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ABSTRACT 

 

In a developing country such as India, 44% of the population does not have access to power 

and for many others, the power supply is unreliable. A nanogrid, defined as “a single domain for 

voltage, reliability and administration”, is a possible solution to distribute power to such off-grid 

areas. Built from the bottom up, nanogrids have the ability to function independently, using locally 

generated power (such as solar power) as the power source. Such grids enable residents to lead 

more productive lives, with improved access to power. This thesis designs a new communication 

protocol for nanogrids to enable matching demand to short-term limited supply. 

A review of the existing local grid projects in off-grid areas in developing countries is 

covered – outlining the cost per kWh incurred by the customer, the communications (if any) 

defined in each local grid and the supply duration of the local grid. A communication protocol for 

a nanogrid is presented, defining a list of messages required to enable communication and the use 

of the Link Layer Discovery Protocol (LLDP) to implement this list. A simulation evaluation of a 

nanogrid deployed in an off-grid rural area of a developing country is presented.  Keeping three 

distinct days – a sunny, cloudy and rainy day and three months – summer, monsoon and winter in 

mind, we demonstrate how communication about the local power price of the nanogrid can be used 

to modulate demand in connected loads, matching present demand with short-term limited supply. 

Simulation results show that the nanogrid model with communication enabled results in 

~95% reduction in unmet demand for the month of December with an initial battery level of 20% 

(the worst case scenario). These results indicate that a grid can distribute adequate power to the 
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loads attached to it for a month in different seasons. Such a grid, with communication about power 

can have a great impact in developing countries, where reduced power supply or a brownout is 

preferred to no power supply or a blackout. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

 Access to electricity is something most of us take for granted. Being connected to the utility 

grid and having access to power 24/7 enables people to lead economically productive and healthy 

lives. Electricity also improves education as it provides better lighting and uninterrupted access to 

the internet. An electric power grid is defined as a system of synchronized power providers and 

consumers connected by transmission and distribution lines and operated by one or more control 

centers [70]. These power plants are usually fuel-based power generation plants and they provide 

power to loads located hundreds of miles away.  

 A microgrid is “an electricity distribution system containing loads and distributed energy 

sources that can be operated in a controlled, coordinated way while islanded from any utility grid, 

and is under the control of a single management entity” [48]. Such a grid has the capability to 

disconnect from the utility grid and operate autonomously when required - a feature that has been 

termed as islanding [48]. Figure 1 shows the components of a microgrid. 

A nanogrid is defined as “a small electricity domain with distinct voltage, price, reliability, 

quality and administration” [50]. The nanogrid functions independently, without being connected 

to the utility grid and can be viewed as a bottom-up approach to a grid [50]. 

Currently the most widely used source of electricity is fossil fuels – which has serious 

environmental implications. For example, in the US, electricity generated from fossil fuels account 
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for 67% of the total electricity generated [71]. Solar power has the potential to move the world 

towards cleaner and more affordable sources of energy. Small and medium sized solar panels are 

gaining popularity, since they are ideal to use in homes and office buildings. Reduced prices for 

installation and operation of these solar panels make the option of switching from fuel-based 

generation to solar power attractive. Also, solar power solutions are offered by companies at lower 

prices, where profits are made from extended leases, as well as from tax credits and deductions. 

Energy Storage Systems or batteries, coupled with solar power panels provide a reliable, clean 

source of power. Lead-Acid batteries are widely used in standalone applications that use solar 

panels to generate power. These batteries store the electrical energy generated during the day and 

provides power as needed. Though there is a lot of research in battery technology, Lead-Acid 

batteries remain the most popular batteries, tailored to be an integral part of a local grid. 

                           

Figure 1.1 Components of a microgrid 

 

Refrigerator Bulb - 1 Bulb - 2 Fan

Battery

Solar Panels

Cables

Loads
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Off grid areas can benefit greatly from microgrids and nanogrids. Without access to 

electricity, households rely on kerosene lamps for their lighting purposes and/or diesel generators 

to power their appliances, making it hard to improve their quality of life. Kerosene, used to light 

oil lamps, is highly polluting and poses many health issues to its users. Diesel generators are loud 

and bulky. Electrification projects have been implemented in several off-grid rural areas of 

developing countries, mainly focusing on providing solar lighting systems for households. For 

example, SELCO [2] introduced solar lighting systems to homes in a community residing in a hilly 

forest terrain in South India. Previously, families were forced to depend on lamps fueled by 

kerosene since their settlements had no connection to the utility grid.  

Currently in a grid, there is a lack of prioritization of the loads connected to it. Full power 

demand refers to the power required by the loads to function at 100% capacity. Reduced power 

demand refers to the power demanded by the loads that is less than the full power demand. Certain 

loads have the same value for full power demand and minimum reduced power demand. Such 

loads can be termed as high priority loads. Other loads can function with a reduced amount of 

power supplied to them (that is, the minimum reduced power demand is less than the full power 

demand) and can be assigned a lower priority. For example, in a household, the refrigerator 

requires a certain amount of power at all times during the day in order for it to function. Failure to 

do so (i.e. when the supply is less than the present demand), causes the refrigerator to not function. 

Also, reduced power supply may cause damage to the refrigerator due to voltage fluctuation. On 

the other hand, a light bulb glows with reduced intensity when less than maximum power is 

supplied to it. Prioritizing the loads in a grid can ensure that the present demand of the loads can 

better match the short-term supply – especially when the present demand of the loads exceeds the 

short-term supply in the grid. 
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At times, when there is a surplus of power generated by the solar panels installed in a 

particular household, there is no option for the producer to sell the surplus power to a neighboring 

household which may require that power, in the absence of the utility grid. The same holds true 

for a consumer that is looking to buy additional power. By enabling the buying and selling of 

power between different entities, power distribution can be improved, in the absence of the utility 

grid. 

1.2 Motivation 

In a small grid, such as a nanogrid, there is a need to ensure better power distribution such 

that the high priority loads (i.e. the loads that require a certain amount of power at all times to 

operate) do not starve unnecessarily. For example, in a household, when the supply is less than the 

demand, the refrigerator (a high priority load) can continue to consume the maximum demand. By 

reducing demand of a low priority load in a controlled manner, one can better match demand with 

supply. Power generated from the solar  panels that is not used by the loads (excess supply) need 

not be wasted and instead can be stored in a battery for times when the solar panels are not 

generating any power (in the night).  

Communication about power within the nanogrid can help minimize excess supply, better 

match demand with short-term limited supply, thereby improving the electricity distribution in the 

nanogrid. In off-grid rural areas, where at times, the supply is lesser than the demand, 

communication can play a key role in better matching demand with supply, thereby improving the 

availability of electricity throughout the day in each household.  

The premise of this thesis is that communication about power can improve the distribution, 

storage and use of power. With communications, we can better match demand with supply, thereby 

minimizing unmet demand, by realizing reduced power demand.  
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1.3 Contributions 

The primary contributions of this thesis are as follows: 

1.  The existing local grid projects in off-grid rural areas in developing countries are reviewed, 

outlining the costs per kWh, communication mechanisms (if any) and the supply duration 

of each local grid project. 

2.  A new communication protocol for a nanogrid is defined. This includes the list of 

messages and message parameters required for communication. We describe how the Link 

Layer Discovery Protocol (LLDP) can be used to enable communication about power. 

3. A simulation evaluation of a nanogrid deployed in an off-grid rural area of a developing 

country is presented. Three distinct days – sunny, cloudy and rainy and three distinct 

seasons – summer (May), monsoon (August) and winter (December) are taken into 

account.  

1.4 Outline 

The remainder of the manuscript is organized as follows: 

 Chapter 2 reviews the existing work in deploying local grids in off-grid rural areas of 

developing countries. The cost per kWh, communication mechanism deployed in the grid 

and the supply duration of each local grid is reviewed. 

 Chapter 3 briefly describes the variation of solar power over 24 hours (a daily profile) and 

over 30 days (a monthly profile). Key battery parameters are described, covering the use 

of Lead-Acid batteries in off-grid applications. 

 Chapter 4 describes the existing work in nanogrids, outlining USB and PoE – two 

technologies that enable power transfer and data communication over a single cable. The 

Link Layer Discovery Protocol (LLDP), a protocol that enables communication about 
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power is described. 

 Chapter 5 describes a new communications protocol for nanogrids – outlining the formal 

requirements, list of messages, message parameters and procedure rules. The use of the 

Link Layer Discovery Protocol (LLDP) to implement the above defined protocol is 

described.  

 Chapter 6 presents the simulation evaluation of a nanogrid in an off-grid rural area of a 

developing country, showing results for a nanogrid with and without communication about 

power.  

 Chapter 7 concludes the thesis and discusses future work. 
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CHAPTER 2 

 

LOCAL GRID PROJECTS IN DEVELOPING COUNTRIES 

 

This chapter reviews the local grid implementations in developing countries and the impact 

of these local grids on the electrification of rural villages in these countries. 

2.1 Introduction to Local Grids 

 Rural areas that are disconnected from the utility grid (off-grid areas) in developing 

countries can greatly benefit from local grids. In most projects, the local grids have been designed 

taking into account the area in which the local grid is to the installed, the needs and the economic 

status of the households in that area. For example, in Africa, the rampant use of cellphones have 

been incorporated in the design of the local grid, enabling households to buy power from the local 

grid using their phones. In this chapter, we review the local grid projects that have been 

implemented in developing countries. 

2.1.1 Taxonomy and Review Criteria 

 The local grid projects have been classified based on the size of the grid installations into 

three categories: small-scale local grids, medium-scale local grids and large-scale local grids. 

A small-scale local grid is a local grid installation that distributes power up to 1kW, 

typically serving a single household or a small village hamlet (of around 15 households). Such 

small-scale grids usually provide lighting services such as solar lamps and mobile charging 

facilities to the households. A solar lamp is a lighting system composed of an LED lamp, solar 

panels, battery and a charge controller. A central solar station is not present in such grids; solar 
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panels are installed in individual households to provide the required power. A medium-scale grid 

services a larger number of households (around 120 houses) distributing between 1kW to 10 kW 

of power based on the power needs of the customer. Besides lights and mobile charging services, 

small appliances such as a radio can be charged when connected to such a grid. A large-scale grid 

services around 400 – 500 households distributing power greater than 10kW. Such grids are also 

used by commercial businesses to access power. Both medium and large-scale grids usually have 

a central solar station that provides power to a set of households and/or commercial establishments. 

The review criteria for each project are: 

1. Cost per kWh incurred by the customer connected to the grid. 

2. The communication mechanisms involved in the operation of the grid. 

3. The supply duration of the system – The average duration of daily power supply, measured 

in hours [66]. 

The cost per kWh is calculated as follows: 

 Annual Cost = (Initial Cost  / Expected Life) + Annual Operating Costs 

 Cost per kWh = Annual Cost / Annual Energy Output (kWh) 

Here, the initial cost refers to the cost incurred in buying and setting up the system (source 

battery and cables) and the annual operating costs refers to the costs incurred by the customer 

annually to buy power and/or maintain the system. 

Figure 2.1 describes the taxonomy of the 14 local grid implementations in developing 

countries. The local grid projects are classified based on size into either small-scale, medium-scale 

or large-scale grids. The 14 local grid projects have been reviewed and classified into 5 small-scale 

projects, 5 medium-scale projects and 4 large-scale projects. 
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2.2 Small-Scale Local Grid Projects 

2.2.1 SELCO, India 

 Founded in 1995, SELCO is a social enterprise that provides clean and affordable energy 

solutions to villages in India that have no access to power. Currently based in Karnataka, India, 

SELCO has 45 energy service centers all over India, working towards providing power to rural 

areas [2].   

 A typical solar home system comprises of 40W solar panels, 4 fluorescent lamps (7W each) 

and a 60 Ah battery. The supply duration of the lamps is around 4 hours [11]. No communication 

mechanisms have been deployed in these systems and the cost per kWh incurred by the customer 

is $0.48. In order to make it affordable to buy the solar home systems, SELCO allows the 

customers to pay in monthly installments over a period of 5 years [11]. Since 1995, SELCO has 

sold over 200,000 solar systems all over India.   

 

 

Figure 2.1 A new taxonomy of the local grid projects in developing countries 

Local Grid Projects
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2.2.2 ONergy, India 

 A social enterprise founded in 2009, ONergy provides decentralized energy solutions with 

a range of solar products, to households and institutions in off grid rural areas [55]. Currently, 

ONergy has Renewable Energy Centers (REC’s) across West Bengal, Odisha and Jharkhand, 

through which they reach out to off-grid economically backward areas.  

 One of the projects undertaken by ONergy, is the installation of solar home systems at 

Vivekananda Shakti Kendra - Ullon in South 24-Parganas [61]. 78% of the population in South 24 

Parganas do not have access to electricity and mainly use kerosene for their lighting and cooking 

purposes. The components of the system in this project comprises of 20 Watt solar panels, LED 

lamps and a battery. The solar panels are installed at each household; the battery is charged during 

the day from the power generated by these panels and powers the lamps after sunset.  

No communication mechanisms have been deployed in these systems. The supply duration 

of the lamps, is a maximum of 4 hours per day. The cost per kWh incurred by the customer (each 

household that uses the system) is $1.95. In order to make the system affordable, ONergy provides 

loan financing options to the residents of the village, using which the customers can make monthly 

payments over a predetermined time period [55].  

 Since its establishment in 2009, ONergy has impacted 250,000 lives by providing solar 

solutions to provide clean energy to rural off-grid households [55].  

2.2.3 Kingo, Guatemala 

 A renewable energy service that provides electricity to rural areas without access to 

electricity, Kingo offers affordable prepaid clean solar energy in Central America [3]. Founded in 

2013, this service offers a range of solar systems such as the Kingo 15, a plug and play prepaid 

solar system designed for low-income households.  
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The system comprises of a 15 Watt solar panel and a battery that can be used to power 3 

light bulbs along with 1 cell phone charging point [36]. The Kingo 15 solar systems are distributed 

to customers - mainly low-income households. The customer can then purchase the amount of 

power required (the maximum power that can be purchased is limited by the system in use), using 

their mobile phones. This system uses a cloud-based ANT mechanism, to enable customers to buy 

power and monitor their usage. The supply duration of the system is a maximum of 5 hours for the 

light bulbs and enough power to charge two mobile phones per day. 

 The cost per kWh incurred by the customer are dependent on the amount of power 

purchased by each household – no installation or maintenance costs are charged. Kingo employs 

a “pay-as-you-go” prepaid buying scheme. By offering such prepaid services, the residents are 

informed about the costs incurred to power their homes in advance, making it easier for them to 

plan their power usage. For example, in the village of La Pita, Guatemala, half of the 50 households 

are using Kingo prepaid solar services [36]. Initially, people invested in candles for their lighting 

purposes and charged their mobile phones at a local store. After using Kingo solar services, 

households are able to spend only half of what they used to spend initially and are able to keep 

track of their expenses using the cloud software.  

Currently, Kingo provides its service to around 40,000 people belonging to more than 

8,000 households. Having an employee base of 90 full time employees, Kingo hopes to provide 

power to 530,000 people by 2020 [3]. 

2.2.4 Grameen Shakthi, Bangladesh 

 Grameen Shakthi is a non-profit renewable energy organization that promotes, develops 

and implements solar home systems in Bangladesh. The types of systems offered vary based on 

need. For example, a solar power system used to provide lighting services to a diesel operated saw 
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mill consists of a 25 Watt solar panel, two 6 Watt fluorescent lamps and a battery. No 

communication mechanisms have been deployed in these systems. The supply duration of this 

system is around 4 hours a day [5]. The cost per kWh incurred by the customer for this system is 

around $0.55, paid to Grameen Shakti. To make the system affordable, Grameen Shakti, in 

collaboration with the Grameen bank, offers their customers loans and financing options to buy 

the solar system over a period of two years [22].  

 At the end of 2010, Grameen Shakthi had sold power solutions to over 500,000 households, 

making it one of the most successful renewable energy schemes in the world.  Aside from 

providing solar home systems to households, this organization has created around 45 “Grameen 

Technology Centers”, where solar home systems are produced and women are trained to be solar 

technicians. Grameen Shakthi also hosts a Renewable Energy Exposure Program, having more 

than 5000 children participating in it. Currently, more than 2.5 million people are using the solar 

home systems, with around 60,000 new systems being installed every month [21].  

2.2.5 IDCOL, Bangladesh 

 A financial institution that is owned by the Government of Bangladesh, Infrastructure 

Development Company Limited or IDCOL implements Solar Home Systems (SHS) with the 

objective of providing electricity in rural areas of Bangladesh. Started in 2003, IDCOL is one of 

the fastest growing off-grid renewable energy programs. As of September 2011, 1.1 million Solar 

Home Systems have been installed in off-grid areas, providing access to more than 5 million people 

[29].  

 A typical Solar Home System comprises of 20 Watt solar panels, 2 LED/CFL lamps, one 

mobile charging point and a battery. No communication mechanisms have been deployed in these 

systems.  The supply duration of this system is between 4 to 5 hours a day [23]. The cost per kWh 
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incurred by the customer for this system is around $0.39. IDCOL offers a business model that 

provides its customers several loan financing options, to enable the residents to pay for the system 

in installments. 

 65,000 Solar Home Systems are being installed every month under this program, replacing 

180,000 tons of kerosene every year, valued at 225 million USD [7]. At present, 70,000 people are 

involved in the Solar Home System program.  

2.3 Medium-Scale Local Grid Projects 

2.3.1 Mera Gao Power, India 

 Mera Gao Power provides lighting and mobile charging services by developing, operating 

and maintaining microgrids in Uttar Pradesh. Each microgrid is tailored to meet the power needs 

of an economically backward, off-grid village. The system provided by Mera Gao Power (MGP) 

comprises of 800 Watt solar panels, batteries to store the power, LED lamps and mobile charging 

facilities [42]. Each household is given two LED lamps and a mobile charging point. A team of 

four technicians can set up the microgrid (which powers around 25 households) in a day; the solar 

panels are installed at a house located at the center of the village. Power generated by the solar 

panels is stored in the batteries during the day; this power is then distributed to the individual 

households via cables. No communication mechanisms have been deployed in these systems. The 

supply duration of this system is up to 7 hours a day [57].  The cost per kWh incurred by each 

household is $2.38, paid to Mera Gao Power [57]. Payments are made monthly by the customers.  

 Due do these microgrids, families are able to read after dark and avoid inhaling the toxic 

fumes produced by kerosene lamps. As of 2014, Mera Gao Power has set up 1000 microgrids in 

Uttar Pradesh, providing electricity to over 20,000 households in the Sitapur district itself [42]. 

Mera Gao Power has been awarded National Geographic’s first Terra Watt award, a competition 



14 

 

for companies that provide innovative energy solutions that address energy poverty.  

2.3.2 Naturetech Infra, India 

 Naturetech Infra is a company that provides solar solutions to off-grid areas through its low 

cost microgrid scheme. This company has been trying to bring about a positive change in 

households in rural Uttar Pradesh. As of 2013, Naturetech Infra has built 1 AC solar microgrid and 

around 24 DC microgrids, reaching out to around 400 households, impacting more than 2500 

people [46]. Figure 2.2 shows the outline of the solar microgrid system implemented by Naturetech 

Infra. A typical 1 kW system (can power around 30 households) offered by Naturetech Infra 

comprises of 1 kW solar panels, batteries and cables connecting the batteries and solar panels to 

the houses[47]. Each household can receive a maximum of 200W at any instant of time that can 

be used to power lights and other small appliances. The supply duration is an average of 5 hours a 

day (this can vary, based on the load and the usage). A cloud-based communication service is used 

to monitor the power consumption of each household. An SMS-based prepaid smart meter is used 

by the customers to buy power based on their requirements. The cost per kWh incurred by each 

 

Figure 2.2 Solar microgrid system by Naturetech Infra 
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household is around $0.15. A pay-as-you-go prepaid scheme is used as the business model to 

enable customers to make payments [47]. 

Naturetech Infra has also built 7 microgrids for the Uttar Pradesh Non-Conventional 

Energy Development Agency (UPNEDA), which serves as a model for large scale replication 

across the country [46]. 

2.3.3 SteamaCo, Kenya 

 SteamaCo is a private business, established in Kenya that provides renewable energy 

solutions to rural off-grid areas.  

 A typical system offered by SteamaCo comprises of 6 kW solar panels (that powers around 

70 households), a Lead-Acid battery bank, an inverter that converts DC power into AC power and 

cables [71]. This system is installed in the center of the village or the hamlet and the houses in the 

village are connected to the system using underground cables. The microgrid is sold by SteamaCo 

to people who are interested in owning the microgrid. After buying the microgrid from SteamaCo, 

the microgrid owner sells power to individual households connected to the microgrid, based on 

pre-determined tariffs.  

The supply duration is a maximum of 24 hours (this is dependent on the power 

consumption of the loads in the household, the recharge amount). SteamaCo uses a cloud-based 

smart meter called bitHarvester and a cloud software called Steama, to track and modulate power 

distribution to the customers [72]. The private microgrid owner buys the smart-meter ($1500) in 

addition to owning the microgrid and leases the cloud software from SteamaCo monthly ($100 per 

month), to set and manage the monthly tariffs for electricity. The cost per kWh incurred by each 

household connected to the microgrid is $2 - $4. The business model employed by SteamaCo are 

a pay-as-you-go prepaid scheme via the mobile phone [72].  
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 As of 2015, 25 systems are in use (23 in Kenya and 2 in Tanzania). These systems have 

more than a 1000 homes connected to it, managing 80kW of renewable energy powered microgrids 

[72]. 

2.3.4 PowerGen, Kenya 

 PowerGen is a startup company based in Kenya that helps provides electricity to areas in 

off-grid East Africa. 

 The Ololailumtia Micro-Grid has been installed by PowerGen in Ololailumtia, a 

commercial trading village located in Maasai Mara.  The system comprises of 1.4kW of solar 

panels, a 400Ah battery (called the PowerBox) and cables to connect houses and small business 

establishments to the microgrid. This has drastically reduced the use of diesel generators in the 

village [53]. A mobile-enabled metering technology is used by PowerGen to track and manage 

customer accounts and power consumption. The supply duration is a maximum of 24 hours (this 

varies based on the recharge amount and the loads). The cost per kWh incurred by the customer is 

around $0.5, but can vary based on the needs of the customer. The business model used by 

PowerGen is the pay-as-you-go prepaid scheme. Customers pay for electricity using a prepaid 

charging service via the mobile phone and can use the electricity to power various applicances. 

The electricity usage is monitored by the microgrid owners using a metering technology. 

 PowerGen has installed 20 microgrids over Kenya and Tanzania, providing electricity to 

around 500 homes and small businesses [53].  

2.3.5 KiloWatts for Humanity, Africa 

 Implementing rural electrification projects since 2009, KiloWatts for Humanity (KWH) is 

a non-profit organization that aims at providing affordable energy services in off-grid rural areas. 

KWH implements these projects in collaboration with various local NGO’s and communities. 
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  One such project is the Muhuru Bay Community Microgrid set up on the shores of Lake 

Victoria near West Muhuru Bay. The Muhuru Bay Microgrid has been set up at Kristy’s Cape 

Academy, a school that began in March 2010. The system (called an “energy kiosk”) includes a 

hybrid 3kW central community charging station powered by solar and wind energy (sized to power 

around 65 households) and portable battery kits. Each battery kit has two USB ports to charge 

cellphones and two high power LED lamps, having a capacity of around 12 Ah [16]. The central 

community charging station was installed at the school and the battery kits were distributed to all 

the households, whose children attend school at Kristy’s Cape Academy. When the battery kits 

need to be recharged, they are brought back to the school’s charging station and charged. No 

communication mechanisms have been deployed in these systems.  

The supply duration of the battery kits, with full charge, is around 2 – 3 days [44]. The cost 

per kWh for by each household connected to the microgrid is $3.33. Payments are made monthly 

by the customers to the school where the solar station has been installed. 

Currently, KWH has been able to provide 60 Portable Battery Kits to the residents of the 

Muhuru Bay Community. They hope to distribute 100 Battery Kits in the near future, and 

implement the same scheme in parts of Kenya and Zambia [44].  

2.4 Large-Scale Local Grid Projects 

2.4.1 OMC Power, India 

 Omnigrid Micropower Co. or OMC Power is an energy service company based in Gurgaon, 

India which uses a unique business model to provide electricity in off-grid rural areas. Riding on 

the cellphone revolution, this company sets up its small power grids near the cellular towers, 

ensuring steady income from the telecom companies. Using this income, the company is able to 

provide power to the village residents. A typical system consists of 18 kW solar panels, cellular 
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towers set up by telecom companies and portable batteries (called a PowerBox) that can power 2 

bulbs and a fan. The solar panels are installed close to the cellular towers. Most of the solar power 

is used to provide power to the cellular towers [54]. The remaining electricity is used to charge the 

Power Boxes which are rented out to the nearby village houses and small businesses that are 

connected to the local grid.  When the Power Boxes run out of power, they are recharged at the 

central charging station, based on the needs and requirements of the customer. Cellular companies 

are charged around the same amount that they would pay when connected to the central utility 

grid. These companies also have the option of connecting to the mini grid when the service from 

the utility grid is unreliable.  

No communication mechanisms have been deployed in these systems. The supply duration 

of a Power Box is around 12 hours a day. The cost per kWh incurred by the customer (each 

household) is around $0.71, which is paid monthly to OMC Power [57]. OMC Power uses a pay-

as-you-go prepaid scheme to charge customers for the power. 

 Since its inception in 2010, OMC Power has provided electricity to around 10,000 people 

(300 households) across 30 villages in Uttar Pradesh. It has set up 20 microgrids with capacities 

between 35kW to 50kW, each unit costing around $87500 [54].  

2.4.2 D.E.S.I Power, India 

Decentralized Energy System India (D.E.S.I) is a rural power producer involved in the 

socio economic development of villages in India. 

 One such microgrid, in the Araria district of Bihar, Mahalgaon powers 43 commercial 

establishments during the day (also called anchor clients) and around 150 households during the 

night (called piggyback clients). The system consists of 30kW solar panels, a battery and cables 

connecting households and small commercial establishments to the microgrid [8].  



19 

 

The power generated by the solar panels is distributed to commercial establishments and 

the battery during the day. The battery powers the small households during the night. No 

communication mechanisms have been deployed in these systems. The supply duration for 

households is around 4 hours a day (between 6 pm – 10 pm). The cost per kWh incurred by the 

village households is $1.66, paid monthly to D.E.S.I Power (to power two lights and a mobile 

charging point) [8]. The commercial establishments pay $4 per month, for 10 units of power. 

D.E.S.I. Power uses a monthly post-paid scheme to charge customers for the power. 

DESI Power's micro grids have a capacity between 20kW and 50kW [38]. Headquartered 

in Bangalore, DESI Power has set up 22 microgrids so far, some of which use a hybrid of solar 

and biomass energy as power sources.  

2.4.3 Powerhive, Kenya 

 A technology venture founded in 2011, Powerhive strives to provide access to affordable 

and reliable electricity to rural homes in Kenya. Powerhive has installed microgrids in the villages 

of Nyamondo, Matangamano, and Bara Nne providing 10kW, 20kW and 50kW of power 

respectively. These projects are able to support significantly larger clusters of houses, as well as a 

few small commercial businesses [56]. The system consists of solar panels (a minimum of 10kW), 

batteries, cables and a smart meter (named Asali). The solar panels and batteries are installed in 

the center of the village. The power generated by the solar panels is distributed to small commercial 

establishments and charges the battery during the day. In turn, the battery powers the small 

households during the night. In small households, the power is used to typically power two lights, 

a fan and a mobile charging point [56].  

A customized software platform called Honeycomb is used to monitor the electricity 

consumption in the grid, vary power tariffs and keep track of each customer’s account. Powerhive 
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also provides a smart meter called the “Asali” meter which performs as directed by the central 

honeycomb server via an independent wireless communication hardware. Each customer can 

recharge based on their power requirements and economic constraints [56]. The supply duration 

for each household is a minimum of 24 hours. The costs incurred by each household is typically 

around $0.75 per kWh, paid to Powerhive. Powerhive implements the “pay-as-you-go” prepaid 

mobile recharge scheme to provide power to their customers.  

 In February 2015, the Energy Regulatory Commission of Kenya granted Powerhive 

concessions to operate as a private utility company, with the permission to sell electricity generated 

in microgrids to the public [56].  

2.4.4 EarthSpark, Haiti 

 EarthSpark is a non-profit organization delivering clean and sustainable renewable energy 

solutions in Haiti. They are responsible for setting up the first pre-paid solar microgrid in Haiti.  

In November 2012, Earthspark launched EKo Pwop (or clean community electricity), 

Haiti’s first prepaid solar microgrid [18]. This microgrid was able to power 14 households, 

providing sufficient power for lighting and mobile charging purposes. Noting the success of EKo 

Pwop, Earthspark extended this microgrid (also called the Les Anglais microgrid) to provide 

power to 430 households including several small businesses and a school. The system comprises 

of 90kW solar panels, 400kWh battery and a diesel backup generator. The solar panels, battery 

and backup generators are installed in the center of the village, to which various households are 

connected. During the day, the power generated by the solar panels is distributed to the households 

connected to the grid and charges the battery. During the night, the battery provides the power to 

the households. A diesel generator is used as backup. A smart meter technology called SparkMeter 

provides metering and billing facilities to the loads/households connected to the grid [18]. The 
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supply duration is 24 hours a day. The costs incurred by the customers is around $0.35 per kWh. 

EarthSpark has implemented the pay-as-you-go prepaid scheme as the business model, where the 

customers could use their mobile phones to recharge their energy account in a “Clean Energy 

Store”. They can also stay updated about their electricity consumption, monitored by this meter. 

The price of electricity is based on the time-of-use pricing model where the cost of electricity is 

determined by the time in the day.  

2.5 Summary of Local Grid Projects 

 This section summarizes the review of local grid projects implemented in developing 

countries. Each local grid project/organization is reviewed based on the costs incurred by the 

customer, the communications mechanisms (if any) and the supply duration of the local grid. 

 Table 2.1 summarizes the 5 small scale local grid projects where the power generation is 

less than 1kW per system. Table 2.2 summarizes the 5 medium scale local grid projects where the 

power generation is between 1kW and 10kW per system. Table 2.3 summarizes the 4 large scale 

local grid projects where the power generation is greater than 10kW per system, where 2 of the 4 

grids have communication. 

 

Table 2.1 Summary of the small-scale local grid projects 

 

 

 

 

 

 

 

Organization/ 

Project 

Communication 

Mechanisms 

Supply Duration 

(hours/day) 

Costs per kWh 

SELCO No 4 hours $0.48 

ONergy No 4 hours $1.95 

Kingo Yes 5 hours Load dependent 

Grameen Shakthi No 4 hours $0.55 

IDCOL No 4-5 hours $0.39 
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 Table 2.2 Summary of the medium-scale local grid projects  

  

 

 

 

 

 

 

 

 

Table 2.3 Summary of the large-scale local grid projects 

  

 

 

Organization/ 

Project 

Communication 

Mechanisms 

Supply Duration 

(hours/day) 

Costs per kWh 

MeraGao Power No 7 hours $2.38 

Naturetech Infra Yes 5 hours $0.15 

SteamaCo Yes Upto 24 hours $2 - $4 

PowerGen Yes At least 24 hours $0.5 

KiloWatts for 

Humanity  

 

No 2 – 3 days $3.33 

Organization/ 

Project 

Communication 

Mechanisms 

Supply Duration 

(hours/day) 

Costs per kWh 

OMC Power None 12 hours $0.71 

DESI Power None 4 hours $1.66 

PowerHive Yes At least 24 hours $0.75 

EarthSpark 

 

Yes 24 hours $0.35  
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CHAPTER 3 

 

BACKGROUND ON SOLAR ENERGY AND BATTERIES 

 

This chapter describes the characteristics of solar power, with a 24-hour profile to depict 

the solar power variation in a day and a 30-day profile to understand the variation of solar power 

over a month in different seasons. The parameters of the battery which are important to operate as 

a storage unit in a local grid such as the battery capacity, state-of-charge, depth of discharge, cost 

per kWh and charge/discharge rates are outlined.  

3.1 Introduction to Solar Power 

 When installing solar panels, one important criteria that needs to be taken into account is 

the availability of sunlight. An area with an abundance of sunlight stands to benefit more from the 

installation of solar panels than an area where the sun is weak. Installing microgrids in such places 

can provide power to areas that are disconnected from the utility grid.   

One such example is off-grid rural villages in India. Situated close to the equator, India 

experiences about 300 sunny days a year [39]. The number of hours of sunlight varies with the 

season and the location. There are three distinct seasons in India: 

1. Winter season – Between November and February 

2. Summer season – Between March and May 

3. Monsoon season – Between June and November 

In the month of May, most regions in India receive between 9 to 11 hours of sunlight a day 

[39]. The number of hours of sunlight in different parts of India in February varies between 9 – 10 
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hours and the number of hours in August varies between 7- 9 hours due to rains in the Monsoon 

season [39]. On an average, India receives between 2300 and 3100 hours of sunlight in a year. 

Installing solar panels for power generation in such areas is a viable, cost effective solution [39]. 

3.1.1 Daily Solar Power Profile 

In order to better understand the power generation profile of solar energy, a 24-hour solar 

profile is examined in this section. A 24-hour solar profile depicts the variation of solar power 

generated with time. Figure 3.1 (a) shows the 24-hour (12 am to 12 am) solar power profile for 

three different days – a sunny day, a rainy day and a cloudy day. The data for the same was 

collected from PVOutput, a website which provides live solar data from solar panel installations 

in residences at various locations around the world. We were unable to obtain live solar data for a 

residence in India. The weather pattern in several places in India matches closely to that of Florida; 

so, we chose a solar installation at a residence in Florida as our location to obtain data [65]. Three 

specific days were considered – a sunny day, a cloudy day and a rainy day. On a sunny day, the 

power generated steadily increases after sunrise, reaching a peak capacity towards the middle of 

Figure 3.1 A 24 hour solar power profile. 

(a) May, (b) December 

(a) (b)
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the day when the sun is usually most intense, followed by a steady decrease as nighttime 

approaches. There is no power generated during the night. On a rainy day, the amount of power 

generated is not only dependent on the time of the day, but also on when it rains and the intensity 

of the same. A 24-hour profile of a rainy day shows reduced power generation due to cloud cover 

including a significant dip in power generated during certain time intervals depicting rain. A 

cloudy day shows the same source profile as a sunny day, but with reduced power generation. 

Also, one can observe the dips in the graph – depicting heavy cloud cover at certain intervals 

during the day.  

One important factor that needs to be taken into account is the difference in solar power 

generation during winter. The sun shines with reduced intensity throughout the day and sets earlier 

during winter. Figure 3.1 brings out this difference in solar power generation over different days 

and different seasons. In Figure 3.1 (a), we see the solar power generation over 24 hours for three 

days – Sunny, Cloudy and Rainy in May. In Figure 3.1 (b), we see the solar power generation for 

the same three days in December. 

3.1.2 Monthly Solar Energy Profile 

In addition to a 24-hour profile, a 30-day profile is also examined, to give some insight into 

the variation in solar power generation with the change in seasons. A 30-day, monthly solar energy 

profile depicts the amount of solar energy generated per day, for a month. The amount of solar 

energy generated is dependent not only on the kind of day (sunny, cloudy or rainy day) but also 

on the season of the year. For example, solar energy generated in a month in summer is 

significantly higher (with mostly sunny days) than the energy generated in a month in winter.  In 

May (summer), a negligible number of cloudy or rainy days are observed. In the month of August 

(monsoon) there is rainfall and cloud cover almost every two days. One can also observe that a 
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day of rain is followed by one or two days of cloud cover. In December (winter), one can observe 

several sunny days, interspersed with a few cloudy days and an occasional rainy day [10, 39, 65]. 

3.2 Overview of Batteries for Energy Storage 

 The energy generated during the day is not constant – there is a lot more solar energy 

generated in the middle of the day (at noon), than at dawn or dusk. In order to store the energy 

produced during the day by the solar panels, supply power to the loads during the night and when 

the weather is cloudy, batteries are used. They also smoothen out the energy generation throughout 

the day, powering the loads at stable voltages. During the day, the battery is charged by the excess 

solar energy (the power that is not consumed by the loads in the grid) generated and during the 

night, the battery acts as the only source of power for the loads.  

 

Figure 3.2 A 30 day solar energy profile. 

(a) May, (b) August and (c) December 

(a) (b)

(c)
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3.2.1 Key Battery Parameters 

 Some important parameters in a battery are: 

1. Battery Capacity – is the maximum amount of energy that can be extracted from the battery  

under predefined conditions. The battery capacity is usually measured in ampere-hours 

(Ah) or watt – hours (Wh). 

2. State-of-Charge (SOC) – can be defined as a fraction of the total energy used over the total 

energy available in the battery.  It represents a measure of the short term capability of the 

battery. For example, if a battery has 60% SOC, at a capacity of 400Ah, then there is 240 

Ah of energy stored in the battery.  

3. Depth of Discharge – The depth of discharge of a battery specifies the fraction of the power 

that can be drawn from a battery. Most batteries are rated based on their capacity, but the 

amount of energy that can be used from them is lesser, due to the specified depth of 

discharge. For example, a battery with a depth of discharge of 80% and a capacity rating 

of 500 Ah, can provide only 400Ah of energy.  

In addition to the depth of discharge, the battery also has an additional parameter 

called the daily depth of discharge, which specifies the total energy that can be drawn in 

24 hours from a battery. 

4. Charging/Discharging rates or C-rating – The amount of time taken to fully discharge the 

battery specifies the discharge rate of the battery. That is, the C-rating (in Amps) can be 

obtained by dividing the capacity (in Ah) of the battery by the number of hours it takes to 

fully charge or discharge the battery. For example, if a battery takes 10 hours for a full 

charge or discharge, then the C-rating of that battery is C/10 = 0.1C. For a 40Ah capacity 

battery, with a C-rating of 0.1 C (that is, 10 hours for a full charge), the charge or discharge 
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current will be 40/10 = 4 A.  One battery cycle can be defined as one complete charge and 

discharge cycle. 

5. Self-discharge rate – is a measure of how quickly a battery will lose its energy while sitting 

idle, due to internal chemical reactions within the battery. 

6. Cost per kWh –The cost per kWh is calculated by summing up the initial battery costs 

(battery + installation) and dividing the product by the energy throughput of the battery. 

The energy throughput of the battery is in turn dependent on the cycle life of the battery. 

7. Cycle life of the battery - is the number of charge-discharge cycles that a battery can 

undergo before the nominal capacity of the battery decreases below 80% of its initial rated 

capacity. 

8. Size of the battery – This parameter is important based on the type of application. 

9. Weight of the battery – This parameter is considered based on the type of application. 

10. Maintenance – The time and effort required to ensure that the battery is functioning 

optimally. Ideally, a battery with low maintenance is preferred [40]. 

The cycles in a battery and the charge/discharge rates adversely affect the performance and 

life of the battery. If the discharge current is very high (that is, the battery is draining very quickly), 

then the capacity of the battery is significantly reduced. On the other hand, if the battery is 

discharged at a very low rate (that is, the battery is drained very slowly), then the battery capacity 

is higher.  

The cycle life of the battery is adversely affected by the C-rating and the depth of discharge 

of the battery. Other factors that affect cycle life include the temperature and humidity of the 

environment in which the battery is placed. The deeper the depth of discharge per cycle, the shorter 

is the lifespan of the battery (that is, lesser is the number of cycles in the battery at optimal 
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performance). Higher the number of cycles the battery has experienced, the lower the depth-of-

discharge. The lower the depth-of-discharge, lesser is the capacity of the battery.  

Several factors need to be taken into account when selecting a battery for a local grid. 

Batteries in these grids undergo continuous charging and discharging cycles, since they are the 

only source of power during the night, when there is no solar power available [40]. Low cost per 

kWh and high battery capacity are key. High charge/discharge rates are preferred, as the battery 

size and weight of the battery is not important; the batteries are kept stationary in the local grid.  

The parameters that need to be taken into account while selecting a battery for a local grid 

are summarized in Table 3.1. 

Table 3.1 Battery parameters of interest for a local grid 

 Parameter Requirements 

1 Cost per kWh Low cost per kWh 

2 Battery Capacity Battery with large capacity 

3 Battery Lifetime A long lifetime 

4 Self-discharge rate A low self-discharge rate 

5 Maintenance Low and easy maintenance 

 

There are various battery technologies available for local grid applications such as Lithium- 

ion and Lead-Acid batteries. It is to be noted that since battery capacity varies based on the 

charge/discharge rate, energy density can be used as a parameter, to determine the amount of 

energy available per unit weight of the battery. 

Table 3.2 compares the key parameters of a Lead-Acid and a Lithium-ion battery that are 

desirable for local grid applications [67].  
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Table 3.2 Lead-Acid vs. Lithium-ion batteries 

Parameter Lead-Acid battery Lithium-ion battery 

Cost per kWh $65 - $120 $600 

Energy density (Wh/L) 80-100 150 

Battery lifetime (no. of cycles) 1000 – 1200  1900 

Self-discharge rate 5% per month 5% in 24 hours + 1-2% per 

month 

Maintenance Low  Low 

 

Currently, Lead-Acid batteries are the most frequently used batteries in local grids, due to 

their low cost per kWh and dependability [67]. Since these batteries undergo frequent charging 

and discharging, deep cycled lead-acid batteries are favored, as they can provide a steady amount 

of power over a period of time and have relatively lower cost per kWh. Lithium-ion batteries are 

steadily gaining popularity for local grid applications – with a long lifetime and high battery 

capacity [58]. Due to high initial costs and relative immaturity, lithium-ion batteries are not widely 

deployed in local grid applications. 
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CHAPTER 4 

 

COMMUNICATIONS IN NANOGRIDS 

 

This chapter covers the existing work in the field of nanogrids. The communication 

technologies that support power distribution – Universal Serial Bus (USB), Power over Ethernet 

(PoE) are described, outlining the Link Layer Discovery Protocol (LLDP) used in PoE that can be 

used to communicate about power.  

4.1 Introduction to Nanogrids 

The components of a nanogrid include a nanogrid controller, loads, storage (optional) and 

gateways (for communication). The power source for a nanogrid is locally generated power such 

as solar energy. The locally generated power source is not considered to be a part of the nanogrid 

and is usually connected to a single nanogrid. [50]. Nanogrids can be interconnected, where the 

source of power to one nanogrid is another nanogrid, instead of a direct connection to the locally 

generated power source. Communication and power flow between nanogrids takes place via 

gateways. A nanogrid, can be viewed as the bottom-up approach to power distribution [49].  

Two types of nanogrids have been identified – managed and unmanaged nanogrids. 

Nanogrids that do not contain communications about power distribution are called “unmanaged 

nanogrids” and nanogrids that include communications about power distribution are called 

“managed nanogrids” [50]. An internal local price is used by the nanogrid, to indicate to the loads 

connected to it, the present available power in grid. This local power price can be used by 

nanogrids to buy and sell power with one another. 
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  The nanogrid controller can vary the local price value, based on the available power in the 

grid. When the only power available is that from the battery, the local power price can be increased, 

to make sure the battery is not exhausted before the nanogrid can start using the power from the 

locally generated power source again. When the battery is replenished, the local power price value 

can be decreased accordingly. Loads use this local price to decide how much power they require 

at that point of time. Managed nanogrids that use local power price and have the ability to buy 

and/or sell power through gateways are called “price managed” nanogrids. Figure 4.1 shows the 

schematic of a managed nanogrid [50] which contains several loads, storage (battery), the 

interconnection between components and the connection to other grids.  

The nanogrid controller is the heart of the nanogrid, responsible for setting the internal 

local price, controlling the power supplied to the loads and negotiate buying and selling power 

using gateways. The battery (if any) is a part of the nanogrid controller. 

A load can be any electrical device drawing power from the nanogrid. A load uses the local 

power price to set its power demand, based on its power requirement and the state of the load. 

 

Figure 4.1 The schematic of a managed nanogrid 
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Storage in a nanogrid is optional. Gateways enable the nanogrid to communicate with other 

nanogrids as well as buy and sell power [50].   

A USB hub, with devices connected to it is an example of an unmanaged nanogrid [50]. 

The devices connected to the USB port are the loads and the power is supplied by the USB port. 

Devices (loads) connected via Ethernet cables to a switch is another example of an unmanaged 

nanogrid.  

 Communication in a nanogrid can either be implicit or explicit. A good example of implicit 

communication in a nanogrid is described in the GridShare solution to local grids in Bhutan [59].   

4.2 Communication Technologies that Support Power Distribution 

 Several communication technologies exist, that support power distribution along with data 

communication, where power and communications flow across the same wire. It is to be noted that 

the communication can either be about the power distribution or just data in general. 

Communication about the power being distributed to the loads/devices can be referred to as 

“communication about power”. USB and PoE are technologies where power and communications 

flow across the same wire. 

4.2.1 Universal Serial Bus (USB) 

 USB is an industry standard that defines the cables, connectors and communication 

protocols in a bus, for the purpose of connection, power distribution and communication between 

a computer and several peripheral devices such as mobile phone, printer etc. A USB hub can be 

thought of as a nanogrid in itself. A powered USB hub along with the devices connected to it forms 

an unmanaged nanogrid [50]. Here, the USB port is the source of power and when a device 

connected to the port draws power, it can be considered as a load. Having evolved from an interface 

that supplies limited power along with data, to a primary provider of power in several cases, the 
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USB specification has undergone several revisions and updates. The first version of USB, USB 

1.0 specified data rates between 1.5 Mb/s (for low bandwidth) and 12 Mb/s (for high bandwidth), 

delivering power up to 0.75W. The next version, USB 2.0 provided improved data rates of 480 

Mb/s [69]. This specification provided 2.5W of power to the devices connected to it, where each 

device is guaranteed 0.5W at any time and can request for more power if required. The USB 3.0 

specification added a new data transfer mode called “SuperSpeed”, which provided data transfer 

speeds ten times faster than USB 2.0, allowing data transfer speeds of up to 4.9 Gb/s. The power 

delivered by the USB 3.0 specification was increased from 2.5W to 4.5W.  

The USB Power Delivery Specification in USB 3.1 enables power delivery of up to a 100W 

[69], with data transfer speeds of 10Gb/s. The USB Specifications limit the length of the cable 

between devices to a maximum of 5 meters [69].  

Table 4.1 summarizes the power delivery specifications and data transmission rates defined 

for the different versions of USB, starting from USB 1.0 to USB 3.0.  

USB does not support communications about power. It allows devices to communicate 

with each other and powers devices via a single USB cable. The limitation of length restricts the 

usage of USB to power devices over long distances. 

Table 4.1 USB power and bandwidth specifications 

USB Version Power Bandwidth 

USB 1.0 0.75W 1.5 Mb/s – 12 Mb/s 

USB 2.0 2.5 W 480 Mb/s 

USB 3.0 4.5 W – 7.5 W 5 Gb/s 

USB 3.1 100 W 10 Gb/s 
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4.2.2 Power over Ethernet (PoE) 

An IEEE 802.3af standard, Power over Ethernet or PoE allows Ethernet cables to provide 

data connections as well as carry electricity necessary to provide power to devices. The power can 

either be carried on the same conductors in the cable as the data (referred to as the Alternative A 

in the IEEE standards), or in separate dedicated conductors within the same cable (referred to as 

the Alternative B in the IEEE standards) [26].   

 Two key components in Power over Ethernet are the Power Sourcing Equipment (PSE) 

and the Powered Device (PD). Figure 4.2 shows the layout of a PSE, providing power along with 

data to several PD’s. 

 Power Sourcing Equipment (PSE) – is a device that provides power over the Ethernet 

cables. When a switch is the PSE, it is called an endspan (or endpoint according to IEEE 

802.3af). An intermediate device between a non-PoE switch and a PoE compatible device 

is called a midspan. An example of a midspan device is a PoE injector.  

 Powered Device (PD) – is a device that consumes the power supplied by the PSE, via 

Ethernet cables. 

One or more PD’s connected to the PSE form a nanogrid. IEEE 802.3af defines the 

maximum allowed continuous output power through a single cable to be 15.4W. IEEE 803.3at (a 

later specification) specifies the maximum power to be 25.5W over two cables [27]. The HDBaseT 

standard allows up to 100W of power delivery [31]. Currently, a new PoE standard – IEEE 802.3bt 

has been proposed, with the IEEE 802.3bt Task Force looking to provide power using all four pairs 

of wires in a single cable, thereby increasing the amount of power provided per device. This would 

enable a bigger range of devices (with higher power requirements) to be powered using PoE [28]. 

It is to be noted that there are several non-standard implementations of PoE that provide different 
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levels of power based on the implementation. One recent example is the Universal Power over 

Ethernet (UPoE), created by Cisco in April 2014. UPoE is capable of supplying up to 60W of 

power, after negotiation, using all four pairs of wires in a single Ethernet cable [15]. 

 IEEE 802.3 af specifies the maximum cable length to be 100 meters [26]. Longer cable 

lengths makes PoE a better option over USB, for transferring data as well as power.  

The PSE determines whether the device connected to its port is a PD, and optionally can 

determine which power class the device belongs to. The PSE can optionally determine the power 

class of the device, once the PD has been detected. The various power classes and their power 

specifications are outlined in Table 4.2. 

4.2.2.1 Link Layer Discovery Protocol (LLDP) in PoE 

 The Link Layer Discovery Protocol (LLDP) enables an IEEE LAN station to advertise its 

capabilities and state information over the Ethernet [25]. An LLDP agent is a software entity that 

implements LLDP, which is responsible for the transmission, reception and management of LLDP.  

 The services provided by LLDP include: 

1. Enable a PSE to advertise itself to the devices connected to it. 

     

Figure 4.2 Relationship between a PSE and PD(s) 
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Table 4.2 The power classes of a powered device 

 

 

 

 

 

 

 

2. Receive messages about device capabilities from the devices. 

3. Store the information distributed and/or received in Management Information Bases 

(MIBs).  

Both PSE and PD use LLDP to advertise their capabilities and the current state information, 

via a Link Layer Discovery Protocol Data Unit (LLDPDU).  

LLDP allows half duplex communication; the LLDPDU’s can be transmitted to and from 

devices that are either connected directly to each other or connected via a hub. It is a “one hop” 

protocol – LLDPDU’s cannot be forwarded on to the next device (which is not directly connected 

with the device from which the message originated). Also, no acknowledgements can be sent in 

response to a particular LLDPDU. 

 Each LLDPDU is a sequence of variable length information that includes type, length and 

value (TLV) structures, where 

1. Type – determines the kind of information in the frame. 

2. Length – contains the length of the information (in octets). 

3. Value – contains the information that needs to be sent/received.  

Power Class Power Usage Class Description 

0 0.44W – 12.94W Default 

1 0.44W – 3.84W Very Low Power 

2 3.84W – 6.49W Low Power 

3 6.49W – 12.95W Mid Power 

4 12.95W – 25.50W High Power 
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Figure 4.3 shows the basic structure of the TLV [25]. Each LLDP frame contains a 

sequence of mandatory as well optional TLVs. They are: 

1. Chassis ID TLV – The Chassis ID is the MAC address of the switch. 

2. Port ID TLV – Identifies the port that transmitted the LLDPDU 

3. Time-to-Live TLV - Indicates the duration (in seconds) for which the information present 

in the LLDPDU remains valid. The information in the LLDPDU is discarded by the 

receiving LLDP agent when the Time-to-Live value is zero. 

4. Any number of optional TLV’s (up to a maximum size limit specified by LLDPDU). 

5. End of LLDPDU TLV 

The chassis and port ID is used to identify the LLDP agent that sent the frame. The Time 

to Live TLV defines how long the information contained in the LLDPDU is valid. The Time-to-

Live value is decremented using a timer. The maximum value can be 65000 seconds and the 

minimum value is 0. When the TTL value is 0, the information in that frame is discarded. The End 

 

Figure 4.3 The structure of a TLV 
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Figure 4.4 The structure of an LLDP ethernet frame 
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of LLDPDU TLV indicates the end of the LLDPDU frame [54]. Figure 4.4 depicts the structure 

of an LLDP Ethernet frame. 

Among the optional TLV’s, the Power via MDI TLV and the Power via MDI 

Measurements TLV is used to indicate the capabilities and current status of the power entity. A 

new vector called the PSE power price index has been proposed to be added to the Power via MDI 

Measurements TLV [26]. Using this vector, the internal local power price can be communicated 

to the PD’s by the PSE, enabling further communications about power. Using the PSE power price 

index value, the loads can set their current demand, and request power from the PSE.  By using 

the PSE power price index in communication, the PSE and the connected PD’s form a price 

managed nanogrid. Figure 4.5 depicts the proposed Power via MDI Measurements TLV [26].  

The PD Measurements field in the Power via MDI Measurements TLV, amongst other 

value fields, contains the PD measured voltage value, PD measured current value and PD measure 

energy value fields. These fields indicate the PD’s voltage, current and energy values measured at 

the port. Similarly, the PSE measurements field contains the PSE’s measured voltage, current and 

energy values, depicting whether the PSE allows measurement of voltage, current and energy at 

the port. 

 

 

Figure 4.5 Power via MDI measurements TLV 
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Figure 4.6 depicts the Power via MDI TLV. The PD Requested Power Value field in the 

Power via MDI TLV, depicts the power requested by the PD once the initial measurement phase 

at the PD and the PSE is complete. The maximum power that the PSE can grant to the PD, is 

communicated using the PSE maximum available power field in the Power via MDI TLV. When 

the PD wants to change its maximum power consumption, the Autoclass measurement field can 

be used. Using Autoclass, the PD can indicate to the PSE that it is in a state of maximum power 

consumption, by setting the request_autoclass value to 1.When the PSE receives this frame, it 

looks into the power budget and measurements and sees if the requested power can be 

accommodated. If the power demand can be satisfied, the PSE sends the PD an LLDP frame with 

the completed_autoclass value set to 1. If not, the completed_autoclass value is set to 0 and sent 

over to the PD.   

 

Figure 4.6 Power via MDI TLV 
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CHAPTER 5 

 

NEW COMMUNICATION PROTOCOL FOR NANOGRIDS 

 

 In this chapter, the communication protocol for a nanogrid is defined, outlining the service 

to be provided, the assumptions about the environment in which it is deployed, the formal 

requirements, the list of messages required, along with the syntax of each message and the 

procedure rules that dictate the exchange of messages in the protocol. The use of an existing 

protocol – LLDP, to implement the nanogrid communication protocol is discussed.  

5.1 Service to Be Provided 

 The service to be provided is a means to better match demand with supply, by realizing 

reduced power demand, thereby minimizing unmet demand. 

5.2 Environment 

1. The environment in which the protocol is to be implemented consists minimally of a single 

nanogrid controller directly connected to at least one device (or load), via an Ethernet cable 

(the transmission channel).  

2. The Ethernet cable serves as the only medium of communication – delivering power as 

well as data to the connected devices.  

5.3 Assumptions 

1. Loads can use a local power price to adjust their present demand. 

2. Local price can be adjusted in a controlled fashion as a function of available power. 

3. Loads can be denied power at any instant of time. 
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4. Reliable packet delivery between the controller and the loads is natively supported. 

5.4 Formal Requirements 

  The formal requirements for the service are defined as follows: 

1. The controller can indicate when there is a change in the current local power price. 

2. The controller can indicate when it denies power to the loads. 

3. Loads can indicate when there is a change in their present demand. 

4. Loads can indicate when they do not require any more power, at that instant of time. 

5. Loads can identify themselves. 

5.5 Message Vocabulary and Syntax 

 The message vocabulary contains the formal parameters and the list of messages that are 

required in order to provide the service specified in the protocol definition. The vocabulary 

specifies messages sent from the nanogrid controller to the devices as well as the messages sent 

from device to the nanogrid controller.  

The formal parameters and their syntax for the protocol are listed below: 

1. power_max - The maximum power required by the device (a floating point value) at any 

point of time. 

2. power_min - The minimum power required by the device (a floating point value) at any 

point of time. 

3. device_priority - The priority of the device (an integer). 

4. device_name - The name of the device (a string). 

5. port_number - The port number of the controller (an integer). 

6. nG_controller_name - The name of the controller device (a string). 

7. price_current - The current local price value (a floating point value). 
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8. price_forecast - The forecasted local price values (an array of floating point values). 

9. max_power_allowed - The maximum power the controller can supply to the device at that 

particular instant of time (a floating point value).  

The list of messages that are to be sent between the device and the nanogrid controller are 

as follows: 

1. CONNECT_DEVICE - Enables the device to send its parameters to the controller. 

Contains the device_name, device_priority, power_min and power_max as parameters. 

2. REQUEST_MAX_POWER_CHANGE - Enables the device to request the controller for a 

change in the maximum power required. Contains the max_power parameter. 

3. REQUEST_POWER – Enables the device to request for power. 

4. POWER_DOWN - Allows the device to indicate that it does not require power at that 

instant of time. Contains the power_max parameter, set to 0.  

5. SHARE_CONTROLLER_PARAMETERS - Enables the switch to share its parameters 

with the device. Contains the nG_controller_name,  port_number and price_current 

parameters. 

6. DENY_REQUEST - Enables the switch to reject a power request from the device. Contains 

the max_power_allowed parameter. 

7. SHARE_PRICE_PARAMETERS - Enables the controller to share the local price 

parameter with the device. Contains the price_current and price_forecast parameters. 

8. MAXIMUM_POWER_AVAILABLE - Enables the controller to share the max power 

available for the device. Contains the max_power_allowed parameter. 

Messages from 1 to 4 are sent by the load to the controller and messages 5 to 8 are by the 

controller to the loads. Table 5.1 summarizes the messages and each of their parameters. 
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Table 5.1 Summary of the list of messages 

 Message Message Parameters 

1. CONNECT_DEVICE device name, device priority, 

power_max, power_min 

 

2. REQUEST_MAX_POWER_CHANGE power_max 

3. SHARE_CONTROLLER_PARAMETERS nG_controller_name, port_number, 

price_current 

 

4. DENY_REQUEST max_power_allowed 

5. SHARE_PRICE_PARAMETERS price_current, price_forecast  

 

6. MAXIMUM_POWER_AVAILABLE max_power_allowed 

7. POWER_DOWN  

 

5.6 Procedure Rules 

This section covers the various scenarios, when a user connects and/or disconnects a load 

to/from the nanogrid controller. The messages exchanged and the requirements it satisfies are 

outlined in each case. 

5.6.1 Use Case 1: User Plugs in a Reasonable Load to the Controller 

The load initiates the connection by sending the CONNECT_DEVICE message. In turn, 

the nanogrid switch sends the SHARE_CONTROLLER_PARAMETERS message, sending the  

port_number, price_current and nG_controller_name parameters. Based on the price_current 

value, the device sets its current demand and sends the REQUEST_POWER message. 

 Figure 5.1 illustrates this use case with a timing diagram when the power requested by the 

load (power_max) is less than the maximum power granted by the controller to the load, making 

it a reasonable load. This use case satisfies requirement 1 and 5. 
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5.6.2 Use Case 2: User Plugs in an Excessive Load to the Controller 

Figure 5.2 illustrates the use case when the power requested by the load (power_max) is 

greater than the maximum power that can be granted by the controller to the load (making it an 

excessive load) with a timing diagram. Once the REQUEST_POWER message is sent by the 

device, nanogrid controller sends a DENY_REQUEST message, informing the device about the 

maximum power available to the device at that point of time. The use case satisfies requirement 1, 

2 and 5. 

5.6.3 Use Case 3: Change in the Local Power Price 

Figure 5.3 illustrates the use case when there is a change in the local power price of the 

controller, with a reasonable load connected to it. The SHARE_PRICE_PARAMETERS message 

is sent by the controller to the device. Based on the present local power price value, the present 

demand of the load is set. Based on the present local power price value, the present demand of the 

load is set. The REQUEST_POWER message is sent to the controller in return. The use case 

satisfies requirement 1 and 3. 

 

Figure 5.1 Use case 1: User plugs a reasonable load into the controller 
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Figure 5.4 illustrates the use case when there is a change in the local power price of the 

nanogrid, when an excessive load is plugged into the controller. The 

SHARE_PRICE_PARAMETERS message is sent by the nanogrid controller to the load, 

communicating the updated current_price parameters. The REQUEST_POWER message is sent 

to the controller in return. Since the power_max parameter is greater than the max_power_allowed, 

 

Figure 5.2 Use case 2: User plugs an excessive load into the controller 
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Figure 5.3 Use case 3.1: Change in local power price (reasonable load) 
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the DENY_REQUEST message is sent from the controller to the load, conveying the maximum 

power allowed to that device. The use case satisfies requirement 1, 2, and 3. 

5.6.4 Use Case 4: User Changes the Power Setting of a Reasonable Load 

Figure 5.5 illustrates the use case when there is a change in the maximum power requested 

by a reasonable load connected to it. The REQUEST_MAX_POWER message is sent by the load 

to the controller. Since it’s a reasonable load, the modulated power demand of the load is less than 

the maximum power that can be supplied to it by the controller. Thus, on receiving this message, 

the power is supplied to the load by the controller. The use case satisfies requirement 3.  

5.6.5 Use Case 5: User Changes the Power Setting of an Excessive Load  

Figure 5.6 illustrates the use case when there is a change in the maximum power requested 

by an excessive load. The REQUEST_MAX_POWER message is sent by the load to the 

controller, indicating its present modulated power demand (greater than the maximum power 

available for that load). The DENY_REQUEST message is sent by the controller to the load, to 

indicate that power requested by the load is denied. The use case satisfies requirement 2 and 3. 

 

Figure 5.4 Use case 3.2: Change in local power price (excessive load) 
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5.6.6 Use Case 6: User Switches Off the Load 

 Figure 5.7 outlines this use case. When the load does not require any more power (that is, 

it is powered off or disconnected) from the controller, it sends the POWER_DOWN message to 

the controller. On receiving this message, the controller ceases to supply power to the load. 

 

Figure 5.5 Use case 4: User changes the power setting of a reasonable load 

 

 

Figure 5.6 Use case 5: User changes the power setting of an excessive load 
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It is to be noted, that when the load is re-connected to the controller, the device and/or 

controller have to share information about themselves once again (that is use case 1 or 2), where 

the device sends the CONNECT_DEVICE and the SHARE_CONTROLLER_PARAMETERS is 

sent by the controller. Based on the local power price value, the device can modulate its present 

power demand and request power from the controller. Depending on whether the load is reasonable 

or excessive, power is either supplied to the load by the controller or denied power by the 

controller. This use case satisfies requirement 4.  

Table 5.2 outlines the requirements satisfied by each use case. 

 

Table 5.2 Mapping of use cases and requirements 

Use Case Number Requirements Satisfied 

1 1 and 5 

2 1, 2 and 5 

3 1, 2 and 3 

4 3 

5 2 and 3 

6 4 

 

 

Figure 5.7 Use case 6: User switches off the load 
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5.7 Implementing the New Protocol Using LLDP 

The protocol can be implemented using an existing protocol: LLDP. This section outlines 

the fields defined in LLDP that can be used to send the messages defined in the previous section.  

IEEE 802.3 [53] defines two power entities – the Power Sourcing Equipment (the switch) 

and the Powered Device (device). Both entities use LLDP to advertise their capabilities and the 

current state information. The information in each LLDP frame is contained in a Link Layer 

Discovery Protocol Data Unit (LLDPDU). Each LLDPDU is a sequence of variable length 

information elements called TLV’s or Type, Length and Value fields. 

Among the optional TLV’s, the Power via MDI TLV and the Power via MDI 

Measurements TLV is used to indicate the capabilities and current status of the power entity.   

 The CONNECT_DEVICE message, sent from the PD to the PSE, can be sent in the form 

of the PD Measurements field, to determine if the PD can be powered by the PSE and if the PD 

can accept the power granted by the PSE, based on the measurement values. Similarly, the PSE 

measurements field contains the PSE’s measured voltage, current and energy values, depicting 

whether the PSE allows measurement of voltage, current and energy at the port. The Power Class 

field in the Power via MDI TLV [54], depicts the power requested by the PD (the power_range 

parameter) once the initial measurement phase at the PD and the PSE is complete.  

Table 5.3 summarizes the various messages defined in the protocol and the fields in LLDP 

that can be used to convey the same [54]. 

The Share_Controller_parameters message, sent from the PSE to the PD, can be sent in the 

form of the PSE measurement field in the TLV, informing the PD about the specifics of the PSE’s 

port. In the event that the power requested by the PD is greater than the Maximum Power Available 

at the PSE, the max_power_allowed parameter of the DENY_REQUEST message is sent from the  
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Table 5.3 List of messages and corresponding LLDP fields 

 

No Message LLDP field 

 

PD to PSE 

1 
CONNECT_DEVICE 

 

PD Measurements (9 octets) 

Power Class (1 octet) 

2 REQUEST_POWER PD requested power value (2 octets) 

3 REQUEST_MAX_POWER_CHANGE 
Autoclass (1 octet) 

 

4 POWER_DOWN 
Power down (1 octet) 

 

PSE to PD 

5 
SHARE_CONTROLLER_PARAMETERS 

 
PSE Measurements (9 octets) 

6 
DENY_REQUEST 

 

PSE maximum available power 

(2 octets) 

7 
SHARE_PRICE_PARAMETERS 

 
Power price index (2 octets) 

8 
MAXIMUM_AVAILABLE_POWER 

 

PSE maximum available power  

(2 octets) 

 

PSE to the PD in the form of the PSE Maximum Available Power field. 

 The SHARE_PRICE_PARAMETERS message, can be sent by the PSE to the PD, 

periodically, using the recently proposed power price index field in the Power via MDI 

Measurements TLV [54].  

 The maximum power that the PSE can grant to the PD, is communicated using the 

MAXIMUM_POWER_AVAILABLE (a floating point value depicting the power value) message 

– this message can be sent using the PSE maximum available power field in the Power via MDI 

TLV.  

The REQUEST_MAX_POWER_RANGE message is sent when the PD wants to indicate 

to the PSE, a change in its maximum power consumption. The Autoclass measurement field can 

be used to communicate this message in the Power via MDI TLV.  
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The PD can send the POWER_DOWN message to the PSE, can be sent in the form of the 

power_down field in the Power via MDI TLV. When the PD does not require any more power 

from the PSE, it sets the value of the power down field to 0xDD. Any other value is ignored by 

the PSE [54]. 
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CHAPTER 6 

 

SIMULATION – NANOGRID IN A DEVELOPING COUNTRY 

 

 In this chapter, the simulation model for a nanogrid implemented in an off-grid area in a 

rural village of a developing country is presented, defining the system under study, the assumptions 

about the environment and the model and the parameters of the model. Next, the factors, factor 

levels and response variables of the model are outlined, covering the definition and significance 

of the same. Then the design and results of various experiments on the model are presented.  

6.1 System under Study 

 Households in such villages require electricity mainly for lighting purposes. Other 

requirements include powering small fans and/or a refrigerator or a television. Presently, most off-

grid villages use kerosene for their lighting purposes. They do not use refrigerators or fans due to 

lack of electricity and budget constraints.   

    

Figure 6.1 The schematic of a managed nanogrid implemented in a rural village 
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 A nanogrid implemented in a household consisting of four 8W LED light bulbs, a 30W 

ceiling fan and a 45lts DC refrigerator [45] is the system under study. 350W solar panels, 

connected to the household, act as the power source in the nanogrid.  6 lead acid batteries (12V, 

35Ah battery) are used for energy storage in the grid. Figure 6.1 outlines the system under study. 

The components of the system under study are listed in Table 6.1.  

Table 6.1 Power requirements and cost of the components of the nanogrid 

 Load/Device Power requirement  

(in Watts) 

Cost (in dollars) 

1. 4 LED Light Bulbs 32 Watts $20 [49] 

2. Ceiling Fan 30 Watts $30 [50] 

3. DC Refrigerator 55 Watts $70 [51] 

4. 6 12V, 35Ah Lead Acid Battery N/A $390 [52] 

5. 350W Solar panel N/A $325 [53] 

  

6.1.1 System Terminology 

Several important terms used to describe the system are as follows: 

1. Full Power Demand (P_full) – The power that the load requires to function at 100% 

capacity. 

2. Reduced Power Demand (P_reduced) – The modified power that the load demands from 

the controller, when the Full Power Demand cannot be satisfied. For a high priority load, 

the Reduced Power Demand is the same as the Full Power Demand. 

For a high priority load: P_reduced = P_full 

For a low priority load: P_reduced < P_full 

It is to be noted that a brownout [57] occurs when a load functions with less than  
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maximum power. A blackout [58] occurs when the load cannot function with the power 

supplied to it or when there is no power supplied to it. 

3. Satisfied Power Demand (P_satisfied) – The power that is finally supplied to the load.  

P_satisfied ≤ P_reduced 

4. Unmet Demand (P_unmet) – The power demand of the load that could not be satisfied by 

the controller. 

P_unmet = P_reduced – P_satisfied. 

5. Excess Supply (P_excess) – The power left over once the loads are satisfied and the battery 

is full. 

P_excess = P_satisfied – P_reduced 

6. Local Power Price – An internal variable to the system, this value indicates the internal 

price of power. This value enables the system to communicate information about the power 

available, in terms of a monetary value, to the devices connected to it. 

6.1.2 Assumptions 

1. The power consumption of the refrigerator depends on several factors such as the frequency 

of opening the refrigerator door, the temperature of the items placed in the refrigerator, the 

temperature of the environment in which the refrigerator is placed and the capacity of the 

refrigerator. We do not consider the above factors when modelling the refrigerator load.  

Instead, we model the refrigerator with a 50% duty cycle [55], where the duty cycle defines   

the amount of time the refrigerator runs. 

2. The minimum reduced power demand of the low priority loads is assumed to be 25% of 

their full power demand. 
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3. We assume that the members of the household do not use most of the loads (that is, lights 

and fan) during the day, since they go out to work or to school. These loads are assumed 

to be used at 100% capacity between 6 pm and 8 am and not used at all between 8 am and 

6 pm. The load profile is outlined in the next section. 

4. The only source of power to the nanogrid is from the solar panels connected to it. 

5. The only energy storage option in the nanogrid is the lead acid batteries. 

6. The nanogrid controller initially sends a message communicating the value of the local 

power price to the load at the start of the day, and then sends a message only when there is 

a change in the value of the local power price.  

7. The load is said to be satisfied if the satisfied power demand is equal to the reduced power 

demand (that is, P_satisfied = P_reduced).   

The system is said to fail when unmet demand exists. That is, P_unmet > 0, for any load 

that is connected to the nanogrid.  

6.1.3 Load Profiles 

 The loads connected to the nanogrid controller can be classified into two types of loads – 

high priority and low priority loads, based on the type and power demand of each load. 

1. High Priority Loads – Such loads require the full power demand to be satisfied all times. 

They cannot function when less than the full power demand is supplied to them, making 

them a high priority load. For example, a refrigerator requires a certain amount of power 

to function (when the compressor kicks in) and cannot accept less than that amount of 

power. The refrigerator can be classified as a high priority load. Figure 6.2 depicts the load 

profile of a refrigerator with a 50% duty cycle (20 minutes full power demand and 20 

minutes off) when there are no constraints on the power supplied to them [56].  The 
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minimum reduced power demand in this case is the same as that depicted in Figure 6.2, 

since it is a high priority load. 

2. Low Priority Loads – Such loads can function (at less than 100% capacity) when less than 

the full power demand is supplied to them. For example, when less than the full power 

demand is supplied to a light bulb, the light bulb still glows with reduced lumen. The light 

bulbs and the ceiling fan can be classified as low priority loads. Figure 6.3 depicts the load 

profile of the low priority loads outlining the full power demand and the minimum reduced 

power demand of these loads. 

    

Figure 6.2 Power demand of a refrigerator (50% duty cycle) 

       

Figure 6.3 Full and minimum reduced power demand of 4 LED bulbs and a fan 
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6.1.4 How the System Works 

1. The power distribution in the nanogrid is based on the local power price, which is 

calculated using the battery level at that instant of time. When the load is connected to the 

controller for the first time, and each time the value of the local power price changes, a 

message communicating the new local power price is sent by the controller to the loads 

attached to it. 

2. Based on this value, the reduced power demands of the loads are determined. It is to be 

noted that, at all times, the power demand of the high priority loads is equal to the full  

Figure 6.4 The local power price heuristic 

Local power price heuristic 

 

Input : Battery threshold (bt), Local Price Increment (lpi) 

Output : Local Price (lp) 

                

lp = 0.10, lpi = 0.10 

begin 
   for (every second) 

    if (bt ≤ 0.25) lp = lp + 4 * lpi 

    else if (bt > 0.25  &&  bt ≤ 0.35) lp = lp + 3 * lpi 

   else if (bt > 0.35  &&  bt ≤ 0.45) lp = lp + 2 * lpi 

    else if (bt > 0.45  &&  bt ≤ 0.55) lp = lp + 1 * lpi 

    else if (bt > 0.55  &&  bt ≤ 0.65) lp = lp  - 1 * lpi 

    else if (bt > 0.65) lp = lp -  2 * lpi 

    endif 

 

    if(lp < 0.0) lp = 0.01                                              //Minimum local power price 

  else if (lp > 1.0) lp = 1.0                                       //Maximum local power price 

            endif 

 

 if (there is a change in the lp value) 

     The new lp value is communicated to the loads 

           endif 

 return (lp) 

  end for   

end 
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power demand. In other words, at all times, the high priority loads are willing to pay what 

it takes to get maximum power from the controller. Once the demand of the loads are 

satisfied, any excess power remaining is the excess supply, which is wasted. The price 

calculation heuristic is outlined in Figure 6.2.  

6.2 Design of Experiments 

The experiments run on the nanogrid simulation model are explained in this section, 

outlining the simulation model, factors, factor levels, internal variables and response variables.  

6.2.1 Simulation Model 

A simulation model has been built, based on the system under description, in order to 

perform experiments on the nanogrid. In this nanogrid simulation model, we assume that the rate 

of charge/discharge does not affect the battery capacity. 

 The factors of the model are the type of day, communication mechanism, initial battery 

level and type of month. The response variables are the unmet demand, reduced power demand, 

excess supply and number of messages. Both the factors and the response variables are outlined in 

detail in the next two sections. 

6.2.2 Factors and Factor Levels 

The factors and factor levels of interest are as follows: 

1. Type of Day: Defines the amount of power (in Watts) obtained from the solar panels each 

second. This factor has three factor levels – a 24 hour profile of a sunny day, a 24 hour 

profile of a cloudy day and a 24 hour profile of rainy day.  

2. Initial Battery Level:  Specifies the capacity of the battery at the start of the day. This factor 

has three factor levels – 80%, 50%, 20%. 
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3. Communications: Specifies whether the nanogrid is a managed nanogrid (communications 

enabled) or an unmanaged nanogrid (no communications). This factor takes on two factor 

levels – Yes (if communications is enabled) and No (no communications). 

4. Type of Month: Defines the solar energy profile over a month. This factor has three factor 

levels 

 Summer - mostly having sunny days, with 2 or 3 cloudy or rainy days in between 

 Monsoon – 2 cloudy days followed by a rainy day weekly 

 Winter – 1 cloudy day followed by an occasional rainy day each week. 

Table 6.2 outlines the various factors and their respective factor levels   

6.2.3 Response Variables 

The response variables of interest for a system with and without communications is listed 

in Table 6.3. It must be noted that no messages are sent and there is no reduced power demand in  

a system with no communications. In a system with communications, we observe the reduced 

power demand instead of the full power demand, since the loads can modulate their demand based 

on the local power price. 

Table 6.2 Summary of the factors and their factor levels 

 

 

 

 

 

 

 

 Factors Factor Levels 

1. Type of Day Sunny day 

Cloudy day 

Rainy day 

2. Initial Battery Level  80% capacity 

50% capacity 

20% capacity 

3. Communications Yes 

No 

3. Type of Month Summer (May) 

Monsoon (August) 

Winter (December) 
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Table 6.3 Response variables 

Without communications With communications 

Full power demand (kWh) Reduced power demand 

(kWh) 

 

Unmet demand (kWh) Unmet demand (kWh) 

Excess supply (kWh) Excess supply (kWh) 

 Number of messages 

 

6.2.4 Base Case: An Unmanaged Nanogrid 

The objective of this experiment is to observe the behavior of the nanogrid on different 

types of days (over 24 hours) and on different types of months (a 30 day profile), when there is no 

communications enabled. 

6.2.4.1 Type of Day Experiment  

 The factor of interest is the type of day, which takes on three different values – a 24 hour 

profile of a sunny day, a 24 hour profile of a rainy day and a 24 hour profile of a cloudy day. It is 

to be noted that there is a significant difference in the 24 hour profiles of each type of day in the 

month of May and December (as described in Chapter 3). In order to cover both scenarios, we 

perform the same experiment for both months. For each of these days, we observe the unmet 

demand and excess supply, for different initial battery levels (80%, 50%, and 20%). The local 

price increment is set to 0.10 for all the experiments. 

Since the only source of power, is the power from the solar panel, the types of sources 

affect the components of the system – the loads and the battery significantly, making it a factor of 

interest. Table 6.4 summarizes the trials of this experiment – outlining the factors and factor levels 

for each trial. The same experiment is run twice – once for the type of days in the month of May  
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Table 6.4 Type of day, unmanaged nanogrid 

and once for the type of day in the month of December. 

6.2.4.2 Type of Month Experiment  

 This experiment has been performed in order to observe the behavior of the system over 

30 days – for three different types of months. A month in summer (May), monsoon (August) and 

winter (December) are the factor levels of interest for the type of month. For each of these months, 

we observe the total unmet demand per month (kWh) and the total excess supply (kWh), for 

different initial battery levels (80%, 50% and 20%). The local price increment is set to 0.10 for all 

the experiments. 

 Table 6.5 summarizes the trials of this experiment – outlining the factors and factor levels 

for each trial.  

6.2.5 Managed Nanogrid 

After observing the behavior of the nanogrid model without communications or an 

unmanaged nanogrid (as outlined in 6.3.3), the objective of this experiment is to observe the 

behavior of the nanogrid on different types of days (over 24 hours) and on different types of months 

(over 30 days) when communications is enabled. We focus on the trials in the previous experiment 

Trial 

No 

Communications Type of 

Day 

Initial Battery 

Level (%) 

1 No Sunny 80 

2 No Sunny 50 

3 No Sunny 20 

4 No Cloudy 80 

5 No Cloudy 50 

6 No Cloudy 20 

7 No Rainy 80 

8 No Rainy 50 

9 No Rainy 20 
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Table 6.5 Type of month, unmanaged nanogrid  

where unmet demand occurs to see how our system performs with communications.  

6.2.5.1 Type of Day Experiment 

Similar to the base case, the factor of interest is type of day for two different months (May 

and December), which takes on three different values – a 24 hour profile of a sunny day, a 24 hour 

profile of a rainy day and a 24 hour profile of a cloudy day. The reduced power demand, unmet 

demand, excess supply and number of messages is observed, for three initial battery levels (80%, 

50% and 20%). The local price increment is set to 0.10. This experiment will enable us to compare 

the behavior of the nanogrid model with communications enabled, with the results from the base 

case. Table 6.6 summarizes the trials of the experiment including the factor and factor levels for 

each trial, in May. 

6.2.5.2 Type of Month Experiment 

 We perform this experiment to compare the behavior of the system over a month with 

communications enabled in the system, with the base case results. A month in summer (May), 

monsoon (August) and winter (December) are the factor levels of interest in this case. For each of  

Trial 

No 

Communications Type of 

Month 

Initial 

Battery 

Level (%) 

1 No May 80 

2 No May 50 

3 No May 20 

4 No August 80 

5 No August 50 

6 No August 20 

7 No December 80 

8 No December 50 

9 No December 20 
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 these months, we observe the unmet demand (kWh) and the total excess supply (kWh). The local 

price increment is set to 0.10 for all the experiments. Table 6.8 summarizes the trials of this 

experiment – outlining the factors and factor levels for each trial. 

6.3 Experiment Results 

 In this section, the results for the experiments defined in the previous section are presented.  

Table 6.6 Type of day in May, managed nanogrid  

Trial 

No 

Communications 

Enabled? 

Type of 

Day 

Initial Battery 

Level (%) 

1 Yes Sunny 20 

2 Yes Cloudy 20 

3 Yes Rainy 20 

 

Table 6.7 Type of day in December, managed nanogrid 

Trial 

No 

Communications 

Enabled? 

Type of 

Day 

Initial Battery 

Level (%) 

1 Yes Sunny 20 

2 Yes Cloudy 20 

3 Yes Rainy 50 

4 Yes Rainy 20 

 

Table 6.8 Type of month, managed nanogrid 

Trial 

No 

Communications 

Enabled? 

Type of 

Month 

Initial 

Battery 

Level (%) 

1 Yes May 20 

2 Yes August 80 

3 Yes August 50 

4 Yes August 20 

5 Yes December 80 

6 Yes December 50 

7 Yes December 20 
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6.3.1 Base Case: An Unmanaged Nanogrid 

 The results for the behavior of the nanogrid model without communications is summarized 

and described in this section. 

6.3.1.1 Results – Type of Day Experiment 

Table 6.9 and 6.10 summarizes the total unmet demand (kWh) of the loads and total excess 

supply (kWh) of the system, for each trial, for the month of May and December respectively.   

In May, we observe unmet demand on a sunny day, cloudy day and rainy day when the 

initial battery level is 20%. We also observe excess supply only on a sunny day, when the initial 

battery level is 50% and 80%. Based on these results, we run the experiment on a system with 

communications enabled, for the initial battery level of 20%. 

In August, we observe unmet demand on all three days when the initial battery level is 20% 

and also on a rainy day when the initial battery level is 50%. Excess supply is observed only for a 

sunny day, when the initial battery level is 80%. We run the same experiment for a system with 

communications enabled (i.e. a managed nanogrid). It is to be noted that the system with 

communications is run for those trials that display unmet demand in a system with no 

communications. In this case, the experiment will be run for the sunny day, cloudy day and rainy 

day with an initial battery level of 20% and additionally for a rainy day with an initial battery level 

of 50%. 

6.3.1.2 Results - Type of Month Experiment 

Table 6.11 summarizes the total unmet demand (kWh) of the loads and total excess supply 

(kWh) of the system per month, for each trial. In August and December, we see unmet demand for 

every trial and in May, we see unmet demand when the initial battery level is 20%. There is no 

excess supply observed in any of the trials for this experiment. The unmet demand per day in 
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December is outlined in Figure 6.5. We observe unmet demand on every day of each month, even 

when we start off the battery at almost full (i.e. the initial battery level = 80%). In other words, the 

battery is completely drained every day in December causing the refrigerator, lights and fan to not 

function for at least a few hours every day. The trials in this experiment which result in unmet 

demand are repeated for a managed nanogrid to observe if unmet demand occurs. 

Table 6.9 Results - Type of day in May, unmanaged nanogrid 

 

Trial 

No 

Factors Response Variables 

Communications 

Enabled? 

Type of 

Day 

Initial 

Battery 

Level 

(%) 

Total 

Unmet 

Demand 

(kWh) 

Total 

Excess 

Supply 

(kWh) 

 

1 No Sunny 80 0 1.04 

2 No Sunny 50 0 0.29 

3 No Sunny 20 0.16 0 

4 No Cloudy 80 0 0 

5 No Cloudy 50 0 0 

6 No Cloudy 20 0.22 0 

7 No Rainy 80 0 0 

8 No Rainy 50 0 0 

9 No Rainy 20 0.53 0 

 

Table 6.10 Results - Type of day in December, unmanaged nanogrid 

 

Trial 

No 

Factors Response Variables 

Communications 

Enabled? 

Type 

of Day 

Initial 

Battery 

Level 

(%) 

Total 

Unmet 

Demand 

(kWh) 

Total 

Excess 

Supply 

(kWh) 

1 No Sunny 80 0 0.11 

2 No Sunny 50 0 0 

3 No Sunny 20 0.23 0 

4 No Cloudy 80 0 0 

5 No Cloudy 50 0 0 

6 No Cloudy 20 0.57 0 

7 No Rainy 80 0 0 

8 No Rainy 50 0.05 0 

9 No Rainy 20 0.82 0 

 



67 

 

Table 6.11 Results - Type of month, unmanaged nanogrid 

 

Trial 

No 

Factors Response Variables 

Communications 

Enabled? 

Type of 

Month 

Initial 

Battery 

Level 

(%) 

Total 

Unmet 

Demand 

(kWh) 

Total 

Excess 

Supply 

(kWh) 

1 No May 80 0 26.22 

2 No May 50 0 24.41 

3 No May 20 0.16 24.79 

4 No August 80 3.11 9.86 

5 No August 50 3.11 9.11 

6 No August 20 4 8.42 

7 No December 80 17.56 0 

8 No December 50 18.42 0 

9 No December 20 18.58 0 

 

 
Figure 6.5 Unmet demand in December, unmanaged nanogrid  

(a=80%, b=50%, c=20%) 

 

 

(a) (b) 

(c) 
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6.3.2 A Managed Nanogrid 

The results for the behavior of the nanogrid model with communications is summarized 

and described in this section. 

6.3.2.1 Results - Type of Day Experiment 

 Table 6.12 summarizes the response variables for each type of day in the month of May, 

with an initial battery level = 20%. Table 6.13 summarizes the corresponding response variables 

for the month of December. In December, we observe no unmet demand on a sunny and cloudy 

day. On a rainy day, there is no unmet demand when the initial battery level is 50%. When the 

initial battery level is 20% on a rainy day in December. We see a reduction in the unmet demand  

by ~82% when compared to the unmet demand in a system with no communications. The power 

demand for different types of days in the month of May is depicted in Figure 6.6 for the case of  

Table 6.12 Results - Type of day in May, managed nanogrid 

 

 

Trial 

No 

Factors Response Variables 

Communications Type of 

Day 

Initial 

Battery 

Level 

(%) 

Reduced 

Power 

Demand 

(kWh) 

Unmet 

Demand 

(kWh) 

Excess 

Supply 

(kWh) 

Number 

of 

Messages 

1 Yes Sunny 20 1.15 0 0 13 

2 Yes Cloudy 20 0.88 0 0 3 

3 Yes Rainy 20 0.88 0 0 3 

 

Table 6.13 Results - Type of day in December, managed nanogrid 

 

 

Trial 

No 

Factors Response Variables 

Communications Type of 

Day 

Initial 

Battery 

Level 

(%) 

Reduced 

Power 

Demand 

(kWh) 

Unmet 

Demand 

(kWh) 

Excess 

Supply 

(kWh) 

Number 

of 

Messages 

1 Yes Sunny 20 0.97 0 0 23 

2 Yes Cloudy 20 0.88 0 0 3 

3 Yes Rainy 50 0.88 0 0 10 

4 Yes Rainy 20 0.88 0.15 0 3 
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initial battery level = 20%. In case of the sunny day, we observe that at the beginning of the day, 

there is reduced power demand, followed by full power demand between 6 pm and 8 pm, followed 

by reduced power demand till the end of the day. 

6.3.2.2 Results – Type of Month Experiment 

Table 6.14 summarizes the total reduced power demand (kWh), total unmet demand (kWh) 

of the loads, total excess supply (kWh), for each trial in the experiment. Figure 6.7 depicts the 

unmet demand per day for each trial in the month of December. We observe no unmet demand for 

the month of May and August and significant reduced power demand. We note that there is ~95% 

improvement in unmet demand when compared to a system without communications.  

 

Figure 6.6 Power demand in May, 20% initial battery level. 

(a) Power Demand on a Sunny Day, (b) Power Demand on a Cloudy Day and (c) Power 

Demand on a Rainy Day 

 

(a) (b) 

(c) 
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Table 6.14 Results - Type of month, managed nanogrid 

 

 

Trial 

No 

Factors Response Variables 

Communications Type of 

Day 

Initial 

Battery 

Level 

(%) 

Reduced 

Power 

Demand 

(kWh) 

Unmet 

Demand 

(kWh) 

Excess 

Supply 

(kWh) 

Average 

Number of 

Messages 

per day 

1 Yes May 20 44.36 0 26.19 ~4 

2 Yes August 80 39.68 0 13.75 ~9 

3 Yes August 50 38.74 0 13 ~10 

4 Yes August 20 38.61 0 12.94 ~9 

5 Yes December 80 28.29 0.71 0 ~13 

6 Yes December 50 27.56 0.73 0 ~13 

7 Yes December 20 27.06 1.01 0 ~11 

 

 

Figure 6.7 Unmet demand in December, managed nanogrid. 

(a=80%, b=50%, c=20%) 
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For an initial battery level of 20%, we see unmet demand for around 5 days (towards the 

end of the day), as compared to 29 days of unmet demand in a system with no communications. 

For an initial battery level of 50% and 80%, we see around three days of unmet demand as 

compared to 27 days of unmet demand. 

6.4 Discussion 

The experiment results in the previous sections give us insight into how the nanogrid model 

performs under various conditions. It is evident that the system needs to be designed keeping the 

weather conditions of the environment and the demand profile of the loads in mind. 

In the previous section, results show how the various components of the nanogrid model 

are affected by the type of source. For all three types of days, when the initial battery level is 80% 

and 50%, there is no unmet demand, indicating that the nanogrid model doesn’t fail to provide the 

power demanded by the loads. As mentioned previously, the nanogrid model is said to fail when 

unmet demand exists. Considering that the model has to function correctly for all three types of 

days, in different seasons, the model has been sized keeping the worst case scenario in mind – a 

rainy day in December. This inevitably leads to excess supply generated on a sunny day, in May. 

The number of messages in each case is indicative of the number of times the local power price is 

changed during the day. The 30 day profile gives us some insight on how the model behaves over 

a span of thirty days. It also indicates that, for the current sizing, the model can support its loads 

without failing for a month in summer, monsoon and winter. A controller with a battery that is 

nearly empty at the end of the day, will not be able to support its loads till sunrise, even with 

communications enabled, resulting in unmet demand in the nanogrid – this is evident from the 

results for the experiment with a 20% initial battery level as the factor level. 
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It is to be noted that, if not for the communication mechanism, though the full power 

demand of all the loads would be satisfied, as the day progresses, the power supply (the battery) 

will run out eventually, resulting in no power supplied to any loads towards the end of the day. 

There is a trade-off that exists, between reduced power (brownouts) throughout the day vs full 

power for part of the day and unmet demand (blackouts) towards the end of the day. The first two 

experiments in this chapter bring out this tradeoff. For example, on a rainy day in December, 

without communication, a high priority load, can function for the first 17 hours of the day, followed 

by unmet demand for the rest of the day. A low priority load also functions at 100% capacity for 

the first 18 hours of the day, followed by a blackout for the rest of the day. On the other hand, with 

communication, a high priority load, can function at 100% capacity throughout the day and the 

low priority load functions at reduced capacity throughout the day. Communication in the nanogrid 

allows for prioritization of devices – a high priority device can continue to function at the expense 

of the low priority device functioning at reduced capacity. Considering a rural household, in a 

developing country, where economic constraints exist, controlled reduced power demand 

(brownout) is preferred over unmet demand (blackout).
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

 

Most villages in developing countries are not directly connected to the utility grid. For 

example, 44% of the population of India do not have access to power. For a few villages that do 

have access, the power supply is unreliable. The concept of nanogrids is a possible solution to this 

problem. Built from the bottom up, the nanogrid offers a simple and independent solution to 

provide power to off-grid areas. Nanogrids have been touted as the next best thing after microgrids 

– the revenue of solar powered nanogrids specifically is estimated to reach $24 billion by 2024. 

This thesis is focused on designing a new communication protocol for a nanogrid. First, a 

review of the existing local grid projects in developing countries was presented – throwing some 

light on the costs per kWh, the communications mechanism implemented (if any) and the supply 

duration of each local grid project. A new communications protocol was presented – outlining the 

messages required to enable communication within a nanogrid. We note that the Link Layer 

Discovery Protocol (LLDP) can be used to communicate about power. A simulation model of 

nanogrid deployed in a developing country was presented – where results show that with 

communications, on a rainy day (in December), there was an 82% reduction in unmet demand 

(kWh) when the initial battery level was 20%. No unmet demand occurs when the initial battery 

level is 50% and 80%, for the same type of day. We also observe that in the month of December 

(initial battery level = 20%), there is a 93% reduction in unmet demand (kWh) in a managed 

nanogrid when compared with an unmanaged nanogrid. A trade-off exists when communications 
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are enabled in the nanogrid – reduced capacity by the loads (brownouts) throughout the day vs 

100% capacity at the beginning of the day and blackouts as the day wears on. Considering an off-

grid application in a developing country, we argue that reduced power is preferred over no power. 

Future research directions include: 

 Develop the control mechanism of the nanogrid to consider forecast weather information 

while determining the local power price value 

 Study the characteristics of shiftable loads and implement the same in a nanogrid. 

 Study the characteristics of a battery in depth (such as the charge/discharge rate) – and 

incorporate the same while designing the control mechanism. 

 Implement the communication protocol in real time and study the results of the same.
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Appendix A Glossary 

 

Utility grids                                A system of synchronized power providers and consumers 

connected by transmission and distribution lines and 

operated by one or more control centers.  

                        

Microgrid                               An electricity distribution system containing loads                                        

and distributed energy resources (such as generators, storage 

devices, or loads) that can be operated in a controlled, 

coordinated way while islanded from any utility grid, and is 

under the control of a single management entity. 

 

Nanogrid                                  A single domain of power; single physical layer of power 

distribution, reliability, quality, capacity, price, and 

administration. 

 

Local grids                                          A microgrid or nanogrid. 

 

Full power demand                             Power required by the load to function at 100% capacity. 

 

Reduced power demand                     The power demanded by the load, that is less than the full 

power demand. 

 

Satisfied power demand                     Power supplied by the nanogrid controller to the load. 

      

Unmet demand                                   The reduced power demand that could not be satisfied. 

 

Excess supply                                     The extra power left over after satisfying the loads and 

                                                            battery. 

 

Reasonable load                                  A load whose present power demand is less than or equal to 

the maximum available power at that instant of time. 

 

Excessive load                                 A load whose present power demand is greater than the 

maximum available power at that instant of time. 
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