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ABSTRACT 

 

 

The consequences of climate change have emphasized the need for a power 

network that is centered around clean, green, and renewable sources of energy. Currently, 

Photovoltaics (PV) and wind turbines are the only two modes of technology that can 

convert renewable energy of the sun and wind respectively into large-scale power for the 

electricity network. This dissertation aims at providing a novel solution to implement these 

sources of power (majorly PV) coupled with Lithium-ion battery storage in an efficient and 

sustainable approach. Such a power network can enable efficiency, reliability, low-cost, 

and sustainability with minimum impact to the environment.  

The first chapter illustrates the utilization of PV- and battery-based local power 

networks for low voltage loads as well as the significance of local DC power in the 

transportation sector. Chapter two focuses on the most efficient and maximum utilization 

of PV and battery power in an AC infrastructure. A simulated use-case for load satisfaction 

and feasibility analysis of 10 university-scale buildings is illustrated. The role of PV- and 

battery-based networks to fulfill the new demand from the electrification of the surface 

transportation sector discussed in Chapter three. Chapter four analyzes the PV- and battery-

based network on a global perspective and proposes a DC power network with PV and 

complementary wind power to fulfill the power needs across the globe. Finally, the role of 

SiC power electronics and the design concept for an SiC based DC-to-DC converter for 

maximum utilization of PV/wind and battery power through enabling HVDC transmission 

is discussed in Chapter six.  
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CHAPTER ONE 

 

INTRODUCTION  

Long term shifts in weather patterns and temperature are referred to as climate 

change. Hotter temperatures, more severe storms, increased droughts, food and water 

insecurity, and economic disruption, etc. are all due to climate change. According to 

NASA, “Human activities (primarily the burning of fossil fuels) have fundamentally 

increased the concentration of greenhouse gases in Earth’s atmosphere, warming the 

planet” [1]. One of the most difficult challenges faced by humanity is to solve the climate 

emergency [2]. In addition to the climate emergency, the drive to transition from fossil fuel 

to renewable energy has taken on a new urgency as a result of Russia’s assault on Ukraine 

[3]. The recent Glasgow summit left a huge hole in addressing the challenges of climate 

change [4]. In order to avoid more than 1.5°C of eventual warming, the 2030 goal of 

greenhouse gas (GHG) emissions must be further reduced by approximately 17–20 billion 

tones [4]. Daring and transformative economic transformations are required to save 

humanity. There are fundamental differences between green and clean energy sources. Free 

fuel and renewable green energy sources such as solar and wind have negligible negative 

impact on the environment and require minimum use of water in electric power generation. 

On the other hand, clean energy source such as nuclear energy does not produce GHG 

emission during electric power generation, but mining, extraction, and long-term 

radioactive waste storage are threats to the environment. Uranium is a nonrenewable 

resource and nuclear energy requires massive amount of water in electric power generation. 

Thus, renewable, and free fuel-based solar and wind power that have minimal negative 
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impact on the environment are considered as green sustainable power. From safety (death 

rate from accidents and pollution) [5], minimum GHG emissions [5], negligible use of 

water in electric power generation [6], photovoltaics (PV) and wind power provide lowest 

cost [5] of electric power generation. In 2020, the International Energy Agency (IEA) 

announced that solar power is now the cheapest form of energy [7]. The cost of electric 

power generation by photovoltaics has reached as low as $0.0104/kWh [8]. The use of 

these green sustainable energy sources in place of fossil fuels is the only economical 

solution to address climate emergency.  

Chapter Two focuses on the need for establishing a local DC power network based 

on PV and Batteries which is free from the AC central grid. Alternating current (AC) has 

been dominating power networks in the world ever since it won the battle against direct 

current (DC) in the late 19th century.  The invention of the transformer allowed AC power 

to transmit over long distances with minimal losses by stepping up/down voltages with 

ease. However, the scenario is very different today. Most of the loads used today, except 

for a few inductive ones, are DC powered. Owing to the prowess in photovoltaic (PV) and 

lithium-ion battery technologies today, we can generate and store DC power locally. 

Minimal losses are encountered in local direct current power networks and the use of DC 

loads is much more energy efficient than the current AC network. PVs coupled with 

batteries provides an ultra-low-cost, secure and self-sufficient power network. This chapter 

also covers the different parameters emphasizing the need for local power, importance of 

DC appliances as well as utilization of Blockchain technology for local DC power 

transactions. The argument for local PV power is validated utilizing experimental data with 
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PV as the generation source and DC vs AC Li-ion battery charging, DC appliances 

(refrigerator), and lead-acid battery-based golf cart as the different loads.  

Chapter Three aims to showcase the cost and power savings in utilizing a PV and 

battery-centered network in an AC infrastructure with a novel strategy to increase 

utilization of PV power as opposed to the current industry practices. In this regard, the test 

case of New Mexico State University (10 buildings on campus) is utilized to showcase the 

effectiveness of a PV and battery-centered approach in providing complete load 

satisfaction for the period of one year and conducting a feasibility analysis to establish the 

cost benefits of the approach over the conventional AC grid supplied power. It also covers 

the ability of PV and Battery based power networks to transform the electricity 

infrastructure. 

Chapter Four discusses the importance of PV and battery-based power network in 

enabling the electrification of the surface transportation industry to keep up with the rapid 

paradigm shift in this sector. The key drivers for change in the surface transportation sector 

are also covered in this chapter. The chapter realizes the need for DC Fast Charging 

(DCFC) in order to ensure the smooth transition from Internal Combustion Engine (ICE)-

based vehicles to Electric Vehicles (EV). The issues faced for interconnecting such a 

DCFC network to the existing AC grid are covered. The argument is validated showing the 

use-case scenario based simulated data to validate utilization of PV and battery power to 

establish a novel isolated DC power network dedicated for the DCFC systems. Finally, 

some additional factors contributing to enable the electrification of surface transportation 

for the future are also discussed.  
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The dissertation encompasses a global perspective in Chapter Five. The concept for 

a sustainable power network to satisfy global energy demand for the future is discussed in 

this chapter. Such a power network consists of PV and complementary wind energy for 

generation and Li-ion batteries for storage. The availability of these energy sources in a 

global perspective is covered. Li-ion batteries are validated as a large-scale storage option 

vs other dominant technology in this sector. It also discusses the challenges faced in 

integrating the PV and wind power into the existing AC grid. Finally, the importance of 

establishing an end-to-end DC power network in a local as well as long-distance 

perspective is emphasized. The need for High Voltage DC (HVDC) transmission is the 

segue into the next chapter.  

The final chapter of the dissertation focuses on validating the key metrics for a DC-

DC converter to enable efficient HVDC transmission in a complete end-to-end DC power 

network. The evaluation of HVDC transmission network’s cost factor is analyzed and 

validation for HVDC in our complete DC network is discussed. The validation of the most 

suited DC-to-DC conversion topology for different aspects in our complete DC power 

network is provided. The role SiC power electronics to enable the converter topology’s 

design is discussed. Finally, the design concept for a modular DC-to-DC converter for all 

use cases is established. 

The objective of this dissertation is to illustrate a novel approach to the utilization 

of PV power along with complementary wind power for generation to ensure maximum 

utilization of these energy sources. Lithium-ion battery storage systems are validated as the 

preferred choice storage for the clean, green, and renewable energy to eliminate any 
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intermittencies issues associated with the renewable sources. It aims to establish the 

importance of the DC-centered approach in electrification of surface transportation and 

providing a sustainable power network on a global perspective. Finally, this dissertation 

emphasizes the role of Silicon Carbide (SiC) power electronics in establishing an end-to-

end DC power network. Such a power network has the potential to achieve the goal of 

electrifying almost everything providing a solution to our global energy crisis. 
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CHAPTER TWO 

 

TRANSFORMATIVE AND DISRUPTIVE ROLE OF LOCAL DIRECT CURRENT 

POWER NETWORKS IN POWER AND TRANSPORTATION SECTORS  

 

1. Introduction 

Renewable energy is the key to a sustainable power network for the future. The 

major sources of renewable energy today would be solar energy and wind energy. There is 

no direct competition between solar and wind energy since solar works during the daytime 

and wind energy works mostly during nighttime. Local generation and distribution of solar 

and wind energy-based power can provide an effective source of clean power for mankind. 

The focus of this chapter, however, is solar energy based Photovoltaic (PV) systems and a 

power network consisting of PV and lithium-ion battery systems. No other energy source 

currently can match the declining costs for PVs as they work on the principle of free fuel 

based solar energy. Batteries are also experiencing a similar trend in their cost owing to the 

increasing demand for electric vehicles across the world. Figure 2.1 [1] displays a slope for 

the cost reduction in PV and lithium-ion batteries. 

 

Figure 2.1. Cost reduction trends of photovoltaic modules and Lithium batteries [9] 
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2.  Emergence of Photovoltaics and Batteries 

The exponential growth of the PV and battery industries leading to a substantial 

reduction in their cost, can enforce the paradigm shift from AC to DC power. The 

University of New South Wales in Sydney has signed an agreement for a period of 15 years 

to have all its energy demands met by Solar PV. This agreement ensures the university to 

purchase 124,000 MW hours of electricity from a future solar farm called Sunraysia that is 

being constructed in the state. The university aims to achieve its goal of carbon neutrality 

of energy use by 2020 through this step. The facts about this agreement can be found in 

[2]. A solar project in Saudi Arabia led by Masdar, Abu Dhabi’s renewable energy 

company, and its French partner EDF have submitted the lowest bid in the world for solar 

power generation at 1.79 US cents per kilowatt-hour (kWh) [3]. Figure 2.2 [4] shows data 

analytics from last year in which there is a clear exponential decrease in cost for PV systems 

and an exponential increase in the installation volume across the globe.  

 

Figure 2.2. Cost vs Installation Volume for PV systems [3] 
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Due to demand for EVs, consumer products, and storage for PV power, the battery 

industry is also experiencing a similar trend in the cost and manufacturing. Lithium-ion 

batteries are an attractive option for these markets as they have the highest energy density 

per weight. Lithium-ion batteries are already dominant in the consumer goods market such 

as mobile phones and laptops. They are also considered extremely viable for the EV 

industry owing to their weight benefits. According to Figure 2.3 [5], the average lithium 

battery cost is forecasted to fall below $100 per kWh by 2022. We have already concluded 

in a previous article [6] in 2014 that if current trends of PV growth continue, we expect PV 

electricity cost with storage to reach $0.02 per kWh in the next 8-10 years (2022-2024). 

With the data that is available today, the goal of $0.02 per kWh can be seen to be achieved 

well ahead of the predicted time.   

 

Figure 2.3. Lithium-ion battery and Energy Density over time [5] 
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3. Need for local power 

The electricity industry is at the cusp of a dramatic transformation. The drivers for 

this paradigm shift are real-time grid monitoring, emergence of microgrid and nanogrid in 

place of centralized integrated electric grid, improved energy efficiency, cyber security in 

the grid, weather tolerant electricity infrastructure and intelligent loads [7]. We can discuss 

the importance of these factors and their fulfillment through a local DC power network. 

3.1 Real-time grid monitoring 

The concept of localized PV and battery-based DC power is further reinforced by 

the connectivity aspect of the Internet-of-Things (IoT). IoT is a boon in the domain of 

predictive analysis. The data collected over time can be utilized for predictive analysis to 

generate more efficient future outcomes.  A solar energy company can install various IoT-

based sensors on the solar panels and monitor their performance and provide real-time 

insight. Since these sensors can collect massive amounts of data, companies can utilize this 

to have a more granular oversight over their systems [8]. Various IoT based sensor 

techniques are available for monitoring solar energy grids for maximum power efficiency. 

We can see in [9], how an IoT-based network is created to monitor and control a smart 

farm utilizing solar panels as the power source.  

Like PV systems, batteries can also be monitored through IoT based devices for 

enhanced performance in the grid. In [10], we can see the development of a battery 

monitoring system for the grid with the utilization of IoT. The combination of real time 

monitoring of the energy grid and utilization of intelligent DC loads can lead to immense 
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power savings as opposed to the current power networks by optimizing the power-time 

function of a building grid access. 

3.2 Emergence of micro-grid and nano-grid in place of centralized energy grids 

In remote places, where the number of consumers is relatively small, it is quite 

challenging to draw transmission lines or to operate a generator that requires fuel delivery. 

On such instances, the PV and battery-based DC nano-grid system can provide optimum 

solution by eliminating the transmission challenges and by almost hassle-free operation. 

This holds the key to open the door of energy accessibility even to the people of 

underdeveloped economies where power for everyone is still a genuine issue [11]. Thus, 

such a decentralized power network empowers economic growth, creates a global middle-

class and establishes social justice. 

The local DC nano-grids and micro grids can operate at a lower voltage (<1500V), 

and thus eliminate the environmental, health and safety issues associated with high voltage 

AC transmission and distribution. Local distribution will also get rid of expensive tree 

branch pruning and vegetation clearance activities that are associated with high voltage AC 

lines running through forests. There is no significant issue of safety for 48V DC 

applications. For the data center and other general-purpose higher voltage applications, 

several companies supply DC power distribution hardware operating at 380V including 

circuit breakers with rated currents ranging from 15A to 2,500A [12]. Local generation, 

storage and transmission of power do not require massive transmission network 

infrastructure and its associated investment. The operational cost is greatly reduced for a 

local network due to this exclusion of long-distance transmission networks. 
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3.3 Improved efficiency 

Most of the loads that we use today (except for a few inductive ones) are all DC 

powered. There is a need for conversion of power for AC to DC at the device level with 

the existing centralized AC power network. This conversion of power results in power 

losses at each stage of conversion. As reported by Singh and Shenai [13], over 30 % of 

electrical power can be saved by converting all appliances running currently on AC to high-

efficiency and DC-internal technology. Implementation of local DC power through PV and 

battery can eliminate majority of the conversion losses leading to a much more efficient 

network. Figure 2.4 [14] demonstrates the extra internal circuitry required for conversion 

of power from AC to DC in a 35W LED bulb. The amount of power wasted in generating 

AC power from a DC source like PV is discussed in detail in the following subsection of 

this chapter. 

 

Figure 2.4. Conversion circuitry for AC to DC conversion for a 35W LED bulb  [14] 
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A local DC network consists of DC power at generation and utilization.  The 

elimination of conversion components leads to lesser capital cost for the network. Also, 

due to fewer components, the whole network has considerably lesser probability of 

component failures. Ultimately, it provides enhanced system reliability. Another important 

enabling prospect with fewer components in the system is the availability of less area for 

cyber-attacks. We would be discussing the overall aspect of cyber security in the following 

sub-section. 

3.4 Cyber security in the grid 

PV based DC microgrids are less vulnerable to cyber-attacks [15]. It is difficult for 

a remote attacker to access an isolated and self-contained PV-based DC 

microgrid/nanogrid. Situational intelligence, real time monitoring, physical security, and 

user control –all can be incorporated in PV based DC microgrid/nanogrid. Large grids and 

distributions require a lot of nodes where monitoring data are generated .and collected, and 

commands are sent to be executed. This transmission and reception of data creates opening 

for malicious intruders who might gain access to systems or data through sophisticated 

attacks [15].  

In the age of internet of things (IoT) and remotely connected servers, a possible 

attack may come from any point, even from far ends of the internet. PV based DC 

microgrids/nanogrids will employ intelligent control systems that are local and can remain 

secured from cyber-attacks. A leading networking company, Cisco, reported that about 

73% of IT professionals in (centralized) utility service experienced security breach whereas 
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the other industry’s average is 55% [16]. Hence, by decentralizing the energy grid through 

local DC power, the risks of cyber-attacks to the grid can also be minimized. 

3.5 Energy wasted in current AC-based PV systems 

The current power network is based on AC power. Majority of the loads that we 

use today draw AC power from the grid-supplied power. If PV systems are used as the 

source of power and batteries for storage, both these sources run on DC power. With the 

existing electrical system, this DC power must be converted into AC power and supplied 

to the loads. Solar inverters are used for this conversion from DC to AC power. While 

considering inverters, their sizing factor also must be taken into consideration. The sizing 

factor takes into account the watt rating of the solar panel array and the rated wattage of 

the inverter. For instance, a 150-kW array connected to a 100-kW inverter has a sizing 

factor of 1.5. The simulations run estimating the energy loss due to the oversizing of 

inverters yielded the results as in Figure 2.5 [17]. The energy data is generated using 

Clemson’s irradiance data for worst-case and best-case operating temperatures. The 

inverter sizing factors are derived from inverter efficiencies obtained from [18]. 
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Figure 2.5. Energy Loss and Output vs Sizing Factor [17] 

3.6  Weather-tolerant electricity infrastructure 

Recently, United States and other nations have been witnessing nature’s wrath 

through frequent hurricanes and hailstorms causing power outages in many parts of the 

world. Recently, NERL’s main campus in Golden, Colorado was hit by a hailstorm. Only 

one broken panel was reported broken among the 3000 panels that were installed on the 

roof of a net-zero energy building [19]. To further reiterate the claim for resiliency of PV 

based solar systems in times of natural disasters, Hurricane Irma’s path can be taken into 

consideration. A 650-kW rooftop solar array on San Juan’s VA Hospital continued to 

operate at 100% post-storm even after being exposed to wind speeds of about 180 mph 
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[20]. Resiliency to harsh weather conditions is not the only advantage to PV and battery-

based power networks. A power failure of a plant in a centralized AC power network 

impacts a very large area that is incorporated under the same network. With the 

implementation of decentralized local DC power grids, the area impacted by such failures 

would be much smaller. PV and battery-based local DC power networks are also much 

more resilient to geomagnetic storms caused by Coronal Mass Ejections (CMEs) [6]. 

3.7 Intelligent loads 

The advent of IoT is a major revolution in the technological aspect of humanity. 

Every sector is working on incorporating smart devices that are embedded with sensors 

that relay information on the internet. From home appliances to automated robotics in 

manufacturing plants IoT-based products are being designed and implemented everywhere. 

The energy sector is also following the same path. As already discussed in this chapter, 

IoT-based sensors enable real time monitoring of the grid for efficient energy output. 

However, IoT-based intelligent appliances can further enhance energy efficiency by 

demand-based utilization of power.  

Such intelligent loads/appliances are already commercially available in the market. 

These loads can monitor electricity generated by solar and instruct ON/OFF times based 

on peak energy generation periods. For example, an automated washing machine can be 

instructed by the intelligent control hub to turn on only during periods of minimum load 

utilization and maximum free fuel based solar energy generation. Hence, a local DC power 

network has the incentive of easily coupling with the abundance of IoT-based intelligent 

loads that are making an entry into human lifestyle. To further bolster this idea of 
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incentivization, we can refer to the article on the new range of EVs from BMW. According 

to the article [21], BMW i3 EV can be turned into cash cows by delaying their charging 

time to offset peak demand and align with maximization of renewable energy utilization. 

4. Importance of DC equipment and appliances in local DC power networks 

Availability and options for DC equipment are a major concern among the 

consumers as well as policy makers. Right now, the appliances are mostly sold with AC 

standard (110V or 220V). Though most of the appliances use DC internally, the connection 

to the wall outlet is still AC. With suitable policy, the market for DC appliances can grow 

and many manufacturing industries will find potential, even untapped, markets. 

As mentioned in a previous publication [22], inside modern electronic equipment 

and appliances, a portion of the printed circuit board (PCB) is dedicated for converting AC 

into DC, and DC power is used in most areas of the PCB. The use of local DC power in 

place of AC will eliminate rectifier, smoothing filters, etc. from PCB.  In addition to the 

cost reduction of components, time will be saved when we do not need to solder the AC/DC 

conversion rectifier, filters, etc. on the PCB. Manufacturing of all the loads that operate on 

DC power will provide significant cost reduction. For inductive loads connected to local 

DC power network, an internal inverter can be added as part of the inductive load.  

5. Local DC power in the transportation sector 

The recent data released by Environmental Protection Agency (EPA) signifies the 

growth of transportation sector as one of the major contributors to US greenhouse gas 

(GHG) emissions [23]. This has raised several concerns about the petroleum-based 
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transportation sector and has called for transformation. The need for a cleaner, cheaper, 

and cost-efficient alternative technology for surface transportation has created the need for 

electrification. Increased carbon emissions and rising global temperatures have led to 

stricter laws and preventive measures by many EU countries [24]. Low cost and improved 

battery technology has also fueled electrification of surface transport sector which in-turn 

benefits the PV sector. Thereby establishing a triangular relationship between PV, EV, and 

batteries. Furthermore, the cost of maintenance and operation aka Return on Investment 

(ROI) of electric DC vehicles is way cheaper than traditional IC engine-based automobiles 

[25]. As the sharing economy expands and consumer preferences change, the standard one 

person-one car model will continue to evolve from outright purchase or lease to rentals and 

carpooling, thus creating diverse mobility. The new era of IoT, wireless sensor networks, 

DC electric vehicles and improved battery technology have made it possible to envision 

autonomous driving and connected vehicle technology. The rise in sales of EVs has 

accentuated the concept of localized DC charging using PV and battery-based systems. 

Localized charging for electric vehicles can be achieved in two ways; plug-in charging and 

onboard on-the-go charging.   

5.1 Plug-in Charging 

Plug-in charging of electric vehicles is achieved by installing a charging station also 

known as electric vehicle supply equipment (EVSE) in your house or by accessing a public 

charge station in the neighborhood. The primary objective of local plug-in charging is to 

use current wall-outlet or some additional circuitry to charge the battery of electric cars. 

There are three types of electric charging stations available, Level 1, Level 2, and DC fast 
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chargers. A key observation is that both Level 1 and 2 chargers operate on AC input power 

(120 V and 240 V respectively). The Plug-in EVs internal battery charger converts it into 

DC power to charge up the car’s traction battery [26]. This results in conversion losses and 

increases the charge time of the battery. The DC fast charging usually implements a direct 

link between a DC power source (either solar or battery) and the battery charging circuitry, 

thereby eliminating intermediate stages of conversion and rectifying [27]. This 

considerably reduces charge-time and has generated areas of smart control and PV based 

techniques for DC fast charging stations. Vehicle-to-Grid (V2G) and Grid-to-Vehicle 

(G2V) technologies that ensure smart control and flow of energy, to and fro from the grid 

are also be implemented. However, reducing conversion and step-up/ step down losses is 

the primary reason for utilizing direct localized DC systems instead of grid dependent AC 

[27]. 

5.2 On-board Charging 

On-board DC charging of electric vehicles aims at continuously charging the 

batteries on-the-go. In this technique, energy is usually harvested from an on-board solar 

panel and smart control techniques for efficient charging of the traction battery are 

implemented. This method is challenging as it involves smart control algorithms to mitigate 

effects of variability of solar energy as the vehicle is moving from point A to point B. 

Effects of partial shading, tracking maximum power point, variability of irradiance and 

temperature have to be compensated by intelligent control techniques and algorithms [28] 

[29]. Another critical challenge lies in retrofitting the design of existing EV drivetrain to 

integrate PV modules and additional PV circuitry. Sometimes integrating the solar panel 
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might be bulky and undermine speed and performance. But many lightweight, small 

distance and low speed prototypes have successfully integrated PVs in their design. The 

Ford C-Max Solar, Toyota Prius, Volkswagen ID Buzz and Lightyear one is some 

examples. According to [30], a light weight aerodynamically efficient, small distance, car 

can travel up to 60 kms using bulk Si-PV modules. As battery technologies improve and 

design principles are tweaked, there would be many more local DC generated and powered 

automobiles, primarily relying on PV modules for functional power. The following section 

elaborates our work in studying benefits of localized DC power in field of transport. 

5.3 Air transportation 

Other than surface transportation, advancements in battery technology is also 

impacting air transportation. Last year Boeing unveiled a new unmanned electric vertical-

takeoff-and-landing (eVTOL) cargo air vehicle prototype that will be used to test and 

evolve Boeing's autonomy technology for future aerospace vehicles [31]. It is designed to 

transport a payload up to 500 pounds for possible future cargo and logistics applications. 

Boeing announced that it recently conducted the first test flight of its all-electric 

autonomous passenger air vehicle [32]. The unpiloted vehicle took off vertically, hovered 

for a few seconds, and then landed at the designated site. Powered by an electric propulsion 

system, Boeing says the prototype is designed for fully autonomous flight from takeoff to 

landing, with a range of up to 50 miles (80.47 kilometers). Measuring 30 feet (9.14 meters) 

long and 28 feet (8.53 meters) wide, its airframe integrates the propulsion and wing systems 

to achieve efficient hover and forward flight. A number of startup companies are 

developing eVTOL based urban air mobility vehicles. Startup Eviation Aircraft and 
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Siemens will jointly develop propulsion systems for the Alice, a nine-passenger electric 

commuter plane [33]. 

5.4 Water transportation 

Fossil fuel-based diesel is a problem not only on land, but also at sea. The 

environmental impact of Ferries, cargo ships or cruise ships includes greenhouse gas 

emission, acoustic and oil pollution. Shipping   industry is one of the dirtiest. In 

collaboration with Norwegian shipyard Fjellstrand, in 2015 Siemens has developed the 

technology for the first electric car and passenger ferry in the world [34]. The electric ship 

has been moving silently through the Norwegian fjords – 34 times every day at 20-minute 

intervals between Lavik and Oppedal. A conventional ferry on this route consumes roughly 

one million liters of diesel per year and emits 2,680 tons of carbon dioxide as well as 37 

tons of nitrogen oxide into air. On the other hand, the new 80-meter-long electric ship is 

powered by two 450 kilowatt electric motors, which take their energy from lithium-ion 

batteries [34]. The electric ferry reduced carbon emission by 95 % and operating cost by 

80 % [34].  

6. Proof of concept: Experimental results 

6.1 Li-ion Battery charging 

Firstly, we will demonstrate the power savings of direct DC charging of Lithium 

battery through Solar Panels as compared to AC charging networks. Figure 2.6 

demonstrates the experimental setup for direct DC charging. 
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Figure 2.6. DC charging experimental setup [17] 

Before reaching the absorption state, the panel delivered approximately 40W of 

power with voltage reading of 39.7V and current reading of 0.74A. The charging voltage 

and current delivered by the controller to the battery were 13.89V and 2.52A respectively. 

After reaching the absorption state, the power output from the solar panel stabilized at 

around 20W with a voltage and current reading of 39.5V and 0.5A respectively. The 

controller delivered constant power of approximately 18W with voltage and current 

readings of 13.93V and 1.3A respectively. 

A charging network for the same battery was designed using an AC network as 

seen in Figure 2.7. Such AC networks are prevalent today as the AC power network is 

dominant almost everywhere. We constituted for all the elements in the AC network and 

took reading every minute for 30 minutes. The battery charger used was the Lithium-ion 

battery charger by HCT Electric Co Ltd. The initial voltage recorded for the AC mains was 

119.7 V with a current of 2.66 A. The initial battery voltage recorded was 12.7 V.  While 

charging, the AC input power was approximately 154.79 W (average), and the DC charging 

power was approximately 121.66 W (average). The charging voltage through the charger 
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output was recorded as approximately 13.06 V and the current was recorded as 

approximately 9.55A. 

 

Figure 2.7. AC charging experimental setup [17] 

We recorded the average power readings for both DC and AC mechanisms and 

calculated average power losses. Table 2.1 demonstrates the charging efficiency and 

power losses incurred in the DC vs AC charging mechanisms. 

Table 2.1. DC vs AC Charging efficiency 

Parameters 

Power Calculations 

Average 

input 

power 

(W) 

Average 

output 

power  

(W) 

Average 

Power Loss  

(W) 

DC Power (W) 

(Before Absorption State) 
43.2 39.375 3.825 

DC Power (W)  

(After Absorption State) 
20.31 17.44 2.87 

AC Power (W) 154.79 121.66 33.13 

 

The DC charging incurs lesser losses due to fewer conversion components involved 

in its network. This experiment demonstrates the increased energy efficiency of DC 

charging as compared to the current AC technique. 
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6.2 Importance of new-age DC loads 

Along with the implementation of Local DC power, it is important to give 

significance to the emergence of DC loads. As an extension of this experiment, we 

conducted some power readings using a refrigerator that has both, DC and AC power, 

inputs. The Grape Solar Glacier 5-cu. ft. AC/DC Fridge/Freezer used for this purpose was 

purchased from Home Depot. These refrigerators are utilized in recreational vehicles 

(RVs). It was found that, in AC mode, there is ‘leakage’ or wastage of electrical energy 

when the refrigerator’s compressor is not running. This is due to idle losses in the rectifying 

transformer. In DC, such phenomena do not exist. Figure 2.8 shows a comparison of the 

power savings. 

 

Figure 2.8. Comparison of idle energy usage of the same appliance in DC and AC modes [17] 
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6.3 On-board PV for battery-operated golf cart 

In this experiment, we designed and analyzed a simple on-board PV powered DC 

golf cart. Using localized DC charging we increased the run-time and distance traveled by 

the golf cart and got comparable results even on cloudy and rainy days. In order to 

determine how the on-board solar panel would improve the electric golf cart performance, 

four types of trials were conducted in different weather conditions. For trial 1, the golf cart 

was driven on a set route on battery alone (without any solar panel). For trials 2, 3 and 4, 

the golf cart was driven on the same route as trial 1, but this time with battery and on-board 

PV solar panel. Trials 2, 3, and 4 were conducted on a hot sunny day, partly cloudy day, 

and rainy day, respectively. Every 30 minutes, the golf cart was brought back to the initial 

start point to have battery voltage tested. The distance traveled by the golf cart during each 

trial was measured using a GPS phone-based application. The circuit was retrofitted to 

include, a MPPT charge controller, a circuit breaker switch, an on-board solar panel rated 

(320W), along with the 6 batteries of 6.6 V each connected in series to produce a net 40 V 

golf cart battery. Figure 2.9 shows the increased on-road distance travelled by the golf cart 

with on-board PV charging. In Figure 2.10 we can clearly see that with the help of on-

board solar panel, the on-road run time has increased considerably. Table 2.2 summarizes 

the results of this experiment. 
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Figure 2.9. Enhanced distance travelled by On-board PV golf cart [17] 

 

Figure 2.10. Enhanced time travelled by On-board PV golf cart [17] 

Table 2.2. Improvement in DC Golf cart parameters using on-board PV 

Parameters 

Without 

Solar 
With Solar 

Sunny Sunny Cloudy Rainy 

Distance in miles 27.05 53.68 49.81 49.59 
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Parameters 

Without 

Solar 
With Solar 

Sunny Sunny Cloudy Rainy 

Time in minutes 241 390 362 360 

Improvement in 

Distance over 

Without Solar 

-- 98.45% 84.14 83.33 

Improvement in 

Time over 

Without Solar 

-- 61.83% 50.21% 49.38% 

7. Blockchain Technology with Local DC power 

Blockchain technology is gaining its niche in today’s digital world. The blockchain 

provides a decentralized platform to record transactions and distribute information without 

being copied. Therefore, instead of one central agency controlling the transaction and its 

data, blockchain allows the transaction to be distributed across a network and protects it 

using encryption mechanisms. In a central network with many nodes, a hacker may have 

many points of centralized vulnerability to attack on. This is eliminated in a decentralized 

network as the data is distributed over network. A similar concept can be applied to the 

power grid. The current AC system is equivalent to a centralized grid that controls the 

power generation and distribution. The central grid is connected to millions of nodes that 

utilizes power from the grid. With digitization venturing into every aspect of human life, 

the grid is also being digitized to enhance its efficiency. A centralized grid if attacked can 

affect all the nodes connected to it.  

Moreover, the computation power required to operate millions of computational 

nodes is very large. However, with local DC networks, the grid is decentralized like the 

block chain technology. With a decentralized DC network, the number of nodes connected 

to the grid will be greatly reduced with the maximum number of nodes being in the order 
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of thousands. As for the blockchain technology, the cyber security risks for this 

decentralized grid are greatly reduced. The computational power for thousands of nodes in 

a local nanogrid is also miniscule compared to the millions of nodes in a centralized grid. 

To give a clearer picture, a company called LO3 Energy has initiated a project called the 

Brooklyn microgrid [35]. Under this initiative, the participants can buy and sell locally 

generated solar power within their community and blockchain technology is used to record 

these energy transactions [35]. 

As the blockchain technology is beneficial for local DC networks and grids, PVs 

and batteries also compliment the cryptocurrency infrastructure prevalent on the 

blockchain architecture. There is a significant amount of energy consumed in mining of 

cryptocurrency. Since, free fuel-based PV and battery combination is the cheapest source 

of energy network available today, the cryptocurrencies can be mined at lowest energy 

expense using PV and batteries. This bidirectional advantage will further enforce the 

implementation of local DC power along with the booming blockchain architecture. 

8. Discussion 

Based on the research conducted in this chapter, we conclude that local DC power 

is shaping to be the energy network for the future. Our data indicates that local DC power 

has potential of providing disruptive transformation in power and transportation sectors. 

With the introduction of proper policies, PV and battery-based local DC power grids will 

be the main mode of the energy generation, storage, and consumption. 
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CHAPTER THREE 

 

ECONOMIC FEASIBILITY ANALYSIS FOR LOAD SATISFACTION IN A PV-

GENERATED AND BATTERY-STORED DC POWER CENTERED APPROACH IN 

AN AC POWER NETWORK 

1. Introduction 

Other than the human tragedy of the deaths of over three hundred thousand people 

all over the world, the recent Coronavirus epidemic had a dramatic impact on virtually 

every sector of the global economy. Oil companies are collapsing, but free fuel-based solar 

and wind energy systems keep growing [1]. In a post-pandemic world, renewable energy 

dominated by solar, and wind are the only sources of energy for building a sustainable 

world [1]. There is no direct competition between solar energy and wind energy [2]. In 

2019, the world added 114.9 GW of photovoltaic systems and brings the world’s 

cumulative photovoltaic peak output to 629 GW [3]. In 2018 60.4 GW of wind energy 

capacity was installed globally and in 2019 the total capacity for wind energy globally is 

now 651 GW [4]. Consistent with 2019 data, as shown in Figure 3.1 [5], in recent years 

Photovoltaics (PV) systems are growing faster than wind turbines. This trend is expected 

to continue in future due to fundamental advantages of PV systems over wind turbines as 

stated earlier [6]. Constantly falling prices of electrical power generated by PV has 

provided PV electrical power cost as low as 1.35 cents/kWh, which represents the lowest 

cost of electrical power generated by any other technique [7]. For storing electrical power 

generated by PV, lithium-ion batteries are emerging as the practical low-cost solution [8]. 

Due to constantly falling prices of batteries, there are a number of power purchasing 

agreements (PPAs) in place with the cost of stored electric power being 2 cents/kWh [9]. 
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PV generates direct current (DC) power, and battery systems store DC power. Today, 

except some inductive loads, all loads need DC power. By using DC power networks, the 

capital cost and power savings are achieved [10]. It is expected that eventually a DC 

powered world will emerge [11]. However, the current world is dominated by alternating 

current (AC) infrastructure. After retirement of existing electricity infrastructure, there is a 

need for replacing fossil fuel based electrical power generation by PV and battery-based 

power network.  

 

Figure 3.1. Increase in power generation capacity for solar and wind energies [5] 

Several studies are being conducted on PV and battery-based systems and how to 

incorporate them into the current AC grid. The increase in performance of Hybrid 

Microgrids (HMGs) can be seen in [12]. This HMG incorporates a PV and battery network 
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into the AC utility grid through the utilization of DC buses and bidirectional converters. 

To connect to the AC grid, voltage and frequency regulation is required. Control strategies 

are being implemented to achieve frequency regulation through PV and battery systems 

and voltage regulation in their distributed network as seen in [12]. In absence of the utility 

grid, PV and battery systems must transition to standalone mode [13]. It can be seen from 

the results in [13], the transition to standalone mode is effectively carried out. Another 

important observation seen from [13] is that the PV and Battery system could sufficiently 

meet the load demands in the absence of the grid. Thus, the attribution of maximum 

utilization of PV generated DC power is of utmost importance. This chapter emphasizes 

on the strategy to maximize this utilization in a test case scenario. Another important aspect 

of PV utilization is in the policy adaptation. According to [14], considering the reducing 

costs for PV generation and utilization, solar PV systems can be at par with conventional 

energy sources. Also, solar PV industry is one of the largest employments generating 

industries in the US [14]. Along with favorable public policies, the utilization of PV 

systems is only going to increase drastically. To support PV systems, intensive research is 

being carried out in the field of lithium-ion battery technology as well. The battery charging 

parameters, along with methods to improve their performance is an active area of interest. 

As seen in [15] and [16], efforts to increase battery operation efficiencies under various 

operating conditions are predominant in the power sector research. Thus, this chapter 

provides a holistic approach to a PV and battery-based power network for the test case 

mentioned in the following paragraph. 
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According to the US Energy Information Administration (EIA), 10% of the total 

energy consumption in the commercial sector in 2012 was from educational buildings [17]. 

Also, educational institutions can lay the foundation for change in the adopted power 

networks. A 2019 report by Frontier Group states that due to the geographically constrained 

structure for buildings in a university campus, the designing and modelling of a renewable 

energy-based power network is highly advantageous [18]. The report also states the 

adoption of renewable energy system will not only provide a playing field to facilitate the 

adoption of renewable energy for young talent but also create a trained and environmentally 

conscious future generation. Both these factors are highly essential to make a future of a 

renewable energy driven power network a reality. As seen in [18], leading universities and 

colleges in the US are moving towards 100% renewable energy on campus. The 

Sustainable and Holistic Integration of Energy Storage and Solar PV (SHINES) is an 

initiative by the Department of Energy (DOE) to demonstrate the overall effectiveness of 

solar PV and energy storage-based systems. The DOE ‘s Solar technologies office facilitate 

these programs with the aim of providing innovative and cost-effective solutions to 

modernize the electricity grid and maximize the incorporation of solar energy. Thus, 

innovative concepts and economic viability of PV based systems with storage are the need 

of the hour. The work in this chapter contributes towards this goal by creating the design 

of a PV and battery-based power network for a university campus.   

As part of US Department of Energy Solar District Cup 2019 [19], our team 

participated in the competition. Using the data of New Mexico State University (per rules 

of the competition), in this chapter we have shown that using innovative concepts, we can 
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economically implement PV and battery-based electrical power network for all the 

buildings.  

2. Transformation of the electric power grid by PV and Battery-based power 

network 

The traditional power grid is on the cusp of a disruptive transformation. 

Advancements in silicon PV technology and lithium (Li) ion battery storage technology 

has spearheaded this transformation. The three major drivers of change in the electric 

power industry are digitization, decentralization, and decarbonization. The traditionally 

independent domains of information technology (IT) and operational technology (OT) 

have now been integrated to ensure data-driven energy infrastructure. Table 3.1 highlights 

the similarities between complementary metal oxide silicon (CMOS) based IT sector and 

PV- Li-ion based power sector. Digitization by real-time monitoring and improved 

situational intelligence with internet of things (IoT) have led to increased efficiency of the 

power network [20]. However, power conversion, distribution and long-haul transmission 

losses are still prevalent in the ageing grid infrastructure. Emergence of decentralized DC 

Microgrids and nanogrids is the solution to mitigate these losses [8, 10]. 

Table 3.1. Transformative role of technologies in IT and Power sectors. 

Technology  Sector Remarks 

CMOS 
Information 

Technology 

CMOS accounts for 99.9 % of all transistors 

used in $2.9 trillion consumer electronics [21, 

22] 

Crystalline Silicon PV Power Generation  

About 93- 95% of global PV production by end 

of 2018 accounting for about 470-480 GW, 

leading towards TW scale [23] 
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Lithium-ion battery Energy Storage 

Plummeting costs of about $100/kWh [24], 

nearing cost of pumped hydro storage at about 

$75-100/kWh  

 

The traditional centralized power generation, transmission and distribution systems 

are being replaced with decentralized power systems. Grid penetration of free fuel based 

solar energy has paved the way for localized power generation. This has given rise to 

prosumers – a consumer that not only consumes but also produces the electric power. 

Rooftop PV and battery storage networks are the primary source of distributed local power 

generation for prosumers. With widespread acceptance at residential, commercial and, 

utility level, PV is the fastest growing power generation source. The total global solar 

capacity will increase four-fold from 629 GW at end of 2019 to 2.4 TW by 2030 making 

solar a tera-watt market within the next decade [25]. About 38% of the 2030 total power is 

expected to be small-scale or rooftop PV as seen in Figure 3.2 [25] and 62% utility-scale 

PV with a capacity greater than 1MW. Small-scale or rooftop PV and commercial solar 

markets will see a steeper growth with the advent of electric vehicles enabled with DC fast 

charging. 

 

Figure 3.2. Total Global PV Rooftop and Utility Scale Generation 2019-2029 [25] 
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Silicon photovoltaic modules are highly reliable. Manufacturers will provide 30 

years warranty. However, the useful life of these modules is more than 40 years. Sunpower 

has demonstrated that after 40 years 99 % of modules will have more than 70% power [26].   

2.1 Cost trends in PV and Battery systems 

Driven by advancements in the manufacturing technology of silicon modules and 

lithium-ion batteries (cost reduction and increase in energy density), the cost of 

photovoltaic and lithium-ion battery-based storage system is ready to provide electric 

power around the clock almost in every part of the globe. Volume manufacturing, similar 

to photovoltaic modules is mainly responsible for the cost reduction of lithium-ion 

batteries. Doubling the volume of cumulative manufacturing leads to a cost reduction of 

about 22% in lithium-ion batteries [27]. Similar to Gigawatt battery manufacturing 

facilities in Nevada, Tesla is setting up similar factories in China, Germany, and other parts 

of the World [28]. Other companies such as Panasonic, North Volt, LG Chem, and CATL 

have set up or are in the process of setting up similar large-scale battery manufacturing in 

China, South Korea, Japan, Europe, and Unites States [29]. The long-term cost of 

supplying grid electricity from today’s lithium-ion batteries is falling even faster than 

expected, making them an increasingly cost-competitive alternative to natural-gas-fired 

power plants across a number of key energy markets. As an example, on March 28, 2019, 

Florida Power and Light in the United States announced that it would retire two natural gas 

plants and replace those plants with what is likely to be world’s largest photovoltaic 

powered battery bank when it’s completed in 2021 [30]. Figure 3.3 (a and b) shows the 

trend of cost reduction of PV modules and lithium-ion batteries [31, 32]. 
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(a) 

 

(b) 

Figure 3.3. Plummeting Prices of (a) PV modules [31]; (b) Lithium-ion Battery Pack [32] 
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For reducing system costs and initial upfront capital investment, the global PV 

industry is rapidly moving towards high-performance modules. Recently one manufacturer 

has announced 21.6% PV modules with power output of 580W, which is 40% higher than 

current mainstream products installed in utility projects [33]. Photovoltaic modules based 

on the concept of multi-junction, multi-terminal photovoltaic modules (without the use of 

III-V compound semiconductors) have the potential of providing 35% efficiency and 

generating electric power at a cost of less than 1 cents per kWh [34]. However, even in the 

absence of any major innovation such as 35% silicon based multi-junction solar cells, 

industry has several innovative concepts in pipeline that will continue to provide 

incremental cost reduction of PV modules [35]. Similar to the cost reduction approach of 

integrated circuit and liquid crystal display industries, one such idea is to increase the size 

of wafers to 12-inch square [35].  

A number of innovative manufacturing steps are in progress that will further reduce 

the capital cost of lithium-ion batteries [36]. As an example, the capital cost of CATL's 

cobalt-free lithium iron phosphate battery packs have fallen below $80/kWh [37]. In a 

recent patent, Tesla announced a new “tables” battery cell design that will further reduce 

the manufacturing cost [38]. Although no one has reported manufacturing cost and 

performance data, solid state lithium batteries have the potential of further cost reduction. 

2.2 Environmental benefits of sustainable power generation with PV and battery system 

Increased use of solar and wind power and electrification of transportation will have 

major impact on solving climate related challenges that includes reduced greenhouse gas 

(GHG) emissions. Solar and wind energy penetration led by PV and electrification of 
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transportation sector will account for 75% of GHG emission reductions as aimed by the 

Paris Agreement targets by 2050 [23]. It is essential to reduce the carbon footprint of fossil-

fuel based energy sector in order to achieve cleaner and sustainable power generation. 

Accelerating solar PV along with wind energy are the two most viable RES that can curb 

emissions significantly. PV alone can cut energy-related CO2 emissions by 21% in 2050 

[23].  

Electric power generation by fossil fuel and nuclear has tremendous water usage. 

Most of the fossil fuel-based power generation requires water throughout the lifecycle of 

energy infrastructure for extraction, purification, washing and treatment of raw materials 

like coal, oil and natural gas. Water is also extensively used as a coolant in nuclear and 

thermal power plants. Nearly a quarter of world’s population is headed towards a water 

crisis [39]. Free fuel based solar PV can significantly reduce the water consumption for 

electric power generation. Solar and wind account for 225-520 G/MWh and 55-100 

G/MWh water consumption for each MWh of electrical power generation as opposed to 

20,000-50,000 G/MWh for coal and nuclear and 2,000,000-10,000,000 G/MWh for natural 

gas-based electrical power generation [40]. Utilizing PV power for electrical power 

generation thus has negligible impact on both carbon emissions and global water usage 

thereby having major impact in solving climate related challenges.  

3. Maximum utilization of power generated by PV system 

Alternating current (AC) has been dominating power networks ever since it won 

the battle against DC networks in the late 19th Century. Long distance transmission of 

electricity was possible with AC using transformers that could step up/down the voltages. 
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However, the scenario is changing today. Local generation of DC power eliminates the 

long-haul transmission and saves capital cost and power [8, 10]. Photovoltaics generates 

DC power and batteries store DC power. Therefore, it is important to avoid the wastage of 

DC power due to conversion to AC for the given power network. In this section, we discuss 

the two main considerations in our model to maximize utilization of DC power in current 

AC power networks. Inverter sizing factors greatly impact the utilization of DC power and 

is discussed in section 3.1. As discussed in section 3.2, additional energy can be saved by 

using a different photovoltaics, battery, and inverter architecture than current practice. 

3.1 Inverter sizing considerations 

Driven by profitability in short period of five years, large industrial and utility-scale 

ground mounted PV systems use DC/AC ratio in the range of 1.5-1.6 [41]. Knowing the 

lifetime of PV systems of at least 30 years, this approach is a pure wastage of solar power. 

For this reason, we are not using any inverter clipping [41]. The DC/AC ratio is maintained 

approximately at 1 to avoid any wastage of power generated by PV. However, the losses 

incurred due to power conversion from DC to AC are still taken into consideration. In our 

design, the inverter types which are considered are of two types, micro-inverters, and 

industrial grade string inverters. The STP-33-US-41 industrial inverter is the industrial 

grade inverter considered for the PV farm operation. A summary of the inverter 

specifications can be found in Table 3.2. The full specification sheet can be found at [42]. 
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Table 3.2. Sunny Tripower Core1 (STP-33-US-41) Inverter specifications [42] 

Metric Value 

Maximum array power 50000 Wp STC 

Maximum system voltage 1000 V 

 

Rated MPP voltage range 
330 V – 800 V 

 

MPPT operating voltage range 
150 V – 1000 V 

 

Maximum operating input current/ per MPP tracker 
120 A/ 20 A 

AC nominal Power 33300 W 

Maximum Apparent Power 33300 VA 

Maximum output current 40 A 

 

Nominal AC Voltage 

 

480 V/ 277 V 

WYE 

 

AC voltage range 

 

244 V – 305 V 

 

CEC Efficiency (preliminary) 
97.5% 

 

As seen in Table 3.2, the rated efficiency for the inverter is 97.5%. More design 

consideration can be found in the following section. Figure 3.4 [43] shows the range of 

efficiencies for operating power and input voltages. The efficiency graph is considered for 

a similar 50 kW inverter as used in our system. The specifications for this inverter can be 

found in [43]. A 92% value accounts for the losses incurred due to operating the inverter 
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close to the sizing factor of 1. Thus, our design is underestimated for the operation of the 

inverter even at 0% input power. The minimum efficiency at 0% power is rated at 96%, 

while our consideration is at 92% to account for the sizing factor and other losses. The 

utilization of microinverters for rooftop systems and high efficiency string inverters for the 

ground-mounted PV systems enables the system to maintain this sizing factor. The micro-

inverters enable a conversion efficiency of 95% to 96% as seen in section 4.2. This sizing 

factor also ensures that the problem of hyper-clipping can be avoided. Hyper-clipping can 

occur in inverters due to oversizing them where the inverters operate at zero power instead 

of clipping and operating at 80% power [44]. Even though this event is less frequent 

overall, but in regions with good sunlight it can lead to substantial losses due to zero power 

outputs during peak sun hours [44]. The overall gain in power by oversizing the inverter 

system is not comparable to the power savings by avoiding clipping peak power in our 

system. Since our total power output is not entirely attributed to the load, an inverter sizing 

close to 1 is most efficient for our system. The inclusion of battery systems is discussed 

further in the following sub-section. 
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Figure 3.4. Change in efficiency with respect to operating power and input DC voltage [43] 

3.2  Proposed inverter architecture to maximize DC power utilization 

Grid-tied PV systems are directly connected to an inverter which transfers the 

excess PV power not used by local loads directly to the grid. In this scenario there are no 

battery systems involved. The PV power generation is monitored and balanced with the 

consumption through the utility. However, if battery systems are to be incorporated, Figure 

3.5 shows the current industry practice. Special inverters are placed at the output of the PV 

panels that convert the AC power back to DC for charging the batteries. Such inverters are 

called hybrid inverters [45]. Hybrid inverters are designed to work with battery solutions 

for grid-outage scenarios. However, due to this implementation strategy, DC power is 

wasted in conversion from DC to AC, AC to DC and DC to AC power. Since, the PV 

output power is DC power and batteries also consume DC power for charging, lot of energy 

can be saved by adopting our proposed design system as shown in Figure 3.6.  
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Figure 3.5. Current industry practice in implementing PV + Battery systems 

 

Figure 3.6. Our proposed model to avoid DC-AC conversion losses 

In the proposed PV and battery-based power network a significant portion (60%) 

of the power of rooftop PV system is dedicated for battery charging before converting to 

AC power. Even at the solar farm level, the battery bank charging is prioritized before the 

generated excess power is converted to AC to be sold to the grid. Ideally, a DC power 

network consisting of PV for DC generation, battery for DC storage and DC loads will be 

a more efficient system than the existing grid [8]. However, this imminent shift to a 

complete DC network with the conversion to a few AC loads will take some time [11]. 
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This is due to the fact that the world today is based on the AC power infrastructure. At this 

point, the incorporation of DC power into the AC grid is the key to the oncoming paradigm 

shift. Hence it is necessary to conserve DC power and avoid power losses as much as 

possible. The intelligent charge controller shown in Figure 5 can decide the amount of 

power that should be transferred directly to batteries without unnecessary power 

conversion steps.  

4. Design considerations 

There are numerous design considerations for the simulated model of an AC 

power network based on PV and batteries for a university campus. The university’s load 

requirements are substantiated into 10 buildings. Our design implements the power 

network shown in Figure 3.7. 

 

Figure 3.7. Conceptual Design of Proposed Power System  
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4.1 Geographical considerations 

The location of our case study is Las Cruces, New Mexico, USA. The preliminary 

step is to calculate the daily irradiance for this region. A solar chart is included in Figure 

3.8 [46]. The solar chart shows the movements of the sun for the specified area. The daily 

irradiance values were based off the solar irradiance calculator given in reference [47]. The 

PV panel output profile was then temperature-compensated to increase accuracy of our 

model.  

 

Figure 3.8. Solar chart for Las Cruces, NM [46] 
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A comparison of the PV panel output profiles, before and after temperature 

compensation, is shown in Figure 3.9. The temperature of solar panels is compensated 

using the following formula, 

 

 

(1) 

 

The values for the terms used in Equation 1 are given in the panel ratings in the 

following section. An interesting observation derived from Figure 9 is that when the 

intensity of the sun is low, the temperature is also low. Thus, the PV panel exhibits more 

power efficiency during these days of low intensity sunlight. The daily average temperature 

is compensated into the PV panel output calculations to find realistic PV outputs.  

 

Figure 3.9. PV panel output considering effect of temperature on output power 

Temperature_compensated_efficiency

= Panel_efficiency + {(Testing_temperature − temperature)

∗ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒_𝑝𝑜𝑤𝑒𝑟_𝑑𝑒𝑟𝑎𝑡𝑒_𝑓𝑎𝑐𝑡𝑜𝑟} 
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Another geographical consideration is the tilt angle for the installed panels. The tilt 

angle was calculated from the declination angle and altitude angle using the following 

equations, 

𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛_𝑎𝑛𝑔𝑙𝑒 = 23.45 ∗ sin  {
360

365
(𝑛 − 81)}                                                                          (2) 

𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒_𝑎𝑛𝑔𝑙𝑒 = 90 − 𝐿 + 𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛_𝑎𝑛𝑔𝑙𝑒                                                                        (3) 

𝑇𝑖𝑙𝑡 = 90 − 𝐴𝑙𝑡𝑢𝑡𝑢𝑑𝑒_𝑎𝑛𝑔𝑙𝑒                                                                                                           (4) 

 𝑤ℎ𝑒𝑟𝑒, 

 𝑛 = 𝐷𝑎𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 𝑖𝑛 𝑎 𝑦𝑒𝑎𝑟 

 𝐿 = 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑐𝑜−𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 

The tilt angle is considered after taking the average of the calculated tilt angles for 

365 days in a year for each month. A clear separation of the tilt angle for summer and 

winter was observed based on the calculated monthly average values. The summer and 

winter values for the tilt angle are 18° and 47° respectively. The tilt angle produces 

significant differences in the amount of power produced by the panel for the given amount 

of sun hours. 

4.2 Ratings and parameters for equipment 

The goal of this simulation is to emphasize the maximum utilization of DC power 

even in an AC power network as discussed in Section 3. Thus, the equipment chosen for 

our model were with respect to maximizing utilization of DC power by minimizing 

conversion losses. The PV panels used were the SunPower® X-Series: X22-370. The 

parameters for the panel can be found in reference [48]. These panels are equipped with 

Micro-inverters that can be integrated perfectly for rooftop utilization. The PV farm, as 

shown in Figure 6, must be equipped with string inverters due to greater power handling 
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capabilities. The panels at solar farm were rated at a high peak power of 470 W [49], which 

yielded a total number of 17,403 panels for the entire NMSU campus via the following 

equation, 

𝑁𝑢𝑚𝑏𝑒𝑟_𝑜𝑓_𝑝𝑎𝑛𝑒𝑙𝑠 =
𝑇𝑜𝑡𝑎𝑙_𝐷𝐶_𝑃𝑉_𝑝𝑜𝑤𝑒𝑟 [𝑘𝑊]

𝑃𝑒𝑎𝑘_𝑝𝑎𝑛𝑒𝑙_𝑝𝑜𝑤𝑒𝑟 [𝑘𝑊] 
                                                                                    (5) 

𝑀𝑜𝑑𝑢𝑙𝑒𝑠_𝑝𝑒𝑟_𝑠𝑡𝑟𝑖𝑛𝑔 =
𝑀𝑃𝑃

𝑉𝑀𝑃𝑃 
                                                                                                          (6) 

For the smaller rooftop application, ease of installation, and reliability, high-

efficiency (22.7%) residential panels with built-in microinverters were deemed the top 

choice. The use of these smart panels complies with the different restrictions that rooftop 

grids require in the state of New Mexico.  Rated at 370W, about 11606 panels were needed 

with the same number of microinverters pre-installed. Matching the commercial grade 

panels to a commercial grade inverter with a high upper limit of the rated MPP voltage 

range was critical for the grid design. By calculating the modules per string for the low 

MPP and high MPP values using Equation (4), an operating range of between 5 and 11 

modules-per-string can be determined. To safely size-up our connections according to 

industry-standards and account for efficiency drops as a result of temperature, 9 modules-

per-string was the most appropriate size. Our inverter can support up to 12 strings as seen 

in [42]. Thus, using the obtained number of panels for the rooftop and PV farm, a summary 

of our calculated results is shown in Table 3.3. A Lithium Ferro Phosphate (LFP) battery 

bank is also incorporated into the network. The battery specifications for design 

considerations can be found in [50]. 
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Table 3.3. System sizing summary 

Calculated 

metric 

Rooftop 

Demand 

[kWh/year] 

Total 

DC 

Rooftop 

PV 

Power 

[MW] 

No. of 

Rooftop 

Panels 

PV farm 

demand 

[kWh/year] 

Total 

DC 

Farm 

PV 

Power 

[MW] 

No. of 

ground-

mounted 

panels 

No. of 

panels 

per 

string 

No. of 

strings 

No. of 

inverters 

Value 10967356 4.294 11606 20890202 8.18 17403 10 1688 140 

 

4.3  Sizing considerations 

The sizing considerations are taken into account for operation in a MATLAB code 

simulated for the provided data. The assumptions for the MATLAB code can be found in 

Appendix A. Figure 3.10 shows the flow chart of the MATLAB Code. The rooftop PV 

panels were sized at 80% of the available rooftop area. The utilization of only 80% of the 

total available area considers the losses due to shading, mismatch, etc. The rooftop PV is 

thus sized at 4.2 MW as seen from Table 3.3. Keeping in mind, the load and battery 

systems, and the power network system was designed considering a 60-40% sizing 

approach. 60% of the power from the rooftop PV panels was dedicated to battery charging 

at the building level. The remaining 40% is given directly to meet the load requirement. 

The load deficit during the day is met by the PV farm. The power produced by the farm is 

first dedicated to meeting the local load demand, then charging farm batteries and in the 

end charging batteries of buildings.  Any surplus power can be sold to the utility. Any 

power shortage in our system will be provided by the power purchased from the utility. 

The 60-40 number was optimized after several trials and test values. The goal for sizing 

the PV and battery is to minimize the cost of power purchased from the utility, maximize 
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the utilization of DC power in our power network and minimize electricity bills paid by 

the university.  

Table 3.4. Building Rooftop PV generation capacity. 

Building 
Rooftop PV value 

[kW] 

Building 1 820 

Building 2 317 

Building 3 371 

Building 4 631 

Building 5 715 

Building 6 127 

Building 7 524 

Building 8 86 

Building 9 231 

Building 10 316 

Total 4200 
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Figure 3.10. Flowchart of the MATLAB Code 
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Owing to the 60-40 approach, the farm is sized to 8 MW to fulfil the daytime load 

requirement. The battery systems are sized to minimize costs and maximize DC utilization. 

The battery banks at the building and farm ensure the availability of power during grid 

outage periods and reduce the amount of energy consumed from the grid during the peak 

load hours in the evening. Solar intensity is least during early morning and late evening 

hours, which consists of some peak load hours. The battery banks at the buildings and the 

farm are sized with the consideration to supply power during these peak hours. According 

to El Paso Electric Company (Utility of the concerned area), the selling rates for the surplus 

PV generated power is priced at $0.052/kWh, $0.079/kWh, $0.121/kWh and $0.036/kWh 

respectively for on-peak hours (June through September) and $0.03/kWh on an average for 

off-peak hours. The on-peak hours are described by the utility from 12 pm to 6 pm during 

Monday to Friday for the months of June through September. The rest of the hours 

throughout the year are defined as off-peak hours. The system is scaled to generate surplus 

power for approximately half the year. Generating a surplus for the entire year will 

ultimately oversize the PV system and will lead to a loss in the total economic viability 

when compared to purchasing power directly from the utility. The surplus PV power is 

generated during the day during the on-peak hours. However, as the utility has incentivized 

on-peak selling for 4 months, the remaining 8 months are compensated at a much lower 

rate. The self-consumption quota is estimated with the aim of maximizing utilization of the 

surplus PV generated power for the majority of the year. Therefore, the total building 

battery bank was sized at 12 MWh and the farm battery bank was sized at 35 MWh. The 

size of the battery bank can be adjusted according to the incentives given by the utility for 
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selling power. A complete simulated power model for one year can be seen in Figure 3.11. 

The sizing considerations are comprehensive as it takes into account the losses due to 

transmission and distribution, power conversion from DC to AC, and battery cycling.  

 

Figure 3.11. Total load requirement vs total power generated by PV and battery system. The power deficit 

is covered by purchasing power from the utility grid 

5. Economic and feasibility analysis 

Levelized cost of electricity (LCOE) is an unstandardized model used to make 

economic assessment of the cost of electric power generated by a specific energy source. 

LCOE models are often filled with assumptions (what people believe) instead of field data 

and even when field data is used, the generated forecast is based on assumptions (beliefs) 

[51]. The major flaws of LCOE models are: (i) In place of data assumptions are used, (ii) 

data are used that supports the modeler’s goal, (iii) model inputs are adjusted to make a 
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particular point, and (iv) the assumption that cost and price are synonymous [51]. For these 

reasons we are not going to use LCOE for economic and feasibility analysis.  

As stated before, in addition to having photovoltaic modules on the roof of the 

buildings, we have a solar farm of the size of 8 MW on the University property. Batteries 

were used in each building as well as with solar farm. The total size of batteries is 47 MWh. 

The days the power network does not have enough power to meet the load demand, 

required power will be obtained from the utility. The days the power network has extra 

power, utility will be buyer of power. The rates of buying power and selling power are 

calculated according to data supplied by the utility.  

Two cases of financial analysis were used. In one case, the University is the owner 

of the PV and battery-based power network. The rates of buying power from utility and 

selling power to utility are according to the data supplied by the utility. Figure 3.12 [52] 

represents this case. In the second case either Utility or some third party is the owner of the 

power network. Power purchasing agreement (PPA) is generated between all the three 

parties (university, utility, and investor). If Utility is the investor, then PPA is between only 

two parties. Figure 3.13 [52] represents the case of PPA.  
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Figure 3.12. Financial analysis based on the fact that the University is the owner of entire power network 

based on photovoltaics and batteries. It is assumed that under the existing agreement, utility can supply 

deficiency of power generated by PV and battery system [52] 

 

Figure 3.13. Financial analysis is based on the fact that the owner of entire power network is either utility 

or some other investor. It is assumed that between university, utility, and investor a PPA has been signed. 

Utility will supply deficiency of power generated by PV system [52] 
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Various data used in the financial analysis are given below: 

1. According to an article of December 2019, the cost of DC power PV system 

has gone as low as $0.7 per watt [53]. In our case, we have 12.2 MW DC 

power, and the cost can be as low as $8.54 million. For AC system, the cost 

of inverter must be added. According to [54], the cost of inverter in 2018 

was $0.06153 per watt. Therefore, we can assume inverter cost of $0.06 per 

watt in 2020. Thus, the PV system cost with AC power become $0.76 per 

watt. In addition to the PV system cost, one must consider legal fees, project 

management cost, fencing, interconnection fee, and construction, etc. On 

November 20, 2019, El Paso Electric Company has applied for Expedited 

Approval of a Certificate of Public Convenience and Necessity (CNN) and 

for a Special Rate Contract to Construct a Solar Generation/Storage Project 

at New Mexico State University [55]. The cost of ground mounted single 

axis 3 MW PV system is $4,301,797 and the 4 MWh battery system cost is 

$1,969,000, The total PV and storage system cost is $6,284,580. The overall 

project cost is $7,838,226, which means that additional cost of legal fee, 

project management, fencing, interconnection fee etc. for a project of the 

size of 3 MW PV system and 4 MWh battery system is 24.7%. Since our 

project size is much larger than the case of reference [55], we will use 20% 

additional cost of the project. Thus, adding additional 20% to the cost of 

$0.76 per AC watt provides the total cost of AC system $0.91 per watt. To 
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be extremely conservative, we have used $1 per watt (AC power output) 

that covers all PV installed and operating system cost.  

2. The lithium-ion batteries cost also keep falling in line with the cost 

reduction of PV modules [56]. Based on very recent (December 3, 2019) 

cost data published by Bloomberg New Energy finance [32], the average 

battery pack capital cost in year 2020 and 2030 is $144 and $61 per kWh, 

respectively. 

3. Although the lifetime expectancy of a lithium-ion batteries can be as much 

as 12 years [57], we have used manufacturer’s warranty [58] of 10 years in 

our calculations. In year 11, new batteries are installed, and their cost has 

been included in the financial calculations. 

4. Depending on the type of inverter (micro inverter, central inverter, and 

string inverter), the warranty can vary from 12-25 years [59]. We have 

chosen, 15 years warranty in our calculations, since the quality of inverters 

is improving, and the cost of inverters is also constantly reducing. Based on 

2017 data, the inverter cost is $0.06153 per watt [54]. In the year 2035, we 

expect that the cost will be reduced to $0.03 per watt. This is the cost we 

have used in our model to replace inverters in year 15. 

5. In line with the current debt rate for state universities in the United States, 

we have used 4.00% debt rate.  

6. The investment tax credit (ITC), also known as the federal solar tax credit, 

allows one to deduct 26% of the cost of installing a solar energy system 
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from your federal taxes. The ITC applies to both residential and commercial 

systems, and there is no cap on its value [60]. We have assumed that the 

utility or private investor pays enough federal taxes, and all the 26% system 

cost can be deduced in year 1. After year 7 years (no more equipment 

depreciation), the federal and state taxes are paid.  

7. In the estimation of depreciation cost of PV system, 70% is hardware cost. 

For the battery system hardware cost is 90%.  

8. We have used PPA cost of $0.04 per kWh in our analysis. The PPA cost is 

in line with large scale Utility projects in the United States. The main reason 

for low cost is the falling cost of PV modules and batteries. As an example, 

Los Angeles Department of Water and Power has signed a groundbreaking 

25-year PPA with 8Minute Solar [61]. The combined price for solar energy 

plus storage is just 3.3 cents per kWh, the lowest ever in the US and cheaper 

than electricity from a natural gas-powered generating plant [61]. 

9. Utility rate enhancement of 2 % per year is used in our financial model.  

10. As per rules of the Solar District cup, financial calculations are done for the 

20 years.  

As shown in Figure 12 and 13 we have used two different scenarios in our financial 

model. In the first case, University is the owner of the power network. The 12.2 MW DC 

system and 47 MWh battery storage system provides most of the power to all the buildings 

and has surplus most of the time and deficit sometimes. During the times of deficit or 

surplus the utility is the seller or buyer of power as per rates described by the utility. As 



 60 

per current agreement with the utility, the total amount paid by the university to the utility 

over 20 years is $28,872, 525. In the first scenario, University can save money in the 

amount of $7,380,148.  

In the second case, either utility or third party (investor) is the owner of the power 

network. Like the previous case, the power network generates most of the clean power and 

any deficiency is covered by purchasing power from the utility. PPA is generated between 

2 or 3 parties (depending on if the utility is the investor or not). Since we do not have the 

balance sheet and tax details of the utility or investor, we have assumed that the investment 

is done on this project and for tax calculation purpose, no other income of the investor is 

added. As stated, before we have used a PPA of 4.0 cents per kWh for 20 years. At this 

price Universities buys all the electrical power for 20 years. In this case the investor profit 

is $1.7 million, and the University saves $4.2 million. The summary of both financial 

models is given below in Table 3.4. 

Table 3.5. Summary of Financial Analysis 

Model 

Total bills paid 

by the University 

to the Utility 

under existing 

Agreements 

University’s 

savings over 20 

years by using PV 

and Battery Based 

Power Network 

Profit of utility or 

Investor 

University is the 

owner of Power 

Network 

$28,572,525 $7,380,148 Not Applicable 

 

Power Network is 

owned by Utility or 

Investor 

 

 

$28,572,525 

 

 

$4,163,022 

 

 

$1,652,379 

 

As was discussed in section 2, the useful life of a PV system is 40 years. Thus, the 

power generated beyond the 20 years calculations shown here will make the project highly 
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profitable to the owner of the power network. Thus, in addition to addressing the climate 

related challenges, the use of PV and battery-based power system is driven by economic 

advantages.  

6. Discussions 

Conservation of power is of prime importance when designing novel power 

networks or while integrating renewable systems to the current power grid. Thus, the 

importance of DC power and its maximum utilization is of utmost relevance. The power 

network for the future requires to be clean, sustainable, reliable, and low-cost. The 

implementation of PV and battery-based power network should encompass only DC power 

flow for future systems to minimize wastage of power. In lieu of current established AC-

based power networks, the incorporation of PV and battery systems must focus on 

maximum utilization of DC power as well. However, the trend today is focused on 

incorporating PV and batteries to maximize the sustainability of the AC grid. Thus, the 

simulated model implements the design and economic viability of a power network focused 

on conservation of power with economic benefits. 

Free fuel-based PV generated electric power at utility scale plummeted to 1.5 cents 

per kWh in United States [62] and 1.32 cents per kWh in Europe [63], which represents 

the lowest cost of electrical power generated by any other energy conversion technique. 

Due to increasing manufacturing capacity and other efficiency gains, the lithium-ion 

batteries cost also keep falling in line with the cost reduction of PV modules. This reduction 

in battery cost is fueled by the increasing demand for electric vehicles across the globe as 

well as stationary storage. For a four-hour battery storage, NextEra Energy recently 
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reported battery storage cost of 0.8 cents/kWh to 1.4 cents/kWh [64]. That number should 

keep declining over the next few years as the industry builds more manufacturing capacity 

and benefits from its increased scale and is projected to be down to 0.4 cents/kWh to 0.9 

cents/kWh by 2022 [64]. Similar to the cost reduction of computing at large scale to 

computing at smart phone scale, we expect major cost reduction of battery storage both at 

utility scale as well as at distributed power level. The cost trends of PV and battery systems 

are a clear indication of the future power network. PV along with batteries can become the 

next self-sufficient and clean power network for fulfilling 24/7 power needs at the lowest 

cost of 2-3 cents per kWh. The future scope in this project would lead to the inclusion of 

intelligent artificial intelligence (AI) based energy management system to control 

charging/discharging mechanisms for the battery storage system. With increase in 

reliability and efficiency of distributed power network, the need for a centralized power 

network is greatly reduced. Decentralized power systems are advantageous over 

centralized power systems in terms of flexibility, control, scalability, and reliability [64]. 

PV and battery-based networks can enable the realization of such decentralized power 

networks. In our system, even with the consideration of an AC grid-tied PV and battery 

network, the cost savings are showcased in section 5. With further decrease in costs of PV 

and battery systems (according to the current industry trend), our project will show further 

increase in costs savings for the University. As mentioned in section 1, the University use-

case is an effective demonstration platform to showcase future scope for our power 

network. The goal would be to realize a distributed power network based on PV and battery 



 63 

which is completely disjoint with the current AC network. Such a power network can be 

supported with inclusion of DC loads to achieve maximum efficiency in power utilization. 
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CHAPTER FOUR 

 

PV- AND BATTERY-BASED POWER NETWORK FOR SUSTAINABLE 

ELECTRIFICATION OF TRANSPORTATION 

1. Introduction 

In the United States, the transportation and electricity sectors contribute almost 

57% of the greenhouse gas emissions [1]. Therefore, it is necessary to bring about a change 

in both these sectors for clean and sustainable utilization. Electrification of the 

transportation sector encompasses surface, air, and water transport. Of these three sectors, 

surface transport has seen the fastest and largest growth in electrification through the 

introduction of Electric Vehicles (EVs). Many nations across the globe are already 

adopting Electric Vehicles (EVs) as the new surface transportation infrastructure. EVs are 

poised to replace the internal combustion engine (ICE) vehicles owing to the need for a 

cleaner and more efficient surface transportation infrastructure. Recently, the air 

transportation sector has also ventured into the domain of electrification. Recently Boeing 

unveiled a new unmanned electric vertical-takeoff-and-landing (eVTOL) cargo air vehicle 

prototype that will be used to test and evolve Boeing's autonomy technology for future 

aerospace vehicles. It is designed to transport a payload up to 500 pounds for possible 

future cargo and logistics applications. On January 23, 2019, Boeing announced that it 

recently conducted the first test flight of its all-electric autonomous passenger air 

vehicle [2]. The unpiloted vehicle took off vertically, hovered for a few seconds, and then 

landed at the designated site. Powered by an electric propulsion system, Boeing says the 

prototype is designed for fully autonomous flight from takeoff to landing, with a range of 

up to 50 miles. Measuring 30 feet (9.14 meters) long and 28 feet (8.53 meters) wide, its 
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airframe integrates the propulsion and wing systems to achieve efficient hover and forward 

flight. The availability of light weight motors and advanced batteries is indicating that in 

case of aviation electric short distance mobility (30 minutes or less air flights) the tipping 

point is near or already reached. The water transportation sector yet has to accommodate 

electrification at a larger scale, however, following the current trend in the development of 

EVs, it does not seem a farfetched idea. Siemens has developed the technology for the first 

electric car and passenger ferry in the world in with the Norwegian shipyard Fjellstrand 

which is powered by two 450 kilowatt electric motors, which take their energy from 

lithium-ion batteries [3].  

This chapter will focus on the electrification of the surface transportation sector 

owing to the biggest paradigm shift seen in recent times. The trend in the EV growth is 

going to continue in future and this will poise a new demand to the electricity grid. EV 

charging needs to be addressed to ensure a smooth transition from fossil-fuel-based 

transportation to electric transportation. A number of studies have been conducted on the 

impact of EVs and their charging demand across the world [4, 5, 6, 7, 8, 9, 10, 11]. The 

major inference from these studies is that the EV charging framework needs to be 

optimized to sustain the demand in the future. As shown in references [12] and [13], 

different optimization and control strategies have been researched to reduce the greenhouse 

emissions generation of EV charging and optimize the impact of EV charging on the grid 

requirements, respectively. Mainly there are three types of charging strategies [14]. The 

first charging strategy is based on charging after last trip which does not involve any smart 

charging (dumb strategy). The second strategy is based on a profit-maximization scenario 
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to charge the EV when electricity rates are low due to reduced demand. The final strategy 

is based on a power factor control scenario wherein the power factor is regulated to 

maintain the node voltage by supplying reactive power. The power factor control scenario 

was concluded as the best charging scenario. However, little research attention has been 

directed towards isolating the charging network to minimize the impact on the electricity 

grid. The strain in the current grid infrastructure can be minimized by adopting a novel 

sustainable power network dedicated for the EV charging framework. In this scenario, the 

power factor control is not necessary as there will be no involvement of reactive power. 

This chapter focuses on development of an PV and battery-centered power network as a 

sustainable solution for the oncoming energy demand from the fast-charging requirements 

of EVs. 

2. Drivers for change in the surface transportation sector 

2.1 Electrification 

Many nations across the globe have identified the need for electrification of surface 

transport and are aiming to implement its full-scale adoption in the near future. This 

paradigm shift must be coupled with a low-cost, efficient, and sustainable electricity 

generation source in order to ensure a smooth transition. If electricity generated from fossil 

fuels is used to charge these EVs, it negates the driver for reducing greenhouse emissions. 

The EV infrastructure has to be supported by a clean and sustainable source of energy. 

Furthermore, this source must be cost efficient and renewable to ensure sustainability. The 

integration of sustainable energy to ensure the smooth transition to an electric 

transportation sector will be discussed in detail in the following sections.  
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2.2 Autonomous driving 

Autonomous Vehicles are the new and emerging research focus in mobility. Major 

car manufacturers like Audi, Ford, Hyundai, BMW, etc. as well as technology giants like 

Google, Uber, Apple, Nvidia, etc. are heavily invested in the autonomous driving sector. 

This is a clear indication of the future for vehicular transport. According to the Society of 

Automobile Engineers (SAE), there are six levels of automation ranging from no 

automation (Level 0) to Fully Automated (Level 6) Vehicles. 

Electrification goes hand in hand with autonomous vehicles. Since autonomy hopes 

to achieve minimum human interaction to achieve safety, EVs could be more favorable for 

this aspect. EVs require lesser maintenance than ICEs and charging of EVs is also much 

easier to achieve for an autonomous vehicle than refueling of an ICE vehicle. The concerns 

about power consumption by an autonomous system increasing battery consumption in an 

EV is shared with gasoline vehicles as well. The added weight of the autonomous systems 

negatively affects the fuel consumption for gasoline vehicles. However, through the 

integration low-power technologies in automated systems and increased charging 

efficiencies in EV, the power consumption concerns will be addressed. Thus, the driver of 

autonomy is supplemented by the electrification driver. 

2.3 Diverse mobility 

As the autonomy system takes into effect, combined with electrification enabling 

efficient and fast charging through low-cost power generation, the options for mobility will 

also diversify. Car ownership requires significant time and attention by owners regarding 

maintaining the vehicle. The costs associated with maintenance, insurance, fuel, etc. are 



 72 

also considerable in the duration of ownership. If low-cost and faster rental systems, like 

Uber, are available to consumers, the concept of car ownership will slowly fade away. 

Although this system may take some time to fully evolve, the trends with car ownership 

dying away in bigger cities suggests that the model will prevail. 

2.4 Connectivity 

The Internet of Things (IoT) has brought connected systems to various industries 

in recent times. The transportation sector has also incorporated this recent wave of 

connected systems. Ranging from ‘infotainment’ to advanced traffic systems are included 

in the umbrella of connected systems. Autonomy will further facilitate the driver for 

connectivity due to its need for Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure 

(V2I) communication. Connectivity also will raise the concern for increased power/fuel 

consumption. Like autonomous vehicles, connected systems will also benefit from the 

streamlined EVs rather than existing gasoline vehicles. 

3. Issues with integrating EV fast charging into the current electricity grid 

Future charging stations of EVs will be the equivalent of what gas stations are to 

gasoline vehicles. Therefore, it is necessary to create a reliable fast charging power network 

while incurring minimum power losses. The existing electricity grid is based on an AC 

power network. DC Fast charging requires high voltage DC (around 480 V) for DC 

charging. Therefore, the AC power from the grid is first converted to DC power in the 

charger and then utilized for charging. There are some key issues in this approach for fast 

charging which are elaborated in the following sub-sections. 
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3.1 New infrastructure requirement 

A report developed for the US Department of Energy [15], elaborates the various 

costs associated with building infrastructure for EV charging at residential and public area 

levels. Public areas can consist of workplaces, public spaces like parks, etc. and highway 

charging stations as well. It splits the charging levels into Level 1 (AC charging at grid 

output levels), Level 2 (AC higher voltage charging) and Level 3 (DC Fast Charging). 

Level 1 and Level 2 charging mechanisms are mostly employed at residential and 

commercial workplace charging stations whereas in longer routes, like intercity travel, DC 

fast charging is the preferred installation. The results of the report in [15] and the results of 

another recent report [16] by the International Council on Clean Transportation (ICCT) are 

summarized in Table 4.1.  

Table 4.1. Summary for cost analysis for the different charging techniques [17] [18] 

Charger type 

Costs associated with charging mechanisms 

Electric 

Vehicle 

Supply 

Equipment 

Unit Cost 

(2015)  

Installation 

Cost per 

Unit 

(2015) 

Per Charger Cost – 

with 1 charger per 

pedestal 

(2019) 

Level 1 
$300 - 

$1,500 
$0 -$3000 

$813  

(Non-Networked) 

Level 2 
$400 - 

$6,500 

$600 - 

$12,700 

$1,182  

(Networked) 

DCFC 
$10,000 - 

$40,000 

$4,000 - 

$51,000 

$28,401 - $140,000 

(Networked) 

 

DCFC systems will procure the most benefits out of the PV based infrastructure. 

Since, the need for high voltage inversion from AC to DC can be eliminated in PV and 
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battery-based networks, DC-to-DC fast charging can be employed with much lesser loss in 

power. Avoiding these losses, and reduction in the number of required components will 

further reduce total system cost for DCFC systems. The major decision criteria for EV 

charger deployment for highways are siting, enabling factor, and available power 

infrastructure [17]. The siting factor considers availability of EV chargers in public places. 

The enabling factor considers incentivizing EV charger in remote areas (highways). 

Finally, the availability of power infrastructure considers the availability of resources 

required for DC fast charging capability. Since our proposed charging network is dedicated 

to EV charging only, incentivizing charging is not a problem. Highways in the US and 

most of the world have plenty of nearby land. These land areas can be used to install a PV 

farm combined with battery banks for storage. An illustration of this network can be seen 

in Figure 4.1.  

 

Figure 4.1. PV and battery-based EV charging ecosystem for DCFC along highways replacing gas stations 
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The concern for a PV-centered power network is in commercial and residential 

places where there might not be enough area to deploy a PV farm. The size of the PV farm 

must be oversized to ensure stability during nighttime and for cloudy days. Sometimes, it 

is not practical to deploy a PV farm of this size in a residential or commercial area. There 

is a need for a transmission network that can transmit the PV farm generated power to 

DCFCs located in commercial and residential areas. The viability of an HVDC 

transmission network for most efficient transmission of DC power will be discussed in the 

following chapter. Thus, utilizing PV for generation, battery for storage, and HVDC for 

transmission, a conceptual power network for DCFCs in commercial and residential areas 

can be realized as shown in Figure 4.2.  

 

Figure 4.2. Conceptual power network for DCFC in commercial and residential areas (The map layout is 

for the city of Clemson, SC and Central, SC) 
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3.2 Grid synchronization issue 

AC systems have frequency and phase components that need to be synchronized 

with that of the electricity grid. These synchronization characteristics vary from region to 

region and therefore, it is difficult to standardize the chargers across the globe. According 

to reference [18], standardization of charging infrastructure is one of the most dominant 

issues with EV charging.  

Tying renewable energy sources to the grid is also associated with the challenges 

of synchronization of voltages and frequency and phase for the current. Since, renewable 

energy sources generate variable voltage and current, they have to be first synchronized to 

the correct voltage, phase, and frequency levels that has been standardized by the utility 

power grid [19]. In case of residential PV systems, special synchronous inverters called as 

grid-tie inverters are utilized to tie up the PV system to the grid. These inverters are catered 

towards being connected to the grid. Off-grid inverters do not need synchronization with 

the grid and hence can be catered to work with batteries. Thus, with use of these inverters 

in an off-grid system EVs can also benefit for their charging efficiencies. This is a clear 

indication of the future path for sustainable power for the increased demand from the 

transport sector. Although the AC grid has been around for a long time it is not the most 

efficient solution for electrification of the transport sector. DC power networks do not have 

a need for synchronization and can completely operate as a universal network without the 

need for conversion.  
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3.3 Conversion losses 

Grid-tied fast chargers require medium voltage power conversions at charger level. 

A comparison of the conversion losses can be inferred from Figure 3. The analysis in Figure 

4.3 accounts for the conventional AC grid tied DCFCs, DCFC with HVDC transmission 

networks according to the current industry techniques, a proposed local DC power network, 

and a proposed DC power network with a novel technique for utilization of HVDC 

transmission. The conventional AC grid tied network deploys a total loss of 19% in the 

process of delivering PV generated power to the charging station. If the grid tied HVDC 

systems employed by the industry is to be deployed, the loss is comparable to the AC grid. 

Even though HVDC systems are deployed with the goal of reducing losses, this loss 

amounts to 19% due to multiple AC-to-DC and DC-to-AC conversion stages as illustrated 

in Figure 3. The proposed HVDC model, however, deploys the same power at a 15% loss 

for transmission via the existing AC infrastructure and at a 11% loss for a novel complete 

DC infrastructure. Moreover, a local network consisting of PV within the charger radius 

can implement the system at only a 3% DC-DC converter loss. The considerations for the 

calculated losses can be found in Appendix B.  
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Figure 4.3. Power loss comparison for grid-tied DC fast chargers, in-practice HVDC network, and 

proposed network 

4. Proof of concept: Use case scenario-based data 

In order to further reinforce our standpoint about conversion losses, an example of 

the recent Tesla V3 supercharger station was considered [20]. The station consists of 56 

charging stalls at 250 kW rated power capacity. Assuming the entire power requirement is 

met through PV generation, the increase in conversion loss, according to the loss 

calculations in Figure 4.3, with increase in number of charging stalls is illustrated in Figure 

4.4. At a smaller number of stalls, the power loss for generated PV power seems 

insignificant but at 56 stations the power loss is quite significant. 
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Figure 4.4. Increase in power loss with number of charging stalls 

We can assume another use-case scenario to illustrate the viability of PV generated 

DC power for extremely fast EV charging (XFC). Let us assume the charging rate of a 

typical XFC is 400 kW. Assuming that in a given location, one has 50 XFC chargers. 

Assuming 20% power loss in wires, DC to DC voltage conversion, and battery charging 

and discharging, a solar farm of 25 MW DC power can serve the 50 XFC chargers. The 

installed cost of 1 MW AC solar farm in May 2019 in the United States is $1 per watt [21]. 

Knowing that the prices of PV electricity are reducing every day [22] and the capital cost 

of local DC grid is at least 30% lower than AC counterpart [23], we expect that the capital 

cost of 25 MW DC solar farm will be about 17.5 million. For 18−hour storage of 20 MW 
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DC power at the rate of 100 per kWh [24], the capital cost will be 36 million. With capital 

cost of 53.5 million, the cost of generating 20 MWh power, the raw cost comes about 0.027 

per kWh. Adding another 0.023 per kWh for borrowing capital, land lease or cost and 

O&M, the total cost is 0.05 per kWh. This is far lower than 0.28 per kWh charged currently 

by Tesla for fast charging at Tesla charging locations. These simple calculations 

demonstrate the economic viability of local DC power network for XFC infrastructure. 

Finally, experimentally simulated data for rooftop PV in a Clemson University 

building shows the increase in charging capacity for DC-to-DC charging instead of 

utilizing the AC infrastructure for EV charging. The Aurora Simulation Tool by HeroX 

was used for obtaining the irradiance data for a rooftop as seen in Figure 4.5. Considering 

the SunPower X-Series: X22-360-COM panel which has a nominal output power of 360W 

and 22% efficiency, and a 90% conversion efficiency to AC power (considering inverter 

efficiency + resistive losses) the energy and power data for the installed PV system can be 

calculated as seen in Table 4.2.  typical DCFC at 50kW rating if considered to charge an 

EV for the duration of 30 minutes (0.5 hours) a day, will consume 25kWh of energy per 

day. A DCFC system can provide up to 100 miles with 30 minutes of charging [25]. Thus, 

in a year it will consume (25 * 365) 9,650kWh. The charging efficiencies are considered 

to be perfect for both AC and DC cases. From Table 4.2, the total PV output is determined 

by considering the installed PV area (6928 m2). We can observe that even if 10% (210,557 

kWh/year) of the PV generation is diverted for DCFC it will be sufficient for DC fast 

charging 20 EVs for year. Finally, if we consider the elimination of AC inverters and divert 

10% of the generated PV to DCFC the savings obtained are summarized in Table 4.3. The 
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DC energy can be calculated by considering average of 5 sun hours for South Carolina 

(1500∗5∗365) as 2,737,500 kWh/year. 

 

Figure 4.5. Irradiance data from the Aurora Simulation software by HeroX 

Table 4.2. Simulation PV output values after calculations  

Location 

Energy and power readings 

Irradiance 

(kWh/m2/year)  

PV Output – DC 

Instantaneous Power 

(kW) 

PV Output – AC 

energy after 

conversion 

(kWh/m2/year) 

Total PV Output – AC 

energy in given area 

(kWh/year) 

Clemson 

University 
1535 1500 303.93 2,105,567 
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Table 4.3. DC-to-DC charging vs DCFC in the AC network 

Charging 

input 

power 

Energy and power readings 

PV output 

energy for 

charging 

[10% of total 

generation] 

(kWh/year)  

DCFC consumption 

data per charging 

stall with 10% power 

(kWh/year) 

Number of EV 

charging capability 

 

AC 210,577 9650 22 

DC 273,750 9650 29 

 

5. Additional Factors contributing to electrification of transportation in the 

future  

5.1  Intelligent charging technologies and related opportunities 

The charging-discharging EV profiles and their impact on the grid are the next 

issues to be tackled by the new electrified transportation sector. The proposed smart 

charging mechanism involves several charging techniques to cope with the increased 

demand. These techniques are illustrated in Figure 4.6 [26]. As seen in Figure 6 [26], smart 

charging capabilities can range from basic on/off controlled charging to highly sophisticate 

automated control with dynamic pricing. The basic and V1G technologies are 

straightforward and need not be considered in this discussion. The V2G, V2H, and V2B 

are mechanisms that are going to impact the grid and the EV battery. There are several 

public policies incentivizing EV ownership and V2G opportunities, but at present there is 

no business case. The major highlight for V2G adoption policy is frequency regulation 

[27]. Storage systems enable efficient frequency regulation by increasing/decreasing 
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generation or increasing/decreasing load demands [27]. Battery reserves through EV 

discharge are another benefit favoring V2G adoption to adhere to congestion in the grid 

during peak-demand hours. Lastly, V2G enables renewable energy integration by power 

quality conditioning, especially for wind energy [28]. Wind energy is more variable than 

sun, and EV battery systems can provide the necessary power quality conditioning for this 

variable power generation. Thus, the objective of policies favoring V2G applications is to 

successfully integrate EVs into the existing electricity grid. The real concern is whether the 

incentives for V2G outweigh the challenges associated with it. 

 

Figure 4.6. Smart charging as an enabler for EVs to provide flexibility to the grid [26] 

The challenges associated with V2G are in the form of battery degradation, 

distribution equipment overload, and investment and energy losses [29]. Of these, the 

major challenge with V2G is the degradation of the EV battery. Continuous charging and 

discharging of the battery will have its adverse effect on the battery. Intricate control 

mechanisms will be required to maintain the battery State-of-Charge (SoC) at required 
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levels to avoid degradation. Furthermore, increased charging cycles will ultimately affect 

the battery lifetime. Apart from the technical challenges to the battery, several network 

security and privacy issues are also summarized in reference [29]. It is understandable that 

exposing the vehicle battery to a central grid can open more possibilities of cyber-attacks. 

Monetary transactions associated with V2G incentives are another concern to adhere to 

with respect to their intricacies. Therefore, the viability of V2G application is questionable. 

The need for V2G can be replaced by a V1G architecture to incentivize charging during 

minimum load and peak PV generating hours of the day. Further technical and policy work 

is required to make a V2G, V2H, and V2B business case. 

5.2 Intelligent energy management systems 

The domain of artificial and computational intelligence has paved way for 

predictive control and intelligent energy management system (I-EMS) for EV charging. A 

sophisticated EMS is a hardware and software solution that implements multi-objective 

optimal control. The design of EMS can be categorized as either rule-based or model-

based/optimization-based techniques as explained in reference [30]. Rule-based algorithms 

are a set of constraints, either deterministic or fuzzy, that depend on the desired mode of 

operation. On the other hand, model-based or optimization-based algorithms define a single 

or multi-variate objective function or a model that is minimized or maximized as desired. 

Model-based optimization algorithms outperform traditional rule-based ones in terms of 

energy consumption reduction [31]. Computational intelligence paradigms, such as 

dynamic programming, neural networks, artificial immune systems, evolutionary 
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computing, and swarm intelligence, are some model-based optimization algorithms that 

can be applied to design efficient real-time I-EMS for EV charging. 

For the PV and battery-centered charging infrastructure, the integration of I-EMS 

focuses on optimal dispatch of solar power and available co-located lithium-ion battery 

storage to reduce conversion losses and provide charging on-demand. The main goal of the 

I-EMS is thus ensuring maximum utilization of the available solar irradiation for EV 

charging. Some secondary goals of the system can be increasing the co-located battery 

storage lifetime, ensuring optimal bi-directional power flow within a local community, 

minimizing transmission, and conversion losses etc. while performing desired EV 

charging. The I-EMS is responsible for providing a real-time estimate of the SoC and State-

of-Health (SoH) of the co-located battery storage. Since, SoC and SoH are not directly 

measurable, a reliable and accurate estimation strategy is needed in order to improve 

battery life. Furthermore, mitigating thermal degradation of batteries is another crucial 

function of the I-EMS. Charge equalization among individual cells is vital to increase the 

overall battery performance. The I-EMS is also responsible for data acquisition, 

maintaining charge-discharge profiles, and safety protection of storage systems. The 

critical functions of I-EMS necessary for smooth EV operation are summarized in 

reference [32]. 

Integration of PV, wind-based, or grid-tied charging schemes has led to additional 

parameters that need to be included in the EMS optimization strategy. Grid tied EV 

charging creates additional optimization parameters that are unnecessary for DC charging 

infrastructure. Active (P) and Reactive (Q) power balancing, energy scheduling for 



 86 

charging/discharging during peak load, reducing Rate of Change of Frequency (ROCOF) 

effects, single/three phase conversions, grid pricing, and demand-response incentives with 

off-peak and on- peak charging hours, line loading, over-voltage, and under voltage 

protection, are few of the many problems associated with grid tied charging stations. These 

additional control parameters can be eliminated in a DC-based charging infrastructure with 

I-EMS. The power flow management between PV-DC generation and local charging can 

easily be optimized while ensuring SoC and SoH of the batteries with I-EMS. The 

intermittency of PV charging is improved by oversizing and EMS controlled local battery 

storage at charging stations. This significantly reduces the computations and improves 

execution time for intelligent control. 

A block-level representation of the PV-centered DC EMS is shown in Figure 4.7 

[33]. The proposed EMS is a computational, information, and action engine that receives 

operational data from IoT sensors and prediction models, processes, and computes 

available information, and generates actionable commands for optimal power flow 

dispatch. 
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Figure 4.7. Block-level representation of PV-centered DC I-EMS [33] 

6. Discussion 

The PV-centered and battery-based power network is the most cost-effective 

solution for creating a sustainable infrastructure for the electrification of transportation. If 

the local generation of DC power is not practical, then the long-haul power transmission 

mechanism must also be DC-based. With a complete end-to-end DC network, we can 

eliminate the power losses incurred in the existing infrastructure and reduce the ultimate 

charging cost of EVs. Grid synchronization concerns can be eliminated and the impact on 

the grid, due to the large scale of EV incorporation, can also be avoided. The increased 

energy efficiency of the proposed DC power network compared to the current AC 

infrastructure implies that there will be immense reductions in the components and 

materials required for power generation, transmission, and distribution.  
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The adoption of intelligent energy management systems in this power network will 

be the key to various technical and economic benefits. A PV and battery-based network 

can not only meet the changing demands with greatest efficiency, but also ensure clean 

generation of power towards a clean and sustainable future. It is important to realize the 

importance of innovative implementation strategies at the nascent stages rather than 

incorporating the global electrification of transportation sector in the current aging 

infrastructure. Existing infrastructures might contain the new demand for the near future 

but will ultimately succumb to the increasing strain of the new energy demand. Moreover, 

under-developed and developing countries, which aspire to achieve climate goals through 

electrification of transportation, must realize the advantages outlined in this chapter. The 

existing infrastructure is already strained in such nations and cannot handle increased 

power demands of such magnitude. Instead, it will be immensely beneficial to establish 

low-cost novel infrastructures rather than trying to bolster the existing infrastructure. 
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CHAPTER FIVE 

 

PV-, COMPLEMENTARY WIND-, AND BATTERY-BASED POWER NETWORK 

AS A GLOBAL SUSTAINABLE ENERGY SOLUTION FOR THE FUTURE 

1. Introduction 

There is no need to stress on the importance of adoption of free fuel solar and wind as 

energy sources for power generation anymore. However, the utilization of the power 

generated from solar and wind in the most efficient manner has become the new crisis. 

Currently, the existing infrastructure is based on alternating current (AC) based power grid. 

Owing to the invention of the transformer, it was possible to transmit AC power over long 

distances with minimized losses. In order to work with the AC transmission infrastructure, 

the sources of power generation were also AC-driven. This system has been in place for a 

century in the world today. However, with the innovations in silicon-based integrated 

circuit (IC) industry, majority of the loads that we use today are direct current (DC) 

powered. Large scale commercial applications like Data Centers are also adopting a DC 

architecture for increased power system efficiency. Thus, the aging AC infrastructure does 

not pose as the most efficient power network anymore. PV systems generate DC power 

and require storage for the night when solar energy is unavailable. Lithium-ion batteries 

are the most energy-efficient cost-effective storage option for PV systems as batteries store 

and supply DC power. For DC power network, the Dc-AC and AC-DC conversion losses 

are minimized in the utilization of PV systems for generation and batteries for storage. 

Without using the concept of baseload, PV and battery-based power network system can 

provide nearly half the cost of electrical power than current grid [1]. Thus, a combination 
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of PV and battery-based systems can provide a complete, efficient, and cost-effective 

solution for our energy demands. 

Wind energy generates AC power due to the use of rotors and shafts in its operation. 

However, the intermittency of wind energy generation requires the generated power to be 

conditioned and regulated. In off-grid applications, batteries are the most effective to store 

and condition the generated wind energy and supply it to residential loads [2]. Even in grid-

connected wind energy systems, only a special inverter is used at the last stage to connect 

it to the grid [2]. The DC power conditioning is still required. Thus, a DC power network 

is also beneficial in a wind energy-based power network to reduce AC-DC conversion 

losses. 

From the early days of large-scale PV, the dispatchability of wind and solar energy-

based systems have been challenged due to the variability in generation [3]. Another cited 

drawback for wind and solar energy systems is the capacity factor. The capacity factor is 

the ratio of the actual amount of power generated over a period of time to the maximum 

power that can be generated by the power source in the same period of time. Wind and 

solar systems are flouted to have a capacity factor of approximately 35% and 25% 

respectively [4]. This is relatively low compared to "dispatchable" sources of energy like 

nuclear, natural gas, coal, etc. However, the capacity factor is not an appropriate measure 

of the viability of power system. This will be further discussed in the chapter. The 

introduction of battery-based storage systems is a gamechanger to the capacity factor and 

the dispatchability for these sources of energy. Moreover, the dispatchability and 

variability issues are further enhanced due to integration with the aging AC grid. 
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"Dispatchable" sources of power incur disadvantages in capacity credit, reduced 

utilization, and transmission of over-generated wind and solar power due to lack of 

storage [5]. We can overcome these challenges completely with our proposed DC network. 

It is evident that the future energy demands for humanity is to be fulfilled utilizing 

renewable energy systems as the source of power generation. It is important to realize the 

importance of efficient utilization of the generated renewable power. A review and analysis 

of such techniques at the start of transition will be extremely beneficial to implement a 

sustainable and reliable system. Modifying aging infrastructures may seem cost-effective 

at the moment but will lead to significant long-term losses. This chapter focuses on 

establishing the most clean, efficient, and cost-effective conceptual network to satisfy the 

energy demand for the future.  

2. Accessibility of renewable energy in a global perspective 

Accessibility issues are mostly due to the inability of the centralized infrastructure 

to reach remote rural areas. The decentralized, local DC power network encompassing PV 

and batteries can address the accessibility even in remote rural regions. To demonstrate the 

effectiveness of PV systems, we combined the population density data with the availability 

of PV output across the world. The population density data was obtained from reference 

[6]. Incident solar intensity data was obtained from reference [7]. The color-coded 

population density map was combined with the incident solar intensity data and assigned 

different colors accordingly to generate the new combined data map. This is demonstrated 

in Figure 5.1. The data clearly indicate that majority of the world population can produce 

a substantial amount of PV power per day. In regions with lower PV output power intensity, 
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such as the Scandinavian and Northern Russian territories, wind energy power output 

intensities are substantially greater. The availability of wind energy in these regions can be 

seen in Figure 5.2 [8]. This natural complement enables the design of a power network that 

can be sustained 100% on free-fuel-based sources of energy with maximum accessibility. 

 

Figure 5.1. PV output combined with population density. The colors represent the data as indicated in the 

legend. 
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Figure 5.2. Wind energy mean power density [8] 

A system comprising of PV and wind will be sufficient to meet the energy demands 

of the globe today. The primary supply will be on PV systems due to the increased 

availability and reduced intermittency as compared to wind. According to reference [9], 

the performance characteristics for more than 50% capability is significantly higher in solar 

projects as compared to wind projects. Thus, PV projects are given priority in our system 

with complementary wind energy systems in regions where the PV output values are 

insufficient to meet the demand. In our scope, wind energy systems that are referred to as 

a complementary energy source for PV systems are confined to onshore wind energy 

systems. Off-shore wind systems can attain higher power capacities due to the consistency 

of wind at sea, but they have significant cost and environmental disadvantages. The cost of 

offshore wind turbines is still not at par with onshore wind systems due to complexities 

involved in their construction. Apart from costs, offshore wind energy systems can cause 

substantial damage to the oceanic ecosystems. As described in reference [10], there are 

several considerations for construction-related and operational impacts of offshore wind 
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energy systems. Offshore wind systems have gained a lot of attention in recent times, 

majorly due to the construction usability of equipment mainly associated with oil-rig 

companies. However, from a sustainability point of view, the compatibility of onshore 

wind systems with PV systems is more compared to offshore systems. Therefore, our focus 

is on onshore wind energy systems and henceforth the term "wind energy systems" referred 

to in this chapter will be associated with onshore systems.  

3. Battery as a practical large-scale storage solution 

The energy storage sector is dominated by pumped hydroelectric contributing to 

approximately 93% of the energy storage capacity in the United States [11]. For 100 MW, 

10-hour hydro storage the projected cost is $262/kWh [12]. For similar lithium-ion battery-

based energy storage systems the estimated cost is ($356/kWh) [12]. As we will show in 

later section that for PV and battery-based system operating for more than 10 hours, this 

cost will be further reduced. Cost is the major barrier in green hydrogen that is formed by 

splitting water in a solar or wind powered electrolyzer currently cost many times more than 

so-called gray, made from fossil fuels, and even blue, which is gray with its emissions 

captured [13]. The term battery systems will be henceforth referred to in this chapter for 

lithium-ion batteries. 

3.1 Pumped-hydroelectric storage vs lithium-ion battery storage 

In lieu of climate change related challenges, it is no longer economically and 

environmentally viable to utilize natural gas-based peaker plants for energy storage. Hence, 

the discussion in this section is limited to cleaner sources of energy storage technologies. 
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PV systems will be at the heart of our power network design. PV systems generate DC 

power and batteries store DC power. Thus, the need for conversion to AC power is 

eliminated. On the contrary pumped hydroelectric power systems are AC power-based 

systems and hence, the generated PV power will incur DC-to-AC conversion losses at the 

energy storage level. As mentioned earlier, wind energy systems require DC power to 

enable conditioning of the intermittent power generated. Thus, battery systems can also 

serve as an excellent conditioning system for wind energy systems. Both pumped hydro 

and battery systems return approximately 80% of the power they store [14]. However, with 

the advent and growth of electric vehicles across the globe, lithium-ion battery technology 

is experiencing tremendous increase in the roundtrip efficiency (RTE) to meet the power 

demands from a vehicle. The RTE for lithium-ion batteries has been cited to be about 95% 

in recent times [15]. In terms of energy density, batteries have a clear edge over pumped 

hydroelectric system. Pumped hydroelectric systems have storage density of 0.2-2Wh per 

liter as compared to battery systems that can have storage densities in the range of 200-

400Wh per liter [16]. Thus, the location plays an important role for pumped hydro systems 

to facilitate efficient storage and dispatch. Battery systems have lower location 

dependability due to their higher energy densities. Overall, with a PV- and wind-based 

energy generation scenario, battery systems can prevail as the more practical storage 

technology over pumped hydro systems as the installation costs of the battery systems is 

approaching close to the pumped hydro costs in the very near future. 
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3.2 Hydrogen fuel cell storage vs lithium-ion battery storage 

The hydrogen fuel cell industry has gained a lot of hype in recent times. Hydrogen 

upon combustion does not produce any greenhouse gas emission as their fossil fuel 

counterparts. Thus, hydrogen fuel cell is claimed to be the next alternative source of fuel 

for fossil fuel-based natural gas in power generation and petroleum in transportation. It has 

also gained some attention as the next grid-level storage option. However, an analysis of 

the hydrogen fuel generation is required. There are currently many sources of hydrogen 

generation, but this discussion will focus on the three major techniques: grey, blue, and 

green hydrogen. Grey hydrogen is produced from fossil fuel combustion and contribute to 

greenhouse gas emissions, like the transportation industry. Therefore, grey hydrogen 

cannot be utilized as an alternative source of clean energy. Blue hydrogen also generates 

hydrogen from fossil fuels, but the key difference is that the generated greenhouse gases 

are captured and stored (also may be utilized in other industrial processes requiring 

carbon). However, these carbon capture techniques can capture only approximately 90% 

of the carbon emissions. The remaining emissions can still contribute to the overall carbon 

emissions. Also, the transportation and storage (deep underground in geological 

formations) are still not economically viable. The concept of Carbon Capture Utilization 

and Storage (CCUS) may provide benefits to other industries with unavoidable carbon 

emissions but is not a viable consideration when competing with clean energy sources like 

PV and wind. In the energy storage sector also, blue hydrogen systems are not an 

economically viable alternative to the lithium-ion battery systems owing to their 

transportation and storage costs. CCUS in the power and energy storage sector is a clear 
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incentivization of the utilization of fossil fuel to be become environmentally conscious. It 

cannot provide any key benefits compared to PV, wind, and battery systems. Finally, the 

real proposed green alternative hydrogen fuel is green hydrogen. Green hydrogen relies on 

the generation of hydrogen through an electrolysis process by the utilization of renewable 

energy for power. Although it is the cleanest of all hydrogen generating techniques, the 

electrolysis is quite complex and expensive. Green hydrogen is approximately three times 

more expensive to produce when compared to blue hydrogen [17]. 

Some important observations from reference [12] are that lithium-storage data are 

available for mostly 4-hour/6-hour durations as compared to the longer durations for 

pumped hydro and hydrogen fuel cell (10-hour). The industry considers the power-energy 

ratio to determine the duration of storage. Since, lithium-ion battery packs compete with 

natural gas peaker plants today, they are designed to provide high power during peak 

consumption hours. The discharge rate for batteries is significantly higher to satisfy peak 

load hours and thus, they are confined to 4/6-hour systems to remain economically viable. 

This is due to the grid design to work with baseload power. Baseload power is the minimum 

power always supplied by the electricity grid at all times. The loads greater than the 

baseload is supplied by peaker plants (usually natural gas). However, owing to the reduced 

costs of PV, wind energy systems, and battery packs, the power network can be designed 

for maximum utilization of renewable energy through an oversized PV and wind energy 

system. There is no need for high discharge rate for battery systems and hence they can be 

scaled to 10-hour or longer time systems. Scaling of batteries can lead to further decrease 

in their system cost and increase their economic viability. It can be seen in Figure 
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5.3 [1] that scaling batteries from 4-hour to 16-hour systems can lead to a decrease in their 

system costs. Thus, if economic feasibility is the only reason inhibiting the battery systems 

from becoming large scale storage systems, our proposed power network design can 

provide a solution to implement battery systems as the most efficient, reliable, economic 

storage option. 

 

Figure 5.3. Decreasing battery systems cost with increase in duration of operation [1] 
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4. Challenges faced in integration of PV and Wind power into the electricity 

grid 

4.1 Baseload-centered design 

As mentioned in the previous section, the grid is designed to operate at baseload 

power. This means that the grid always operates at a minimum power level irrespective of 

the load demand. When the load demand is lower than the baseload, the grid is wasting the 

extra power generated. However, when the load is at peak levels of consumption, the grid 

dispatches power using fast discharge capabilities like natural gas peaker plants. A 

comparison for peaker plants in the clean energy system would be battery systems that can 

be dispatched for peak load consumption. Due to the intermittent nature of PV and Wind 

systems, the extra power generated during reduced load hours is wasted or poses problems 

to the grid if they cannot be transmitted or stored. On the contrary, during peak load hours 

these systems without storage are cited as non-dispatchable and variable sources leading 

to a decreased capacity factor. This decreased capacity factor and dispatchability issue is 

addressed as one of the main concerns for renewable energy systems. However, if the 

power network is redesigned to incorporate maximum utilization of available PV and wind 

power coupled with battery storage, then these systems can be sized to meet worse case 

load demands with the grid acting as a backup for extra power injection. Thus, the whole 

system can be remodeled to facilitate the maximum utilization for PV and wind energy 

systems.  
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4.2 Negative pricing challenge 

Non-renewable sources like coal, natural gas, and even nuclear plants are operating 

for baseload conditions. As there is more renewable energy penetration into the grid, these 

non-renewable plants must have the flexibility to shut down to allow maximum renewable 

utilization. However, due to the inertial nature of these plants, it is more profitable to keep 

them running than to incur the cost of restarting them. Renewable sources have high 

flexibility and there have been scenarios when they had to be shut down even during peak 

operation to maintain grid balance. It also causes scenarios where the excess supply is 

trapped in grid congestions rather than being delivered to areas with increased demand. 

Increase in renewable power penetration in the grid is causing the novel challenge of 

negative power prices in the wholesale market for the electricity grid in numerous 

locations. An illustration of these scenarios can be seen in Figure 5.4 [18]. 

 

Figure 5.4. Increasing frequencies of negative pricing scenarios in major US grids [18] 
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4.3 Conversion losses in the current electricity grid 

Although it is more efficient to utilize a complete DC power network for 

generation, storage, and transmission, for more than a century, resources have been 

invested to support the AC infrastructure. Current technical and economic analysis show 

the need of phasing out the aging AC infrastructure to give way to a more efficient, reliable, 

clean, and sustainable power network. Also, solutions must be employed at the nascent 

stages to avoid negative pricing scenarios to emerge as the next crisis with renewable 

energy adoption. In this regard, it is very necessary to transmit the renewable power to 

areas with increased demand and not stagnate the power where it is not required. Therefore, 

the HVDC transmission must be implemented cost-effectively to enable the maximum 

utilization of generated renewable power. One more aspect in the solution process is cross-

border submarine transmission. The viability of HVDC being the preferred choice of 

submarine transmission is a widely discussed topic and it has been well established 

recently. The utilization of high efficiency HVDC transmission system can transmit the 

extra PV and wind generated power to regions with increased load consumption. Thus, we 

can avoid the dispatchability and curtailment issues associated with renewable power 

generation leading to negative pricing. Figure 5.5 shows the implementation PV and wind 

energy in the current AC infrastructure. 
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Figure 5.5. Conceptual diagram representing the current practice of utilization of green sustainable electric 

power in the AC power-based grid tied network. 

The implementation shown in Figure 5.5 encounters high level of conversion losses 

as well as increased system cost and complexities due to HVAC-to-HVDC converter 

stations. Figure 5.6 illustrates a power network that can incorporate the advantages of DC 

power into the current AC infrastructure with minimum conversion losses. This model 

employs a DC architecture for power generation and energy storage through PV, wind, and 

battery systems. The transmission is also DC-centered through HVDC and the conversion 

to AC power would be at the final load consumption stage. This design will minimize the 

need for multiple conversions, grid synchronization, and reactive power conditioning. The 

availability of a High Voltage DC (HVDC) transmission network will facilitate the extra 

power generated by PV and wind energy systems and eliminate the need for curtailment. 

The need for capital costs for new HVDC transmission infrastructure can be minimized by 
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converting the existing AC transmission lines to HVDC according to the suited project 

requirements. Studies indicate that converting existing AC transmission lines can be lower 

cost than construction of new HVDC lines in compliance with the in-place regulations for 

HVDC lines [19][20]. Thus, depending on the financial viability, the decision for the 

conversion of AC lines or constructing new HVDC lines will ensure increased efficiency 

for transmission, thereby facilitating maximum utilization for PV and wind energy systems. 

 

Figure 5.6. DC power network incorporated into the existing AC infrastructure for enhanced renewable 

utilization 
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5. End-to-end DC power network as a sustainable global solution for future 

power networks 

5.1 Local utilization DC power  

With the advent of solar energy-based PV and wind energy as sources of generation 

and battery banks for storage, it is possible today to realize Edison’s vision of dc generation 

and distribution. If the physical distance between power sources (generation and storage) 

and loads is small (power loss less than about 4–5%), an interconnected local DC power 

network can satisfy these loads with maximum efficiency. Figure 5.7 illustrates the local 

DC power network. 

 

Figure 5.7. Local DC power network concept 

The first part of Figure 5.7 is the low-power load (48 V) fulfilment through the PV, 

wind, and battery bank-based dc network. These loads are typical household appliances 
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with low power consumption like LED lights, ceiling fans, etc. The importance of novel 

DC loads with high energy efficiency must be taken into consideration for under-developed 

and developing nations where the power infrastructure is still in nascent and developing 

stages. The second part of Figure 7 is the medium to high-power loads (380V) like data 

centers, commercial centers, and residential buildings, etc. The 380V DC distribution 

network is already being used by several data centers in the United States and other 

countries. However, in most cases the AC power is converted to 380Vdc before entering 

in the building. The third and most important part is the emergence of dc fast charging 

networks as loads. With the rapidly growing trend of electrification in the transportation 

industry, dc fast charging is going to be dominant source of power consumption. The 

viability of a sustainable dc-based power network for EV charging is elaborated in previous 

chapter. The last part is the interconnectivity of such a local DC power network with similar 

local networks to form a microgrid. Such a DC network can be realized only through 

efficient DC-DC converters which is discussed in the next chapter. 

5.2 Complete DC power network concept 

Our proposed conceptual end-to-end DC power network as global electricity 

solution for 100% load requirements is illustrated in Figure 5.8. All three aspects of 

generation and storage, distribution, and transmission are met by DC power-based 

systems. The generation aspect is met through the utilization of PV and wind energy. The 

storage aspect is covered by battery energy storage. Finally, the transmission aspect is met 

by a HVDC lines to transmit the DC power at maximum efficiency. Majority of the loads 

utilized today are DC-powered due to increased efficiency and reliability. Thus, it is more 



 108 

efficient and economical to invert DC power locally rather than converting PV and wind 

generated DC power to AC and then converting back to DC power at the load level. 

 

Figure 5.8. End-to-end DC power network concept 

At the generation side, the elimination of grid-tied inverter systems can curtail the 

DC-to-AC conversion losses and reduce system complexity arising due to frequency 

synchronization and voltage regulation. The PV and wind power can be effectively utilized 

with maximum power system efficiency with a DC-based approach. At the energy storage 

side, the utilization of battery systems for peak load scenarios and can facilitate the most 

efficient and reliable energy storage system which is also DC-based. The battery banks can 

operate at maximum efficiency due to the high efficiency DC sources like PV systems. 

Thus, loss minimization can be achieved at the energy storage level, due to the DC-to-DC 

architecture. The distribution aspect of DC networks is a well-researched area due to the 

need for high efficiency DC systems like Data centers and DCFC for the EV industry. In 
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our power network concept, a DC distribution system will be more efficient due to the 

elimination of conversion losses from AC to DC as the generation is DC-centered. At the 

transmission side, although HVDC transmission systems have displayed superior 

characteristics in terms of losses and efficiency, HVDC systems are still under scrutiny 

owing to the costs associated with it. An analysis of HVDC system costs will be covered 

in the next chapter.  

6. Discussion 

PV and wind energy-based power system coupled with battery storage systems can 

become the dominant source of energy for 100% load satisfaction across the globe with the 

correct design approach and policies. Since, PV systems can be designed for reduced 

intermittency by the solar activity prediction models, PV systems is the primary source of 

power generation in our model. However, wind energy systems can be designed as the 

complementary source of power during unavailability of PV power during the night and in 

regions where the PV power intensity is lower than the required load. This design can be a 

combination of local PV and wind systems with large scale PV and wind farms connected 

to the power network through highly efficient HVDC transmission. Battery storage systems 

can serve as the peak-load energy dispatch systems during peak-load hours when the free-

fuel based sources are insufficient to meet the load demand. Along with peak demand, 

large-scale battery banks can be accommodated at the farm-level to meet load demand 

criteria to tackle intermittency of PV and wind energy intensity. This design also 

emphasizes the need for power generation-based design as opposed to the existing 

baseload-centered design existing in the industry. The design also is a viable solution 



 110 

strategy for the negative pricing challenges faced by the grid in recent times due to 

increased renewable energy penetration. 
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CHAPTER SIX 

 

ROLE OF SILICON CARBIDE POWER ELECTRONICS IN REALIZING THE 

PROPOSED CONCEPT OF AN END-TO-END DC POWER NETWORK BY 

ENABLING HVDC TRANSMISSION 

1. Introduction 

Recently, both SiC and GaN are drawing the attention as potential replacement of 

Si-based power electronics in many sectors. These may open some new markets where Si 

based power electronics cannot function either due to power or temperature limitations. 

The traditional Si MOSFETs have provided effective low voltage (<600V) switching 

circuits for internal DC voltage conversion in various circuits. However, their performance 

struggles above 600V in high power and high frequency operations. Wide Bandgap (WBG) 

materials have the potential to meet the performance requirements of future power 

electronics. An analysis of WBG devices in the power electronics sector can be seen in [1]. 

The higher bandgap of SiC and GaN transistors enable various operating characteristics 

over Si transistors. These characteristics are associated with switching speed, input and 

output impedance, voltage and current, temperature coefficients and power losses. Figure 

6.1 gives an approximation of the device-level characteristics best suited for the operating 

voltage and frequency range.  
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Figure 6.1.  Approximate transistor operating classification 

Despite their physical superiority, Si-based devices are still dominating the power 

electronics industry. The lower cost of Si-based devices is the driving factor for large scale 

implementation of these devices over their WBG counterparts. Even though the more 

mature Si technology enjoys the cost advantage at device-level, various factors like area, 

power density, component and system weight, switching frequencies, scaling, etc. 

contribute to the total system-level cost. Wide scale adoption of WBG power electronics 

will lead to adoption of mature Si-based manufacturing techniques in WBG device 

manufacturing as well. The cost for the WBG devices will be dictated by such adoption of 

mature manufacturing techniques. The manufacturing perspective will be further discussed 

in subsequent sections of this chapter. 

In the renewable energy sector, DC-DC voltage converters and power inversion 

from DC to AC power for utilization in the commercial grid is the major application of 
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power electronics. PV systems produce a DC output. Wind energy systems also require DC 

output conditioning to avoid intermittency issues. These systems require high efficiency 

inverters to convert the generated DC power to commercially prevalent AC power. Si 

IGBTs have been dominating the medium voltage DC-to-AC inversion as well as some 

medium voltage DC-to-DC conversion topologies. With the advent of EVs, there has been 

a significant increase in the need for DC-to-DC conversion topologies for the on-board 

power electronics for inverters and charging systems. The significance of DCFC as the 

most efficient charging solution for EVs has been discussed in chapter 3. These demands 

from the EV industry along with the need for more reliable and robust systems with space 

and weight constraints have led to the recent growth of WBG-based power electronics. As 

shown in Figure 6.2 [2], a forecast by Yole Developpement group showcases the potential 

growth in the power device market due to the EV industry [2]. The forecast is very positive 

for the WBG (especially SiC) market at the discrete and module level. The reduction in 

cost driven by the EV industry for these devices on a discrete and module levels can be a 

boon for the DC power industry as discussed in the next paragraph.   
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Figure 6.2. Increasing growth forecast for the WBG power device market owing to the EV industry [2] 

A PV, wind, and battery-based DC fast charging infrastructure will also require 

high efficiency DC-to-DC high power converter topologies. A comparative device-level 

cost and power dissipation analysis for <650V and >650V operation for the year 2019 is 

illustrated in Figure 6.3 (a and b) [3]. In 2019, it can be seen that for <650V operation, the 

competition on a cost and power dissipation factor is between GaN on Si and Si CoolMOS 

technologies. In the >650V operation, SiC was competing with Si IGBTs for high power 

operation. However, owing to heavy R&D in WBG technologies in the recent years, they 

are making their mark in the power electronics industry which will drive their cost 

reduction.  
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(a) Legend: 1 – Si MDMesh, 2 – Si MOSFETs, 3 – Si SuperJunction, 4 – GaN on Si, 5 – SiC Fet, 6 – Si 

CoolMOS 

 

(b) Legend: 1 – Si MDMesh, 2 – Si SuperJunction, 3 – Si IGBT, 4 – SiC FET (900V), 5 – SiC Fet (165W), 

6 – SiC Fet (208W) 

Figure 6.3. Comparison for device-level cost and power dissipation for power transistors for <600V and 

>600V operation [3] 
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This chapter aims to focus on the technology gap in realizing a complete end-to-

end DC power network. The generation aspect of the network can be realized by utilizing 

a PV, complementary wind, and battery-centered approach for maximum utilization of 

renewable DC power as discussed in chapter 3. The distribution aspect, as mentioned in 

the previous chapter, is a well-researched area due to increasing demand from data centers 

and DCFC systems. Currently, the gap for such an end-to-end DC power network is an 

efficient transmission system. HVDC transmission can fulfill our required metrics, but its 

viability must be discussed.   

2. Evaluation of HVDC transmission as an enabler for complete end-to-end DC 

power network 

The design for a sustainable power network must encompass the capability to 

transmit over long distances. The idea of using power networks for sending green 

sustainable electric power over thousands of miles has been around for a number of 

years [4]. Backed by the United Kingdom, India led International Solar Energy Association 

has a plan to create a network to connect the power markets of 120-plus countries [4]. With 

advancements in various aspects of technology, it is possible to realize such power 

networks today. As an example, at the low-cost of $0.013/kWh HVDC will be used to 

connect a 10.5 GW solar/wind complex in Morocco to the UK grid [5]. Although HVDC 

transmission systems have displayed superior characteristics in terms of losses and 

efficiency, HVDC systems are still under scrutiny owing to the costs associated with it. 

However, a major chunk of the installed costs for an HVDC transmission system is the 

converter station cost. In a Trans-Australian HVDC Interconnector project, the converter 
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station cost accounted for almost 36% of the total project cost [6]. The elimination of 

HVAC-to-HVDC converter stations will significantly reduce the cost for HVDC 

transmission system. A comparative cost analysis for 500 kV HVAC vs HVDC 

transmission system using the NREL’s JEDI Transmission Line model [7] can be found 

in Figure 6.4 (a and b). The selected parameters are included in Appendix C. In this 

analysis, the converter station costs for HVDC system are not neglected. It showcases the 

decrease in HVDC cost per mile with increase in distance. This trend is majorly due to the 

converter station cost. As the number of miles increases, the converter station requirement 

is still the same (two stations). Thus, the cost per mile reduces with increased distance as 

the converter station cost is spread out with increasing distance. If the converter cost were 

to be eliminated, HVDC systems would be on par, if not better, with their HVAC 

counterparts.  

 

(a) 
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(b) 

Figure 6.4. Cost per mile trend for HVAC vs HVDC transmission systems for: 

(a) <1000 miles and (b) >1000 miles 

In current practice, DC power generated from the PV, wind, and battery banks is 

first converted to medium voltage ac (MVAC) in order to transmit via HVAC. Generation 

level inverters are utilized for this purpose. For a DC power generation source (PV/wind 

energy) and an HVDC transmission system, the current practice registers significant losses 

in conversions. Hence, it will be highly efficient to maintain a complete DC power network 

with PV and complementary wind as generation, batteries for storage, and HVDC for 

transmission. In this network, the generated LVDC power must be converted to HVDC 

power using high efficiency DC-to-DC converters and transmitted through HVDC 

transmission. The transmitted DC power can be utilized to power emerging DC loads like 

EV fast charging and can also serve in the utilization of a DC distribution bus in industrial 
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loads like cement factories, desalination plants, etc. The significance of DC bus in 

industrial loads like desalination plants is discussed in [8]. Figure 6.5 illustrates a complete 

end-to-end DC power network with DC-centered loads like desalination, cement factory 

plant, and EV charging. However, capital and time invested in the current AC infrastructure 

cannot be ignored just at the cost of energy efficiency. As shown in Figure 6.5, the existing 

AC loads can be served by conversion at the distribution level from MVDC to MVAC. 

This eliminates the cost and complexity involved with HVDC to HVAC converters. 

Existing HVAC transmission lines can also be converted to be used with a HVDC 

transmission system, and the new HVDC system would have a higher capacity of electric 

power transmission than the existing HVAC system with the same insulation level. A lot 

of R&D is being carried out in this area [9].  

 

Figure 6.5. End-to-end DC power network concept for existing and new loads 

The discussion in this section substantiates HVDC transmission as a viable option 

for efficient transmission of power in a complete DC network. However, in order to realize 
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HVDC transmission’s viability in such a system, the generation/distribution level 

LVDC/MVDC must be converted to HVDC with minimum losses. This provides a segue 

into our next discussion for a DC-to-DC conversion topology.  

3. DC-to-DC conversion topologies for HVDC operation 

There are several DC-to-DC conversion topologies which are being considered for 

HVDC systems. These converter topologies can be analyzed by dividing them into 

different groups based on their implementation strategies as discussed in the subsections 

of this section. 

3.1 Line Commutated Converters (LCC) and Self Commutated Converters (SCC) 

LCCs employ thyristors as their switching devices and heavily rely on the AC 

network for conversion from AC to DC. They are also known as Line Commutated 

Converters as they rely on the AC line voltage for their switching devices. Due to the 

connection to the AC grid, they require AC filters, VAR compensators and smoothing 

reactors [10]. Figure 6.6 [10] illustrates the block diagram for a LCC connected to an AC 

grid. The filter and smoothing reactor requirements lead to the LCC-based system with 

increased size and complexity due to the need for cooling mechanisms. Hence, it will not 

be beneficial in our complete DC network to consider these LCCs for any viability.  
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Figure 6.6. Block diagram for an AC grid connected LCC [10] 

SCCs on the other hand need not be connected to the AC grid. In our DC network, 

SCCs have the clear advantage over SCCs due to their independence from AC systems. As 

these converters can operate in a complete DC system, their system size and complexity 

can also be reduced compared to their operation in the existing AC grid with elimination 

of smoothing reactors and AC filtering components. A block diagram representation of a 

SCC topology in our system for HVDC transmission is shown in Figure 6.7. The SCC-

based topology consists of power electronics for switching and additional DC components 

for high power HVDC transmission systems.  
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Figure 6.7. Block diagram for a SCC-based topology in a complete DC network for HVDC transmission 

Table 6.1 [11] lists the characteristic comparison between a LCC and SCC system 

for HVDC operation. The important characteristics are highlighted in the table. LCC-based 

systems do not require turn OFF control due to the line commutation. However, the 

commutation relies on the external circuit. Since, there is no reactive power involved in a 

complete DC network, the independent Q control gives the SCC-based system an edge in 

our system. The characteristics to operate in weaker or passive AC system can be seen as 

a disadvantage with the existing AC grid but does not come into play in our complete DC 

network. The elimination of the need for reactive power and heavy filtering for harmonics 

are the major advantages for SCC-based systems in our network. The only disadvantage 

for SCC systems would be the DC line fault coping. LCC-based systems have good control 

over DC line faults due to their natural arc extinguishing at zero crossing. Thus, complex 
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DC circuit breakers and switches are the need of the hour for SCC systems. Although, this 

disadvantage is heavily compensated by the reduction in system size, complexity, and 

costs. In recent years, the world has witnessed an increased frequency of harsh weather and 

climate change-related calamities. The possibility of cyber-attacks on the power 

infrastructure cannot be neglected as well. Therefore, the Black start capability of SCC 

systems also gives an added advantage to the prevalent sceneries across the globe. Thus, 

the next subsection will focus on non-isolated and isolated SCC topologies for DC-DC 

conversion. 

Table 6.1. Comparison of LCC- and SCC-based HVDC system (Modified from [11]) 

Characteristic LCC HVDC SCC HVDC 

Stored energy in Inductance Capacitance 

Semiconductor 
Withstands voltage in either 

polarity 

Combination can pass current in 

either direction 

Semiconductor switch Turned ON by control action 
Turned ON and OFF by 

control action 

DC voltage 
Changes polarity, reserves the 

power flow direction 
Direction does not change 

DC current Direction does not change 
Direction changes to reverse the 

power flow 

Turn-Off 
Commutation relies on the 

external circuit 
Independent of external circuit 

P & Q P & Q dependent Independent P & Q control 

Real Power capability Very high Lower than CSC 

System strength 
Requires minimum SCR to 

commutate thyristors 

Operates into weaker AC 

systems (or passive) 

Overload capability Good Poor 
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DC line faults 
Copes well. Control action can 

extinguish arc 

More challenging as diodes 

provide path 

Harmonic generation 
Significant, AC and DC 

harmonic filters required 

Small, minimal filtering 

required 

Reactive power Needed 
Fine reactive power control in 

both directions 

Black start Requires additional equipment Capable 

3.2  Isolated and non-isolated topologies for DC-DC conversion in HVDC systems 

This section will discuss the two major types of converter topologies based on their 

implementation with respect to isolation in terms of operations. Generally, transformers 

provide electromagnetic isolation through mutual inductance and transformer-less designs 

are non-isolated topology. In our system the goal is to enable DC-to-DC conversion from 

the range of LVDC to HVDC. The conversion can range from LVDC (<1.5kV) to MVDC 

(1.5kV to 100kV) for local generation to distribution network and vice versa. MVDC to 

HVDC (>100kV) conversion must also be enabled for distribution to transmission network. 

Finally, the end case of LVDC to HVDC conversion must also be covered for elimination 

of PV and Wind power curtailment due to congestion in the distribution grid. The required 

metrics for our system is summarized in Table 6.2. The generation and storage are used 

synonymously in Table 6.2. Table 6.2 also covers the use-case examples for each of the 

performance metric and their power flow direction according to Figure 8 in the previous 

chapter and Figure 6.5 in this chapter.  
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Table 6.2. Conversion topology requirement metrics for end-to-end DC power network use cases 

Power flow: G – Generation, D – Distribution, U – Utilization, T – Transmission, S – Surplus power 

injection  

Performance 

Metrics 
Use cases Power flow 

Conversion topology 

requirement 

Local PV/wind 

+ Battery 

centered 

network 

1. Residential 

2. Local EV charging 

3. Small Commercial loads 

G → U 

G → D 

D → U 

S → D 

LVDC – LVDC 

LVDC – MVDC 

MVDC – LVDC 

LVDC – MVDC 

PV/Wind + 

Battery bank 

centered 

network 

1. Utility-scale operation 

2. DCFC distribution network 

3. New-age DC Loads 

G → D 

D → T 

T → D 

D → U 

LVDC – MVDC  

MVDC – HVDC 

HVDC – MVDC 

MVDC – LVDC  

Maximum 

utilization of 

PV/Wind 

generated DC 

power 

1. Elimination of PV/wind 

power curtailment 

2. Elimination of Baseload-

centered design 

S → D 

S → T 

T → D 

D → U 

LVDC – MVDC 

LVDC – HVDC 

HVDC – MVDC 

MVDC – LVDC  

Complete DC 

power network 

connection to 

AC 

infrastructure 

1. Load-level inversion 

2. Distribution-level inversion 

D → U 

D → D 

LVDC – LVAC 

MVDC – MVAC 

 

Reference [12] gives a comprehensive overview of major DC-DC conversion 

topologies and have curated their classification for HVDC operation. As seen in Figure 6.8 

[12], specifications required in our system are highlighted. The validation for the 

specifications highlighted are as follows:  

1. Isolated: System-level isolation is required for connecting to LVDC residential 

systems.  
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2. DAB: Bidirectional power flow is required for surplus power utilization and 

injection. 

3. Resonance: Resonant techniques with DAB are preferred for high efficiency 

operations.  

4. Non-isolated MMC converters: The multiple conversion stages involving 

LVDC, MVDC, and HVDC in the same network will require a modular 

converter. The cascaded and multilevel designs are preferred for HVDC 

operations. A Modular Multilevel Converter (MMC) is best suited for our 

requirement. 

 

Figure 6.8. Classification of isolated and non-isolated topologies for DC-DC conversion curated for HVDC 

operation [12] 

Thus, our system will require a combination of isolated and non-isolated topologies 

due to the high degree of freedom required in the conversion topologies.  
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4. Design concept for DC-to-DC convertor in an end-to-end DC Power network 

Based on the analysis in the previous section we can design the concept for a 

Bidirectional DAB-based Resonant MMC. The converter design should start off with the 

generation side of the system. The generation in our case would be PV/Wind power and 

battery (for storage). The regulatory standard for maximum output voltage from a PV 

system has increased from 600V to 1000V and then to 1500V in recent times [13]. In order 

to cover all the use cases through modularity we can consider establishing the extreme 

conversion ratio i.e., LVDC to HVDC, first. This will cover the use-case from 

generation/surplus power to the transmission network as mentioned in Table 6.2. Thus, a 

soft switching and resonant (for maximum efficiency) DAB converter can be designed by 

connecting the low-voltage (LV) side to the generation (and storage) elements. The high-

voltage (HV) side of the converter can have a Modular multilevel design to accommodate 

high degree of freedom in output voltage. Figure 6.9 illustrates the soft switching 

bidirectional resonant DAB converter that connects to a PV/Wind and battery system. The 

major components in the converter system can be summarized as follows:  

1. Input, output, and resonant capacitors 

2. LV and HV side switching power electronic devices 

3. High frequency transformer 

4. Modular multilevel design of the HV side depending on the system-level output 

voltage required.  

All these components, except the capacitors, in the conceptual design shown in 

Figure 6.9 will be further investigated in the following sub-sections.  
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Figure 6.9. Soft switching bidirectional resonant MMC converter topology concept 

4.1 SiC power electronics as the enabler for soft switching bidirectional resonant MMC 

As discussed in the Introduction section, the competition for high power switching 

technologies is between Si IGBTs and SiC devices. The LVDC and MVDC conversions 

can be handled by Si IGBT transistors as they have adequate performance in the 1–2 kV 

range.  Combined with the cost advantages of Si IGBTs, it will be difficult for SiC devices 

to compete in the LVDC and MVDC ranges. Scenarios such as DC distribution systems in 

DCFC systems in tight commercial spaces looking for size reductions or the 800V EV 

powertrains can consider SiC devices in the LVDC and MVDC operations where cost is 

not a barrier and system size is of utmost importance. However, the argument for PV and 

battery-scale LVDC-MVDC conversions to beat the existing AC infrastructure must satisfy 

cost parameters as well. However, at HVDC operation, the breakdown voltages for power 

electronic devices must also increase substantially. Due to limited performance, the highest 

voltage rating of the state-of-art commercial Si IGBT has been 6.5 kV for the last 15 years. 

As the breakdown voltage increases, these intrinsic physical limits become a barrier to 
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achieving higher performance power conversion. Therefore, the implementation of 

conversion for HVDC operation will require transistor ratings that are much higher than 

commercially available Si IGBT ratings. SiC transistors have a higher breakdown voltage 

as compared to their Si counterparts.  The world is currently looking at 10kV SiC 

MOSFETs as the next generation device for high power electronics. With advent of SiC 

IGBTs higher breakdown voltages up to 15kV and even 24kV can be made possible [14]. 

In our DC system, the higher breakdown voltage for SiC devices can enable lower 

component count for the higher output voltage levels. The higher output voltage enables 

the system to deliver the same amount of power for lower current ratings to reduce I2R 

losses in the system. Higher switching frequency operation in SiC devices can enable 

reduction in system size and complexity due to reduction in the need for advanced filter 

designs and passive components. The superior thermal characteristics of SiC devices at 

high power operation can further reduce system complexity and size due to reduced cooling 

requirements. Thus, overall, on a system level SiC devices have the clear advantage over 

Si IGBTs at high power operation. However, the system cost is also an important metric in 

our system. Si IGBTs are still more cost effective than their SiC counterparts. The system-

level cost advantage is an enabler for the utilization of SiC devices in our system but the 

roadmap for a reduced component cost must be established to guarantee their feasible 

utilization.   

A roadmap for the SiC device cost reduction due to manufacturing capabilities is 

discussed in [15]. Before discussing the forecasts in [15], we can analyze an equation for 

Cost of Ownership (COO) stated in [16]: 



 131 

 

 

(1) 

 

𝑤ℎ𝑒𝑟𝑒,  

𝐶𝑂𝑂 = 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑂𝑤𝑛𝑒𝑟𝑠ℎ𝑖𝑝 

 𝐶𝐹 = 𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡 

𝐶𝑉 = 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐶𝑜𝑠𝑡 

𝐶𝑌 = 𝐶𝑜𝑠𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑌𝑖𝑒𝑙𝑑 𝐿𝑜𝑠𝑠 

𝑇𝑃𝑇 = 𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 

𝑌 = 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑌𝑖𝑒𝑙𝑑 

𝑈 = 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

From Equation (1), it can be deduced that the fixed cost, variable cost, and cost due 

yield loss have to be reduced while there must be an increase in the throughput, composite 

yield, and utilization. In the SiC device fabrication case, the controllable factor to drive 

down component cost is the cost due to yield loss which goes hand-in-hand with the 

composite yield. The throughput increase will require wafer processing techniques from 

the mature Silicon wafer processing into the SiC process. The utilization aspect is not in 

question anymore in recent times. The major factor to be discussed from Equation (1) is 

the composite yield and cost associated with yield loss. The simplified equation for yield 

in an IC circuit is given in [17] as follows: 

COO =
CF +  CV +  CY

𝑇𝑃𝑇 ×  𝑌 ×  𝑈
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(2) 

 

𝑤ℎ𝑒𝑟𝑒,  

𝑌 = 𝑌𝑖𝑒𝑙𝑑 

𝐷 = 𝐷𝑒𝑓𝑒𝑐𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 

𝐴 = 𝐷𝑖𝑒 𝐴𝑟𝑒𝑎 

As seen in Equation (2), a reduction in Defect Density and Die Area can drive the 

Yield to increase thus reducing COO for SiC devices. A comparison Si and SiC 

manufacturing technology roadmaps in 2014 can be seen in Figure 6.10 (a and b) [18].  The 

Si technology has seen significant increase in wafer size and a significant decrease in defect 

density despite the technology progression over the last 50 years driven by the micro-

electronics and information industry’s demand. The SiC technology has yet to evolve into 

larger wafer sizes and decrease the overall density in order to match the Si technology cost.   

Y = e−𝐷𝐴 
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(a) 

 

(b) 

Figure 6.10. Roadmap for evolution in Si and SiC technologies (a) Impact on cost/cm2 due to increasing 

wafer size and decreasing Defect Density from 1975 to 2016; (b) Impact on cost/cm2 due to increasing 

wafer size and decreasing Etch Pitch Density from 2007 to 2013. 



 134 

The decrease in die area and defect density will drive an increased yield for SiC 

technology leading to a decreased Cost of Ownership. An increase wafer size will drive the 

throughput increase in order to further lower the cost. An illustration for the decrease in 

ownership cost derived from Equations (1) and (2) can be seen in Figure 6.11.  

 

 

Figure 6.11. Decrease in Cost of Ownership (COO) due to decrease in yield loss driven by decrease in 

Defect density and Die Area. Increase in throughput driven by increase in wafer size. Increase in 

Utilization driven by increased SiC adoption.  

The projections from [15] also showcase a similar trend as indicated by Figure 6.11. 

Firstly, the SiC MOSFET die cost loss is dictated by the cost for SiC substrates [15]. The 

decrease in die cost for a vertically integrated self-supplied SiC substrate vs a market 

sourced SiC substrate is explained in [15]. The self-supply model can drive the increase in 

yield as well due to the reduced defect density by a vertically integrated model. Taking into 

account the innovations in the device-level design of SiC devices, the Ron,sp ( - cm2) has 

decreased with each generation of advance in SiC technology [15]. The decrease in 
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resistance per unit area can enable lower die sizes for similar operating currents [15]. Thus, 

a decrease defect density and die area can contribute to an increased yield in SiC wafer 

manufacturing leading to decreased component costs. The increase in throughput by 

increasing wafer size and subsequent cost reduction can be seen in the projections in Figure 

6.12 [15]. Here, the input parameters for the cost projection for a 200mm vs 150mm SiC 

wafer are the normalized substrate costs, normalized defect density, and normalized die 

area. The projections resulting from the decrease in these three input parameters are 

favorable for an increase in wafer size from 150mm to 200mm for 1.2kV/100A device.  

 

Figure 6.12. The PGC Consultancy SiC cost forecast model, based on a best-in-class 2021 1200V/100A 

device [15] 

In lieu of the discussion in this subsection, if SiC technology can adhere to the 

roadmap and cost projections outlined here, it can become the default choice of switching 



 136 

device in our converter topology. However, due to the current cost scenario, we can utilize 

the Si IGBTs on the LV side to provide the best feasibility in our system. The HV side will 

still be governed by the SiC MOSFETs due to their superior characteristics. 

4.2 Other design considerations for the DC-DC converter 

Since, the switching devices have been analyzed, it is important to evaluate the 

other building blocks for our converter design. A High frequency transformer (HFT) along 

with power electronics forms a Solid-State Transformer (SST). The HFT has superior 

characteristics in terms of weight, volume, and modularity over the conventional line-

frequency transformer. The utilization of high-frequency suitable magnetic core materials, 

such as nanocrystalline core, is an important aspect in their design. The SST forms the 

submodule for our Modular Multilevel Converter (MMC). It is important to realize that the 

output voltage levels can be in the MV range for the secondary side of the SST due to the 

limitations of breakdown voltages of 10kV in SiC devices (due to conduction losses and 

soft switching limitations). Thus, the final design concept for our Soft Switching 

Bidirectional Resonant DAB-based MMC based on SiC power electronics can be seen in 

Figure 6.13. With the advent of SiC IGBTs with higher breakdown voltages (15kV/24kV 

[14]), the HV submodule output voltage can be further increased to 13kV/20kV enabling 

lower number of submodules required for the same HVDC transmission operation.  

The LV side of the SST can also receive MVDC input voltage levels to enable 

distribution to transmission level voltage conversion ratios reducing the need for higher 

transformer winding ratios. This will be trade-off discussion for the transformer insulation 

requirement and conduction losses. Another trade-off discussion for reducing transformer 
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component count in the system can be cascading the output-side full bridges and converting 

them into submodules. These submodules can then be series-connected to receive the 

desired HVDC voltage level. The trade-off in this scenario would be the addition of large 

filtering and passive components (accumulation inductor and HV capacitors) and AC 

circulating current introduction in the output side arm. Both these configurations are 

included in Figure 6.14 (a and b) for reference.  

 

Figure 6.13. SiC power electronics-based Soft Switching Resonant Bidirectional Modular Multilevel 

converter design concept 
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(a) 

 

(b) 

Figure 6.14. Alternative approaches to DC-DC converter design using the same components with a few 

changes to configuration and passive components; (a) Series-connecting LV side to obtain MVDC input to 

the converter to decrease transformer winding ratios; (b) Cascading output-side Full Bridge configurations 

to reduce transformer component size in the system.  
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5. Discussion 

A large amount of green DC power generated by photovoltaics and/or wind turbines 

and stored in batteries is wasted in current AC electricity infrastructure. Based on Silicon 

Carbide (SiC) power electronics, we propose HVDC transmission of bulk power by DC-

to-DC power converters. Power electronics with higher performance, higher reliability, and 

low-cost power has the potential to provide transformation of power transmission, 

distribution, and utilization. This will in turn establish a highly efficient power network 

that will be centered around renewable with maximum feasibility considerations as well. 

The details about the power electronics-based challenges like inadequacy of a single device 

to interface HVDC, switching losses at HVDC operation, device-level isolation and 

control, high-frequency transformer tradeoff design between insulation and thermal 

management; and system level challenges like reliability issues, system isolation and dc 

protection, and system complexity have been extensively discussed [19] and some of them 

are still ongoing research topics.  
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CHAPTER SEVEN 

 

CONCLUSION AND FUTURE WORK 

This dissertation discusses the importance of a novel approach to address the energy 

crisis across the globe. Only free fuel-based PV and wind power have the ability to provide 

a low-cost, sustainable, and efficient solution to the rising energy demand from various 

industrial sectors. The reliance on fossil fuel-based sources is no longer viable form a 

climate change perspective as well as an economic standpoint. The biggest arguments 

against these renewable energy sources are their intermittency leading to dispatchability 

ultimately disabling large scale operation. However, the declining costs of li-ion battery 

systems due to the demand and innovations in the EV industry can address the 

dispatchability issue due to intermittency of renewable energy sources. The Li-ion batteries 

can provide a large-scale storage solution as well as enable peak power operation to address 

the dispatchability issues. Thus, combined with battery storage, PV and/or wind power 

networks have the capability to provide the ultimate solution for all power needs. However, 

the massive investments in the AC grid over the decades cannot be ignored. Thus, it is 

necessary to ensure the maximum utilization of PV/wind power in the AC grid as well. 

However, the approach followed by the industry today are still centered around the inertial 

energy sources like coal, natural gas, and nuclear power plants. The focus of the power 

network needs to change from these non-renewable sources to the renewable ones. A 

PV/wind and battery-centered approach must be considered to fulfill the energy demands 

in the AC grid as well.  
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The advent of electrification in surface transportation is going to cause a new 

increased demand for electricity across many nations hoping to completely electrify their 

transportation sector. However, the utilization of fossil fuel-based resources to meet these 

increased electricity demands due to coupling the EV charging network in the AC grid will 

ultimately defeat the goal of reducing carbon emissions through electrification of 

transportation. Thus, this novel load along with other stand-alone industrial loads like 

desalination plants, cement factories, etc. can be served by a separate end-to-end DC power 

network. The realization of such a DC network locally is not a challenge anymore. 

However, the efficient transmission of DC power is still under question. The innovations 

in the WBG-based power electronics, especially SiC, can enable higher operating power, 

reduced costs due to reduced system size (lower cooling needs) and reduced system 

complexity (lower component count) in DC-to-DC converter topologies. The HVDC 

transmission can greatly benefit from such high efficiency DC-to-DC converters in a 

complete DC network due to the elimination of cost-intensive and large footprint HVAC 

to HVDC converter stations. The end-to-end DC power network can also enable the future 

power demands in the most efficient and cost-effective manner on a global perspective as 

well.   

In this scope of a local DC power network, the major future work can be attributed 

towards establishing novel techniques for power exchange between the various microgrids. 

The blockchain technology is a topic under heavy research for power transaction tracking.  

In the scope of maximum utilization of PV/wind and battery power in an AC system, 

intelligent dynamic control of the allocation of PV/wind and battery power according to 
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changing demand cycles from the various load profiles will lead to a robust system with 

minimum failure and fault conditions. An intelligent dynamic control can also employ 

machine learning techniques in order to predict the load profile as well as PV/wind output 

levels. Such a predictive and dynamic approach will eliminate intermittency issues and 

increase the reliability of systems to oversize the PV and wind energy systems on a cost-

to-power trade off basis. In the electric transportation sector, an intelligent battery 

management system empowered by IoT devices at vehicle-level nodes can further open the 

door for machine learning opportunities to enable dynamic control in this sector as well. 

With advent of heavy-duty electric vehicles with increased power demands from the 

charging sector, an I-BEMS can ensure maximum utilization of battery discharge 

capabilities at the charger level. The innovations in the SiC power electronics can guarantee 

the advent of a complete end-to-end DC power network for sustainability. Developed 

countries will definitely resist such an overhaul of an existing system, however, this 

network can hold immense scope in developing and under-developed nations where the 

electricity infrastructure or even EV charging infrastructure is in its nascent stages.  
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Appendix A 

Key Assumptions for MATLAB code in Chapter 3 

1. The available rooftop area for PV panel installation on buildings is 80% of the 

provided area as justified in the text. The farm area is considered at 37,384 m2 to 

provide the sizing of an 8 MW system. 

2. The battery capacities chosen according to the sizing considerations are 12000 kWh 

for the buildings and 35000 kWh for the PV farm. These considerations are obtained 

through varying several values for the batteries in the given flowchart in Figure 3.8. 

3. The minimum State of Charge (SOC) is rated at 20% of the battery charge level and 

the maximum SOC is rated at 100% of the battery capacity as modern batteries are 

equipped to operate at such ratings. 

4. The PV generation data is generated through the irradiance in the region. After 

temperature compensation is carried out for the panels as described in Section 4.1, the 

panel output is obtained by multiplying the efficiency of the panel (22.1%, according 

to the data sheet in [1]). This obtained output is for per m2 of the panel. The final PV 

generation is obtained by multiplying the obtained per m2 value with the available 

rooftop area. 

5. The losses due to inverters, transmission lines and battery cycling efficiency are 

assumed after researching the most recent and state of the art systems. These losses 

assumed are as follows: 

a. Inverter loss: 8% 

b. Transmission loss: 7% 
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c. Battery cycling loss (round-trip efficiency consideration): 5% 

6. The losses occur as follows: 

a. Building:  

From PV to battery charging: minimum DC-DC losses (neglected) 

From PV to load: Inverter loss 

From battery to load: Inverter loss + battery cycling loss 

b. PV Farm: 

From PV to battery charging: minimum DC-DC losses (neglected) 

From PV to load: Inverter loss + Transmission loss 

From battery to load: Inverter loss + battery cycling + Transmission loss 
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Appendix B 

Considerations for loss calculations for conversion mechanisms in Chapter 4 

1. LVDC—LVDC converter losses: The efficiency ratings for low voltage DC-DC 

converters are cited up to 98% in recent times [1]. Furthermore, voltage ranges from 

9 to 420 V are achieved at 93% efficiency [1]. In this case, the assumption is for 

dedicated state-of-the-art DC-DC converters (possible WBG implementation). 

Hence, the efficiency is considered up to 97% as seen in reference [2]. 

https://us.sunpower.com/sites/default/files/media-library/white-papers/wp-sunpower-module-40-year-useful-life.pdf
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2. PV inverter MVDC—MVAC loss: The efficiency rating of 96% is considered as 

per current industry standards [3]. 

3. Transformer MVAC—HVAC—MVAC converter loss: A 1% loss value is 

considered for non-ideal practical scenario. 

4. HVAC—HVDC—HVAC converter and HVDC transmission loss: The comparable 

losses for a 400 kV overhead AC transmission line to a 500 kV HVDC transmission 

line are 9.4% to 6%, respectively [4]. Hence, in our case, they are considered as 9% 

for AC transmission lines and 5% for HVDC transmission lines considering the 

HVDC lines can go up to 800 kV for 2.3% losses [4]. The HVDC converter station 

losses are outlined for Voltage Source Converter (VSC up to 350kV) and Current 

Source Converter (CSC up to 800 kV) as 1% and 0.7–0.8% per converter end, 

respectively [5]. Thus, to gain the independent power control advantage associated 

with VSCs, state-of-the-art WBG-enabled version of this technology is utilized. 

The loss per converter end is assumed to be 2% for up to 500kV. 

5. LVDC—HVDC -HVDC converter losses: In this conversion topology, a 1% 

intermediate DC-to-DC conversion stage loss and 2% intermediate stage-to-HVDC 

conversion loss is considered as per reference [6]. These losses can be further 

reduced considering state-of-art (possible WBG) incorporation. However, for the 

purpose of industrial practicality, a 3% value is finalized. 

6. Charger-based MVAC—LVDC inverter losses: A 250 kW Tesla supercharger is 

claimed to deploy an efficiency of 96%, thus rendering a loss of 4% [7]. 
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Considerations for cost per mile ($million/mile) for HVAC vs HVDC transmission 

systems in Chapter 6 

1. Project location: United States. 

2. Year of construction/installation: 2020. 

3. Transmission line type: 500kV AC or 500 kV DC. 

4. Transmission line length: 1 mile to 4000 miles. 

5. Terrain classification: Flat with access. 
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6. Population density classification (Right of way access): Rural. 

7. Development and preconstruction period: 5 years. 

8. Construction period: 13 months. 
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