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.
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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].

Number of times 5-minute prices on US power grids turned negative
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Source: Yes Energy

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.

DC power network in existing AC grid:
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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.
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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
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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.
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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
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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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2021 - 2027 power device market - xEV* focus

(Source: Power Electronics for Automotive - Focus Passenger and Light Commercial Vehicles 2022,
Yole Développement, May 2022)
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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 IGBTSs 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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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 HVYDC 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 HYDC 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.
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Cost per mile vs distance for greater than 1000 miles
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Figure 6.4. Cost per mile trend for HVAC vs HVDC transmission systems for:

(@) <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

119



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].
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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 HYDC 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

Changes polarity, reserves the

DC voltage R Direction does not change
power flow direction
DC current Direction does not change Direction changes to reverse the
power flow
Turn-Off Commutation rglles_ on the Independent of external circuit
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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