. AWS would take the application and spawn several EC2 instances with a load balancer 

to distribute traffic and implement redundancy. AWS Elastic Beanstalk currently carries a >95% 

monthly uptime. EBS would hide the complexity of a multiple server setup by implementing a 

single URL that allows clients to communicate with the multi-server environment. 
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Ideally, we would use a serverless framework if the goal is to keep costs low and keep the 

framework modular. One example would be a serverless framework such as AWS Lambda that 

can create multiple APIs. The serverless approach would spin up micro transactions to execute 

APIs. To be more current, another option would be to make the application serverless. The 

advantages of this would be: 

 Less CPU needed 

 Transactions per API are cheaper, currently AWS Lambda would charge $0.20 per one 

million requests 

 All major functions our current Python server can be split into different APIs (i.e. AWS 

Lambda) 

 Pay per usage of API 

When implementing a real-world testbed, there are many ways it can be done, and many factors 

that will influence how it is created, such as processing time, transactions, and cost. 

  

17.1.5 Potential testbed layout 
 

Figure 17.1 shows how a home can be set up with sensors to communicate with a 

microcontroller. The microcontroller would then allow for communication with a server and 

potential energy marketplace. 

 

 

Figure 17.1: On the left is an induvial home, on the right is multiple homes communicating with each other 
through a server (energy marketplace). 
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The left side of Figure 17.1 shows an individual home with sensors connected to various 

devices where energy usage, as well as other relevant parameters, can be measured. The 

hypothetical sensors are in red and would feed data to a microcontroller in a home that not only 

handles the data inputs, but also interacts with the energy marketplace (server). On the right side 

of Figure 17.1, one can see how various homes containing various energy monitoring devices 

would interact in an energy marketplace using their microcontrollers. 

 

17.2 Issues modeling a utility that buys DR and Battery 
 

Due to the complex nature of the grid it is difficult to utilize a simple equation (Equation 

13.6) to model the entire grid and understand how frequency is affected when there are 

increase/decreases in generation and load. The simulation runs; however, the equations being 

utilized are not outputting correct numbers. One of the main reasons for this is that it was 

difficult to find data sets to test the simulation against for validity and to better understand how a 

utility responds to contingencies from a technical standpoint. Some issues: 

 The grid has multiple generators working in tandem with respective parameters. 

 How to model grid inertia into the grid 

Future work will be focused on understanding the dynamic parameters of the grid and how to 

properly model it with equations that can be utilized in the simulation. 

 

17.3 Trading DR in real time 
 

Even though DR capabilities were integrated into the simulation for A/Cs and Water Heaters, 

they were difficult to utilize due to the issues mentioned in Section 21.2. However, there is still 

potential for future testing. Some potential future scenarios for testing include: 

 Randomizing DR on the client level to determine at what point if any, this may provide 

similar benefits to monthly DR contracts. 

 Is there any benefit to homes buying DR from each other, similar to the concept of 

carbon offsets. 

 Obtaining DR data from ISOs, aggregators and utilities to test against the capabilities ot 

the simulation 
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17.4 Integrating sensors into the simulation 
 

The testbed is set up in a modular way that can accommodate real time sensor data. 

Exploration into real time data communication was mentioned in Section 20.1, however, initial 

tests can begin exploring how a sensor can begin interacting with the simulation. For example, 

attaching a Hall effect sensor to an air conditioner and having it feed power usage data into the 

simulation on a per second basis. 

 

17.5 Implementing a user interface (UI) 
 

Integrating a UI will aid in monitoring the simulation as it runs to better understand how 

clients within the simulation are interacting in real time. A UI for the simulation will also be a 

step in designing a UI for real world implementation. 

 

17.6 Battery model 
 

Due to the complex nature of batteries, only a simple battery model was implemented into 

the testbed as a proof of concept as described in Section 8.3.3. As the testbed evolves, a look into 

more complex battery models can be researched. For example, future models may include: 

 Different charged methods 

 Cycling  

 Different materials  

 Temperature 

 

17.7 Determining cost of infrastructure 
 

Future work will also look into understanding the costs associated with installing the 

devices needed to run a real-world setup. Understanding how much infrastructure such as PV 

panels, batteries, and server setups would cost helps provide a realistic cost benefit analysis. 
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17.8 Learning algorithms and historical data 
 

Due to the modular nature of the simulation, the possibility exists to program learning 

algorithms and historical data into the code. For example, learning algorithms could be 

implemented to determine the best price of energy while historical weather data can be used by 

the simulation to program the DR availability of an A/C. 

 

17.9 Hybrid Microgrids 
 

17.9.1 Overview 
 

Hybrid microgrids are one potential way to incorporate current grid infrastructure with 

renewable penetration. Integrating a hybrid MG infrastructure into the simulation would prove 

beneficial in exploring potential ways homes and businesses can become prosumers in a hybrid 

MG environment. There are many factors that go into creating a MG, such as how current and 

potential infrastructure will be managed, as well as legislation. One area the simulation may aid 

in is determining how existing power lines can be used by prosumers to trade energy with each 

other. For example, would prosumers pay a tariff for using lines constructed by the utility to 

move energy to a potential client? The next sections will discuss some hybrid MG research and 

the potential of Hybrid MGs to incorporate renewable energy sources into existing grid 

infrastructure. 

 

17.9.2 Background 
 

In 2021, Hawaii became the second state after California to approve a formal microgrid 

services tariff. Microgrids in Hawaii are viewed as a tool to participate in the larger Hawaiian 

power grid. From the Hawaiian Electric Company, “Approval of the tariff will allow more 

microgrids to be used in emergencies by enabling customers to participate in or develop hybrid 

microgrids. Hybrid microgrids include utility and non-utility assets within a microgrid 

boundary, which until now would have been initiated and developed only by the utility [76].” 

The Public Utilities Commission (PUC) created two definitions for a microgrid [76]: 
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1. “Customer microgrid where customers infrastructure is exclusively used to supply all 

their own electricity needs during emergencies” 

2. “Hybrid in which a microgrid operator may combine utility-infrastructure and customer-

infrastructure to supply electricity to microgrid members during an emergency” 

 

17.9.3 Role of the hybrid microgrid (clearly defined) in supporting higher rates of 
penetration of renewable energy (particularly intermittent) in island and remote locations 
as well as energy independence 
 

Many island and remote communities rely on oil-based electricity generation, however, 

due to the volatility of oil as well as the costs associated with oil-based generation, these 

communities find themselves needing to diversify their energy portfolios. Island and remote 

communities on average have higher rates of electricity prices, for example, as of 2015, the 

average energy rate for a residential consumer in the US was 12.5 cents/kWh, the average in a 

majority of Caribbean islands was 3 times the US residential average. 

A study from the Rocky Mountain Institute and Carbon War Room found that island and 

remote communities listed 3 major factors for their transition from oil-based grids to renewable 

based microgrids, costs, environment, and abundant local resources. The three main challenges 

these communities faced in their transitions were grid stability, location, and bureaucracy. 

The Rocky Mountain Institute highlighted ten projects from around the world [77]: 

 
17.9.4 Sample of Hybrid MG projects around the world 
 

Falkland Islands, United Kingdom 

In the Falkland Islands, wind turbines were able supplement a large amount of the islands 

energy needs, allowing the islands to reduce their diesel fuel use by 1.4 million liters a year, this 

then brought the electricity rate from $0.42/kWh to $0.30/kWh. Installed wind capacity for the 

Falkland Islands was 1,980 kW while diesel capacity was 6,600 kW. Average Annual generation 

for wind was 33% and diesel was 67% 

 

Installed Capacity (kW) 

Diesel 6600 

Wind 1980 
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Average Annual Generation (%) 

Diesel 67 

Renewables 33 

 

Isle of Eigg, Scotland, United Kingdom 

The Isle of Egg installed renewable sources (wind, solar, hydro) in combination with 

diesel, however, they focused on consumer habits in curtailing their energy usage. The 

community of Isle of Eigg agreed that each home and small business would cap instantaneous 

peak demand at 5kW while larger businesses and buildings would cap their usage at 10Kw 

during instantaneous peak demand. Consumers use prepaid electricity cards that are purchased 

weekly. It was found that consumers rarely exceed the set demand limits. 

 

Installed Capacity (kW) 

Diesel 64 

Wind 24 

Solar 50 

Hydro 112 

 

Average Annual Generation (%) 

Diesel 13 

Renewables 87 

 

Necker Island, British Virgin Islands 

Adding 300kW of solar energy capacity to a portfolio consisting of 960kW of diesel and 

900kW of wind allowed the island to reduce diesel usage by up to 20%. Developers of the 

Necker Island Microgrid tested the MG in a programmable off-site load bank with virtual 

simulations, which allowed the ability for the developers to test various scenarios. When the time 

came to install components of the actual microgrid, they knew the optimal number of resources 

and controls needed. 
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Installed Capacity (kW) 

Diesel 960 

Wind 900 

Solar 300 

 

Average Annual Generation (% Planned) 

Diesel 20 

Renewables 80 

 

Mawson Station, Antarctica 

The station initially relied on 2 diesel generators for their power and heating 

requirements, much of the extra heat from the generators was used to heat the various buildings 

in the station. However, when wind generators were installed, this led to the station only needing 

one generator most of the year and cutting the heating capacity in half. The solution to this 

problem was to add an electric boiler that used surplus energy from the wind turbines to heat 

water that could be used to heat the buildings in Mawson Station. The electric boiler was 

connected to the station with an inverter and is able to voltage and frequency regulation to the 

Mawson MG and act as a spinning reserve due to the ability of the boiler to control its output 

when the wind shifts.  

 

Installed Capacity (kW) 

Diesel 550 

Wind 600 

 

Average Annual Generation (% Planned) 

Diesel 50 

Renewables 50 

 
17.9.5 Microgrids as a way to provide resilience and respond to disaster 
 

The need for resilience has become an issue not only in Hawaii, but globally as well. The 

need for grid infrastructures that can be run in times of extreme weather have proven necessary 
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in the past and are an area of interest for MGs in the future. A 2015 article from Ton and Wang 

in IEEE Power and Energy Magazine highlighted that between 1980 and 2014, 178 weather 

related disasters cost a billion dollars in damage each in the US, with 8 events occurring in 2014 

alone. 7 out of 10 of the worst events occurred between 2004 and 2014 [78]. Due to the recent 

trends in climate change, extreme weather has only gotten worse and has affected all parts of the 

world. 

Global weather disasters have accounted for an averaging over $38 billion dollars in 

damages from 2010 to 2019. Five nations recorded their costliest weather-related disasters in 

2019, these nations were Iran (torrential rains led to record flooding), The Bahamas (Hurricane 

Dorian), Zimbabwe (Tropical Cyclone Idai), Mozambique (Tropical Cyclone Idai) and Angola 

(intense drought) [79]. 

 

Hurricane Katrina (2005) 

Recent weather-related disasters have pushed those areas affected to begin researching 

and transitioning to grid infrastructures that incorporate MGs. In 2005 Hurricane Katrina caused 

over $160 billion in damage, which led to a 29 percent decrease in the population over the next 6 

years. In 2018 the City of New Orleans voted that Entergy New Orleans would produce a grid 

modernization strategy that would include “microgrids, distributed energy, electric vehicle 

charging stations and energy efficiency efforts''. Microgrids can provide a way to provide energy 

to areas of New Orleans in times of weather-related disaster, in 2005 New Orleans experienced 

large scale power outages and flooding, New Orleans is still considered to be in a location that is 

highly vulnerable to hurricane activity [80]. 

 

Hurricane Maria (2017) 

Hurricane Maria in 2017 damaged, or destroyed, 80 percent of Puerto Rico’s grid, which 

was mostly located in the southern part of the island and relied mostly on fossil fuels (2.4 percent 

renewable generation at the time). A report published together by energy labs in the US and 

Puerto Rico suggested a 10-year plan to strengthen and harden the nation's power grid. In the 

report distributed renewable energy was highlighted, as well as an increased reliance on 

microgrids, which would allow for parts of the island to operate in isolation in times where 

utility power lines were damaged. The report went on to identify 159 potential microgrid 
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solutions that encompassed water treatment facilities, fire stations and hospitals. Some in Puerto 

Rico are championing other fuel sources such as renewable gas, however, the one common 

agreement is that the power grid needs to become more distributed in order to become more 

resilient to natural disaster. Currently Microgrid infrastructures in Puerto Rico cannot connect to 

the main grid, however, The Puerto Rico Energy Commission has begun finalizing rules that 

would allow MGs to connect to the main grid [81]. 

 

Tohoku Earthquake and Tsunami (2011) 

The 2011 earthquake and tsunami in Japan knocked out power to most of eastern Japan 

and led to issues at the Fukushima Daiichi Nuclear Power Plant. After the disasters, Japan 

increased efforts into diversifying and distributing its energy resources. A Toyota plant north of 

Fukushima lost power for two weeks related to the earthquake and Tsunami, afterwards they 

created a limited liability partnership called F-grid that provides power for factories from sources 

other than the main grid. Toyota’s goal was not to be independent of the main grid, but rather to 

better manage and provide energy to their factories, so that in times where the main grid has 

issues, the factories can run without issue. Some Toyota factories use a combination of natural 

gas plants, with solar and old Prius batteries to provide energy to factories during slow periods 

and outages [82].   
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Chapter 18  
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