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Abstract

Recent decades have seen substantial growth in the demand for lithium-ion batteries
(LIBs); as a result, the number of gigafactories is increasing. The power systems of these
gigafactories are the most important parts of these installations, as they are directly
responsible for energy efficiency, operational cost, and sustainable growth of the LIB
industry. This necessitates the need for comprehensive studies of power consumption in
a gigafactory during the LIB manufacturing process. This paper presents a detailed review
of the state-of-the-art of different parts and components of power systems in gigafactories,
and power consumption estimation during cell production. This research analyzes the
existing components of a power system, including power sources, different power
distribution mechanisms, various power equipment, thermal management strategies,
failure analysis methods, and several technologies for regenerative functions. The analysis
of the above-mentioned components, systems, and technologies will enable us to
understand the cumulative power consumption profile of the gigafactory, including the
power consumption at each step of the production process, for normal non-production
operations, like powering and lighting the facility, and for the complex and highly
sophisticated power distribution system. The outcomes of this research paper highlight
the importance of an optimized power system for the gigafactory, with maximum possible
efficiency and minimal power losses during transmission, distribution, operational stages,
and the cell formation process. This paper also helps to understand the shortcomings in
existing systems and technologies, suggests improvements, and provides targets for
future research directions.

Keywords: lithium-ion batteries; gigafactory; cell formation process; power systems;
power distribution; power equipment; failure analysis; regenerative function

1. Introduction

Large-scale manufacturing facilities for lithium-ion batteries (LIBs) with a total
manufacturing capability of more than 1 GWh are generally referred to as gigafactories.
These gigafactories are fundamental to meeting the ever-increasing demand for LIBs in a
rapidly digitalizing world. The production of LIBs has been projected to increase about
sevenfold to reach 2200 GWh by 2030 [1]. These gigafactories consume a massive amount
of electrical energy for LIB production, particularly during the cell formation process. For
instance, the manufacturing of a 24 kWh battery pack requires 16.31 MWh [2,3]. This
makes an energy-efficient power system a critical necessity for a modern, reliable, and
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sustainable gigafactory [4]. This research analyzes power consumption during cell
manufacturing. The main goal is to identify different power consumption patterns and
trends, establish key areas of power losses, and propose improvements to enhance the
energy efficiency of the power system for future research directions.

Figure 1 provides brief information about the key elements of the power system
analysis in a gigafactory. Historically, power consumption analysis was overlooked. But
in recent times, with a growing focus on sustainable and energy-efficient power systems
for industrial plants, the field’s importance has increased, and the available literature has
expanded significantly. This review paper explains the critical components and
methodologies for power consumption analysis in gigafactories. These include power
sources, distribution systems, power equipment, thermal management systems, failure
analysis, regenerative functions, and other critical energy-consumption metrics of cell
formation systems.

Figure 1. Key elements of the power system analysis.

Exploring the diversification of the power sources and their integration into the
gigafactory’s existing power systems is fundamental. An increase in the production of
renewable energy sources, such as solar and wind, may support the gigafactories’ reliance
on the traditional grid power. The integration of renewable power into the existing power
systems of industrial plants results in considerable reductions in operational costs and
carbon emissions, as highlighted in [5]. For example, Tesla’s gigafactory in Nevada has
installed solar panels on site and uses this renewable power in combination with grid
power, which has reduced its dependency on fossil fuels and other non-renewable power
sources and increased its sustainability [6].
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The thermal management of a power system is crucial for preventing equipment
from overheating and maintaining optimal operating conditions [7]. A large amount of
heat is generated by the electrical equipment in a gigafactory power system and released
into the surrounding environment. These thermal loads have been effectively reduced by
using a liquid cooling system in combination with heat exchangers in industrial plants.
The advantages of this cooling method have been explained in [8]. In addition to cooling
liquids and heat exchangers, improvements in the design and use of advanced materials
for cooling systems and heat sinks can effectively enhance cooling system efficiency by
managing the generated heat [9,10].

Optimization and reduction in operational costs of the industrial plant can be
achieved with regenerative functions used as a power-saving measure. Such regenerative
systems are particularly advantageous in high-power applications, where frequent
braking and acceleration cycles occur. Regenerative systems can effectively be used to
recover and reuse heat energy that would otherwise be lost as waste heat [11]. Integration
of regenerative systems into existing industrial processes can result in significant energy
savings and a reduction in operational costs [12]. Another important factor for power
system analysis is understanding and mitigating power system failures. Mitigation of
these failures is critical for maintaining an uninterruptible power supply (UPS) and the
smooth functioning of gigafactories (or any other industrial plant). Commonly identified
failure points in an industrial plant’s power system are switches, transformers, and power
transmission lines, as explained in [13]. The use of predictive maintenance and real-time
monitoring is necessary to prevent power failures [14]. It is vital to avoid or decrease
power failures in the power system through the implementation of robust maintenance
schedules and high-quality switching and control components [15].

For an effective and efficient analysis of the power system in the gigafactory, per-
watt-hour power consumption is considered a critical parameter. Comparison of different
power consumption metrics from several gigafactories can help us identify best practices
for power saving and also indicate the critical areas for improvement [16]. Power
management systems, specific operational practices, and advanced technologies are
important factors for enhancing power efficiency. As an instance, the overall power
consumption can be considerably reduced by implementing the strategy of optimized
production schedules and energy-efficient lighting systems in industrial plants [17].

The reminder of the paper is as follows: Section 2 presents the cell formation process;
Section 3 focuses on power sources; Section 4 analyses the power distribution system,
including earthing systems; Section 5 focuses on power equipment for the cell formation
process; Section 6 describes all the thermal management approaches; Section 7 covers the
generative function; Section 8 covers the failure analysis in gigafactory. All of the above
aspects are discussed in Section 10, whereas Section 11 presents the concluding remarks.

2. Cell Formation Process

The most important stage in the gigafactory of LIBs is the cell formation process. This
process electrochemically activates newly manufactured LIB cells. The LIB cells are
electrochemically activated through rigorous and continuous charging and discharging
cycles. Different charging and discharging topologies and C-rates are used to achieve
desired characteristics. This makes the cell formation process one of the most energy-
intensive stages in the gigafactory, consuming more power compared to any other stage
in the LIB manufacturing process.

The formation area of the cell manufacturing facility consists of formation towers
made up of chambers or individual racks with an independent control channel for each
cell in both topologies [18].
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The power system required for the cell formation process comprises numerous
power equipment, including battery testers, AC/DC and DC/DC converters, cell chargers,
and monitoring and protection systems. The performance of the cell formation process
can be improved by using higher efficiency and innovative power systems.

Cell formation includes important processes, critical for normal cell operation,
including Solid Electrolyte Interphase (SEI) formation, Cathode Electrolyte Interphase
(CEI) formation, and structural changes in active materials [19,20]:

e  The cell formation process is responsible for the formation of the SEI layer on the
surface of the anode, so that direct contact between the anode and electrolyte can be
avoided during normal cell operation [19].

e  Just as SEI is formed at the anode layer, CEI is formed at the cathode surface, and
generally the thickness of the CEI layer is less than the SEI layer [21].

e Cell formation process is also responsible for establishing stable electrical contact
between the electrolyte and the active materials [22].

The target end of the cell formation process is according to the parameter called Columbic
efficiency (CE): the cell formation process is thought to be completed when the value of
CE reaches 100% [19].

Figure 2 shows the flowchart of the critical stages in the cell formation process of
LIBs. These stages are explained in the following paragraphs. During the first stage (pre-
charging), the newly manufactured LIBs are prepared for formation cycling, leaving an
open hole at the top of the cell. The cells are charged to a very low level with very low
charging current rates, i.e., (1/20)C [23].

(Electrochemical
Activation

Pressing

PreCharging Fomration Cycling Self Discharging
Degasing \ | /, (Ageing)

Figure 2. Basic flowchart of the cell formation process.

In the second stage (cell assembly), which consists of pressing, formation cycling, and
de-gassing, rigorous formation cycles are carried out on these cells under considerable
pressure to avoid swelling during the initial charging period. Cells are charged and
discharged according to different protocols depending on the charging rates and current
and voltage levels. Different chemical materials in the cells produce gases during this
charging process, which are sucked out of the cells through the open hole at the top of the
cases.

When the formation cycling reaches the desired levels, the third stage (Self
Discharging or Aging) starts: after degassing any remaining gases from the cell, the hole
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is sealed. Then these cells are moved to the shelves for the aging test (self-discharging) to

analyze the results of the formation process and the quality of the produced cells.

The cell formation process impacts cell performance and determines the

characteristics and performance of parameters such as aging behavior, power capability,
energy consumption, cost, and safety.

Figure 3 shows the different stages of the cell formation process, consisting of pre-

charging, de-gassing, formation cycling, and aging (self-discharging) [24]. The important
steps of the cell formation process are briefly explained below:

Pre-charging: In the pre-charging phase, the LIB cells are charged for the first time to
form the SEI layer on the anode and create a good electrical connection among active
materials and electrolyte.

De-gassing: In the de-gassing phase, the LIB cells are compressed under suitable
pressure to avoid swelling and to remove any gases generated during the pre-
charging stage.

Formation Cycling: In the formation cycling phase, the LIB cells are charged
according to the manufacturer’s guidelines. Usually, charging starts with a lower
current and is increased to a certain level set by the cell manufacturer. At this stage,
the cells are charged up to 90-95% using constant-current (CC), constant-voltage
(CV), or constant-current—constant-voltage (CC-CV) charging techniques. Some
novel and innovative protocols are also available as alternatives, such as MS-CC
(multi-stage constant-current), PC (pulse charging), CP-CV (constant-power—
constant-voltage), and BC (boost charging). However, they are not as widely used as
CC-CV. Most gigafactories still prefer the CC-CV protocol due to its obvious
advantages. CC-CV offers steady current rates and a simpler power electronics setup.
It generates less heat and reduces the power consumption to maintain the cooling of
the formation chambers and towers. It also avoids noise and spikes, ensuring a
smooth ramp curve during formation cycles. CC-CV provides a higher CE as
compared with other protocols and allows virgin cells to be fully charged without
overstressing the structure (cell chemistry). Although, when considered in isolation,
these innovative formation protocols might show comparatively less power
consumption during the formation process, the lifecycle assessment shows that CC-
CV still provides the best solution as a cell formation protocol [25]. At the end of the
formation cycling stage, the cell case is properly sealed to avoid any leakage.

Aging (Self-discharging): In the aging (self-discharging) phase, 90-95 percent
charged cells are stored in specially designed cell storage chambers, where these cells
undergo the self-discharging process. This is important to understand the quality of
newly produced cells.

https://doi.org/10.3390/en19051345
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Figure 3. Important stages of the cell formation process [23].

3. Power Sources

Power sources are critical for a gigafactory producing LIBs, as these power sources
ensure the efficient, sustainable, and economical operation of the gigafactory [26]. Usually,
a combination of different power sources is used in a gigafactory to manage the huge
energy requirements for battery production [27]. This section analyzes common power
sources used in a gigafactory (including grid power, renewable energy systems, and
backup power supply systems), as well as the characteristics of each power source. In
addition to this, it also analyzes the importance of energy storage systems in order to
ensure a robust and reliable power supply for the gigafactory [28].

Figure 4 shows the approximate estimation of the percentages of different power
sources, combined to meet the power requirement of Tesla’s gigafactory located in
Nevada, based on the data published in the 2023 annual impact report [29].

u Solar Power ® Grid Power B Wind Power ® Battery Storage

Figure 4. Power sources used in Tesla’s factory in Nevada.
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Among these power sources, grid power remains the largest for most gigafactories.
To maintain an optimal production process, the grid sources supply continued power to
the gigafactory. However, dependence on grid power only has its own drawbacks: it can
be expensive due to the change in electricity prices, and it can also face outages due to
grid instability [30].

Gigafactories are signing green and stable energy contracts with private electricity
providers to manage these risks, including controlling electricity prices and minimizing
power outages. These contracts may usually include clauses about demand response
programs: in that case, gigafactories agree to minimize their power usage during peak
demand hours, and, in return, these electricity suppliers give them reduced prices and other
benefits [28].

Gigafactories manufacturing LIB cells require a large amount of stable and
uninterrupted electricity. Renewable energy sources play an important role in meeting
overall energy requirements. During grid-sourced power outages, these systems can also
serve as backup power sources for critical sections of the gigafactory [31]. Apart from
supporting power supply, renewable energy sources also help the LIB industry to
optimize cost and reduce CO2 emissions during the production process, as reported in the
annual reports of famous LIB manufacturers such as CATL and LGES [32,33]. Usual
renewable sources adopted in a gigafactory include the following:

e  Solar power: In recent times, gigafactories have begun to install a large number of
solar panels on rooftops and empty lands in the surroundings of the main structure,
to support grid power, reduce operational costs, and minimize the environmental
impact of the gigafactory during manufacturing processes [27].

e  Hydropower: If a gigafactory is located in a suitable location with hydroelectric
potential due to the presence of a water reservoir, it can be used to generate
hydropower from this water resource. This hydroelectric power can serve as a backup
power source to the traditional grid sources. This is quite rare and location-dependent,
as gigafactories usually prefer to use on-site power generation to reduce external
dependence [34].

e  Cogeneration systems: They are often called combined heat and power (CHP) units

as backup power sources. These CHP units generally consist of an electrical generator
equipped with the capability to recover and use the generated heat for power
generation [35].
Such CHP systems are quite efficient and useful due to their dual-generation
capability, producing both thermal energy and electricity. The electricity is produced
by using the extra heat generated during the process of electricity generation [36,37].
During grid outages, CHPs are usually more efficient and quicker than renewable
energy sources as backup power sources. CHPs use natural gas as a generation
source. They can also efficiently support primary sources during peak demand hours
in case of deficiency in terms of power. However, the main drawback of these CHPs
is that they use natural gas as fuel, resulting in increased carbon emissions from
facilities [38].

e  Electrical storage systems: Gigafactories need an uninterrupted, balanced, and
reliable power supply throughout the manufacturing process. This gives rise to the
use of energy storage systems in order to make intermittent energy from renewable
energy sources, such as solar and wind [39], consistently available. Gigafactories are
established to manufacture LIBs. An efficient and reliable energy storage system can
be built by using similar batteries produced in the same gigafactory. These energy
storage systems can be used to store additional renewable energy produced during
low-demand hours. Later, this energy can be released during peak-demand hours, or
at a time when the potential for renewable power generation is low due to

https://doi.org/10.3390/en19051345
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atmospheric conditions [27]. The prominent examples of such energy storage systems
are Tesla’s Powerpack and Megapack, which are currently being used in Tesla’s
facilities and also by other manufacturers around the globe [40].

e  Flywheels: Flywheel technology can be used to store power in the form of kinetic
energy. In case of a change in power demand inside the gigafactory, it can provide a
rapid response [41,42].

e Thermal storage systems: To balance the heating and cooling requirements in
gigafactories, thermal energy storage systems are used to store extra heat and
thermal energy. This technology can be used effectively and reliably in CHP units
and conjunction systems (a combination of storage and backup).

All gigafactories must have a sophisticated and robust Energy Management System
(EMS) to control the power generated from these diverse power sources. An EMS is used
to optimize energy consumption, maximize efficiency, and minimize cost by monitoring
real-time energy production, consumption, and storage levels. This system ensures the
most suitable available power source is used based on the prediction of energy production
and demand. An EMS makes this prediction based on production schedules and
environmental constraints [27,43].

Furthermore, a gigafactory requires the implementation of smart grid technologies.
They are used for the integration of power from these diverse renewable power sources
and storage systems with existing traditional power sources and the grid [44]. This
integration of smart grid technology makes the power system more efficient and reliable
through the implementation of real-time monitoring, supply and demand balance, and
automated control [45].

4. Power Distribution

Gigafactories have quite a complicated power distribution network. The productivity
and efficiency of a gigafactory can be considerably enhanced by using an efficient power
distribution system. This system ensures that the power is optimally supplied to all the
equipment in the factory. It also helps to reduce operational costs by minimizing
disruptions and losses during power supply and distribution [46]. This section reports the
details of the different components of power distribution systems, including transformers,
distribution networks, smart grids, and automation technologies [47].

A.  Power distribution system overview

The power distribution system of the gigafactory can be divided into three sections,
namely, high-voltage (HV), medium-voltage (MV), and low-voltage (LV) sections.

The HV section represents the power supply from sources (the utility grid and the
backup power sources) to the gigafactory. The MV section represents the internal power
distribution system, whereas the LV section represents the process unit of the gigafactory
where the LIBs are produced. This division of the power distribution system enables us
to understand and analyze each section and piece of power equipment. Appropriate
safety and protection devices and equipment are designed and proposed according to the
voltage level of the particular section. These safety measures and devices protect power
equipment and personnel working in proximity to high-voltage equipment.

An overview of the power distribution system in a gigafactory is shown in Figure 5: it
can be divided into three sections, namely, the high-voltage (HV) section, medium-voltage
(MV) section, and low-voltage (LV) section, based on the operating voltage range of each
section.

https://doi.org/10.3390/en19051345
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High Voltage
(Grid & Backup
Power Supply)
Section of the
Gigafactory

Medium
Voltage (Internal
Power Transmission &

Distribution System)
Section of the
Gigafactory

Low Voltage
(Processing and
Manufacturing

Units) Section of
the Gigafactory

Figure 5. Overview of the power distribution network of the gigafactory.

The HV section of the power distribution system is shown in Figure 6; this section
generally refers to the power supply section of the gigafactory, consisting of the utility
grid supply, backup power systems such as generators, high-voltage switchgears, and the
main transformer of the manufacturing facility. This section is generally operated at 220
kV and 100 MVA. Due to these high operational voltage ranges, this section is classified
as a high-voltage section. Then, a step-down power transformer is used to step down this
power supply to the MV section at 20 kV.

220KV, 40kA

220KV, 40kA

20KV

Figure 6. HV section of the power distribution network.

Figure 7 shows the MV section of the power distribution system. This section
generally refers to the internal power distribution. It consists of the MV switchgear, a step-
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down transformer to step down voltage from MV to LV, capacitor banks, renewables, and
energy storage systems for additional backup power for the gigafactory.

Protecttion Components

Arc Flash Detection(Sms Reaction)

Protecttion Components
Overvoltage Relay (59)

- Protecttion Components

DC Fuse(1000V, 20004)
Isolation Contactor

Low Vaoltage Section Bidirectional Inverter
(Process Unit) (1000Vdc-480Vac,
LIMH) Protecttion Components

[solator(1500V)
Surge Protector(Type 2)

Protecttion Components

Battery Disconnect Unit(BDU),

LLithium-Ion Battery
Racks
(1000Vdc, 2MWh)

PV System
(1500Vdc, 10MWp)

Figure 7. MV section of the power distribution network.

Figure 8 shows the LV section of the power distribution system. This section
represents the process section of the gigafactory, where the cell production line is located.
It is the most complex section and consists of production line equipment, power
conversion systems, motor control systems, uninterruptible power supply systems for the
control and monitoring of manufacturing equipment, and formation chambers. The
operational voltage range of the LV section extends up to 480 V and 2.5 MVA.

The three sections described above are combined to form a very complex power
distribution network (PDN) of a gigafactory. This power distribution network is
explained in detail in the following sections of this paper.

B.  Electricity interconnections and protections

Generally, electricity is supplied to the gigafactory at an HV level from the electricity
grid. So, this voltage is stepped down using transformers, making it suitable for factory
usage. This makes transformers one of the basic components of the distribution network:
it is crucial to select transformers with optimal characteristics and install them at suitable
locations to maintain a stable voltage for different voltage sections, ensuring that power
losses are minimized [48].

The electrical power distribution is optimized by the strategic and careful placement
of transformers at optimized locations in the manufacturing facility [13,49]. These
strategic locations include the main intake station, where HV (220 kV) power is received
from the electric grid and stepped down to suitable MV (20 kV) and low-voltage (400/480
V) levels. The locations of these transformers must not be too far from the production
lines, heating, ventilation, and air conditioning (HVAC) systems, and battery storage
systems, which are major power-consuming parts of the factory [50].

The basic function of the switchgears is to control, isolate, and protect electrical
equipment. They consist of circuit breakers, switches, and fuses. These switchgears are
carefully designed to manage electrical flow and protect the power system. They
minimize faults to ensure the safe and reliable operation of the entire power distribution
network. These switchgears are placed at both HV and MV levels [51].

https://doi.org/10.3390/en19051345
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Protecttion Components
Emergency Stop (E-Stop)(SIL-3)
Zone-Selective Interlocking (ZSI)
Arc Flash Relay

48017
4801 4801
Vi

4801 4801°

Protecttion Components
Static Bypass Switch

4801

Protecttion Component:
otor Protection Relay (49)

48017 48017 4801

801 4801°
480V 801"

Protecttion Components
THD Monitoring (<5%)

4801 801

J80v 4801

800V'DC 800V DC

D & o

Formation

Chambers

Figure 8. LV section of the power distribution network.
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Busbars enable efficient power distribution among different electrical paths for
different components. These are metallic strips or bars used to conduct electricity within
a switchboard, distribution board, substation, or other electrical apparatus. Usually, bus-
bars are used to conduct electricity over short distances.

Cabling is a critical part of an efficient power distribution network. The cabling
should be high-quality and well-insulated to ensure safety and minimize transmission
losses. The cabling system layout is carefully designed to minimize the distance between
the power distribution boards and the consumption points, enhance transmission
efficiency, and reduce energy losses. The efficiency and reliability of the power
distribution network are enhanced by making improvements to the design layout of the
cabling network and using cables made from advanced and high-efficiency materials [52].

C.  Power management system

The development of smart grid technology has transformed the approach for
managing the PDN of a gigafactory. Smart grids optimize the flow of electricity in the
gigafactory by incorporating advanced sensors, communication networks, and automated
control systems [53]. The key features of smart grid technology are as follows:

e The real-time monitoring of electricity consumption, generation, and storage is done
by smart grid technology. This real-time monitoring enables the identification of
deficiencies, the detection of faults, and the optimization of power flow across the
distribution network.

e  The automated control system is used to adjust the power distribution based on real-
time demand of the facility, reduce losses, and enhance efficiency. For example,
power conservation is achieved by temporarily shutting down non-critical processes
during peak demand hours [54,55].

¢  EMSis another important part of smart grid technology. It provides a comprehensive
analysis of energy consumption by integrating data from various sections. EMS
ensures optimal distribution and energy saving by automating power distribution
based on predictive analytics [56].

e [tis critical to maintain an uninterrupted and reliable power supply throughout the
manufacturing procedure. Various redundancy measures are usually incorporated
into the power distribution systems of the gigafactory [57].

e Multiple meshed distribution pathways are laid for electricity distribution to ensure
an uninterrupted supply of power. In case of the failure of one path, the other can
take over. These can also be used for load sharing to avoid the overloading of one
path.

e Advanced control systems are required to manage the variability and intermittency
of the power if generated by renewable energy sources like solar and wind. Energy
storage systems, such as large-scale batteries, are used to store excess energy
generated during peak production hours of renewable sources. Then, it can be
released during periods of low renewable generation or high-demand hours [58].

These integrated smart grid systems are used for dynamic load balancing to ensure a
stable and continuous power supply. This is achieved by buffering the variability of renewable
energy sources through sophisticated grid management and energy storage solutions [59].

Backup power generators and battery storage systems are installed on the site in
addition to the primary power sources to provide emergency power during grid outages
or system failures [60].

In its gigafactories, Tesla enhances the efficiency and reliability of the power
distribution systems of the factories by utilizing the advanced EMS, and by integrating
real-time monitoring and smart grid technologies into the PDN, making these factories a
prime example of manufacturing units with modern and advanced power systems [40].

https://doi.org/10.3390/en19051345



Energies 2026, 19, 1345

13 of 30

D. Earthing and Grounding

The grounding and earthing of electrical connections and equipment are critical for
optimal and reliable operation in large industrial plants such as gigafactories. These
grounding measures are necessary for the safety and protection of the human resources
and power equipment inside the gigafactory.

Generally, there are two types of systems used in large-scale industrial plants, such
as gigafactories. These are known as the TN system and the IT system. The choice of the
system is made based on the scale of the industrial plant, the nature of the operation, and
industrial standards for such operations [61,62].

e TN System: In a TN system, a separate earth conductor PE (Protective Earth) runs
through from the transformer to the main distribution board. The transformer’s
neutral terminal is connected to the exposed chassis of power equipment by a PE
conductor. Then, the whole system is grounded using this connection point of the
main transformer [63].

e IT System: An IT system is generally used at the secondary-level distribution network
for the critical equipment of a gigafactory. In this system, the exposed conductors of the
power equipment are separately earthed. While the secondary transformer is either not
grounded at all or is earthed with a fault limiter, having a high impedance value [63].

In the gigafactory, it is critical to choose a suitable earthing and grounding system in
accordance with the power equipment, operational voltage ranges, and the critical nature
of the process. In the important stages of battery manufacturing, including the cell
formation process, a combination of TN and IT systems is used to achieve optimal results.

The PDN of the gigafactory can be divided into two stages, i.e., the transmission and
distribution stage and the manufacturing and processing stage. In the first stage, which
includes the HV and MV sections of the PDN, the TN system is used to achieve optimal
results. In the second stage (LV section of the PDN), power supply interruptions are
minimized by implementing an IT system for the earthing and grounding of power
equipment. This stage consists of the manufacturing and distribution section of the
gigafactory.

Figure 9 shows the types and implementation of earthing and grounding systems. It
shows the sections of the gigafactory where each earthing and grounding system is
implemented. It also indicates two categories of power components according to the
earthing and grounding system implementation.

TN-System Power Equipment

Earthing
&
Grounding
System
IT-System Power Equipment

Figure 9. Earthing and grounding system.
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5. Power Equipment

Different types of power equipment are used in a gigafactory, which are critical for
the efficient and reliable working of the factory [64]. For the power system concerned, the
cell formation process is the most critical part of a gigafactory. This section discusses the
types of power equipment used in the gigafactory for the cell formation process [65,66]. The
key power equipment in the gigafactory is explained in the following sections of this article.

A.  Process-related power equipment

The power equipment specifically used in the cell formation process includes the
following:

e  Cell formation chargers are the most critical devices in the formation process. These
chargers are used to charge the battery cells for the very first time at the beginning of
the formation process. This process usually takes several hours [67]. Battery
performance and longevity are the main purposes of the cell formation process.
These were achieved by using high-precision chargers, which are mandatory to
ensure a uniform charging profile across all cells inside a formation chamber. Voltage
and current profiles are adjusted according to the real-time monitoring of cells
through advanced formation chargers with unique charging and discharging
circuitries [68].

e  The devices used to perform continuous charging—discharging cycles for the cell

formation process are called cyclers [69].
These devices track cell performance and capacity during charging and discharging
cycles. These are equipped with precise control and real-time monitoring. The cells
are passed through rigorous cycles with high levels of power, voltage, and current,
and must prove their quality by showing consistent performance throughout the
formation cycles [23].

e The battery management system (BMS) is installed with formation equipment to
acquire real-time data accurately during the cell formation process. Real-time
voltage, current, temperature, and other parameters for each cell are monitored by
this BMS [70]. BMS is used to optimize the formation process to enhance performance
and efficiency by using the data collected to identify any cells that do not meet quality
standards [71]. Robust safety systems are mandatory in the cell formation process
because of the potential risks of thermal runaway and cell failure. The instances of
thermal runaway over the years are listed in [72]. These safety systems are activated
during anomalies and consist of fire suppression systems, gas detection sensors, and
automated shutdown mechanisms [73]. To achieve greater efficiency and reliability,
it is vital to integrate these power equipment systems into a cohesive and automated
setup.

e Advanced EMSs, used in modern gigafactories to monitor and control power
equipment, are used to ensure optimal performance and energy consumption [74].

e Automation technologies, including robotics and machine learning algorithms, are
used to enhance the quality control and productivity of the manufacturing process
[18].

e  This automation process is also used for predictive maintenance to predict and
prevent failures even before their occurrence, and the data retrieved from equipment
is continuously analyzed, enhancing the component lifespan and reducing the
maintenance costs [75]

B.  Auxiliary power equipment

A considerable amount of total energy in a gigafactory is consumed by auxiliary
power equipment. This power consumption may range from anywhere between 6.33%
and 8.89% of the total power consumption of the plant [76]. These components are crucial
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for controlling the speed and torque of machines used in various manufacturing
processes, including electric motors and variable-frequency drives (VFDs). A considerable
amount of energy is saved, and higher production efficiency is achieved in the
manufacturing process by using these high-efficiency motors and VEDs [65].

The Uninterruptible Power Supply (UPS) is also a crucial piece of power equipment
in a gigafactory. UPS ensures uninterrupted operation during power failures and protects
crucial devices and data by providing backup power.

HVAC systems are also important power equipment inside the gigafactory. HVAC
systems are used to create optimal environmental conditions by controlling temperature,
air, and humidity within the manufacturing facility. Technologically advanced HVAC
systems can improve power efficiency and decrease operational costs by using smart
controls and heat recovery units [9].

Energy-efficient lighting systems are another necessary type of power-consuming
equipment in a gigafactory. Electricity consumption can be significantly reduced by using
LED lighting systems with smart controls.

Power consumption efficiency can be further improved by using automated lighting
systems that can adjust the intensity of lighting based on occupancy and ambient light
conditions [77].

6. Thermal Management

The thermal management of the heat generated during the manufacturing of LIBs in
a gigafactory is a very critical aspect of its optimal operation. An effective thermal
management system is mandatory to have an efficient, reliable, and safe manufacturing
process [78]. This section explores the various techniques and technologies used in a
gigafactory for thermal management. The thermal management system of a gigafactory
covers several aspects, including waste heat recovery, the cooling of the manufacturing
equipment and devices, and HVAC systems for the facility [79]. Key factors of the thermal
management system are briefed in the following paragraphs.

A thermal management system is mandatory for the safety of the cells during the cell
formation process. LIBs are highly sensitive to temperature fluctuations and can be
severely affected if the temperature inside the formation chambers is not controlled and
managed properly [80]. If cells get overheated during the formation process, it can result
in thermal runaway, fires, or even explosions. So, thermal management and control are of
the utmost importance, keeping the temperature within a suitable range to enable cells to
prevent such incidents [81].

Apart from the safety of the cells, the performance and lifecycle of the LIBs are also
influenced by the temperature of the manufacturing environment, specifically the
formation chambers. It is mandatory to have consistent and suitable thermal conditions
to achieve the optimal quality and efficiency of the batteries manufactured in the
gigafactory [82].

In addition, a proper thermal management system also helps to enhance the overall
energy efficiency of the factory as it optimizes the heating and cooling process of the
facility, which results in a reduction in energy consumption [83,84].

Air handling units (AHUs) are another type of component used for thermal
management in the gigafactory. The basic purpose of the AHUs is to circulate air
throughout the factory. AHUs consist of heating and cooling coils, filters, and humidifiers
to achieve the desirable air quality and temperature in the factory premises. They
maintain a suitable working environment inside the gigafactory [85].

These AHUs are also used to cool down manufacturing equipment and processes.
Chillers in the AHUs use coolant to remove heat. Then, the heat is dissipated by the
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cooling towers. AHUs are fundamental for maintaining low temperatures in critical areas
of the factory, such as formation towers.

Ventilation is also an important component of a thermal management system. An
efficient ventilation system is critical to maintain the desired air quality and remove excess
heat from the factory. The air inside the gigafactory is polluted by several contaminants
and chemicals released during the manufacturing process, and the ventilation system
ensures the removal of these contaminants from various zones of the factory [86].

Temperature optimization is critical during production, specifically in the cell
formation process. The presence of effective cooling methods is crucial for the cell
formation process. These methods are summarized in Figure 10.

Among the most advanced cooling techniques used in existing gigafactories are
liquid cooling systems. The liquid cooling system is highly efficient and effective in
managing the large thermal loads generated by high-power equipment and
manufacturing processes [87]. Coolant is continuously circulated through the cooling
system’s heat exchangers around heat-intensive power equipment. Heat exchangers
absorb and dissipate generated heat. The liquid cooling systems are considerably more
efficient than the other cooling systems used in gigafactories [88].

The air-cooling system is another type of cooling technique commonly used in
gigafactories. This system circulates air in the place of coolants to dissipate heat from heat-
generating equipment and systems by using fans and blowers. Although this cooling
method is less efficient than a liquid cooling system, it has a simpler working principle,
and it is quite suitable for systems that generate relatively low thermal loads [89].

Phase Change Materials (PCMs) are also used in some places of the gigafactory for
thermal management. PCMs act as effective thermal buffers. They absorb and release
thermal energy while they transition from one phase to another. These materials are
specifically used at places where it is crucial to have very precise temperature control, like
formation chambers and dry rooms [90].

The cell formation process is a highly thermally intensive stage during the
manufacturing of lithium-ion batteries. Considerable heat is generated due to the
continuous charging and discharging of the lithium-ion cells [91].

[

Figure 10. Common cooling techniques used in gigafactories.

It is fundamental to ensure that the temperature of the cell formation chambers is
uniformly maintained to achieve optimal safety and performance. Advanced control and
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monitoring systems are installed along with these chambers to monitor and adjust
temperature in real time during the formation process [92].

One of the most commonly used thermal management techniques during the
formation process is the implementation of cooling plates. These plates directly dissipate
heat generated from cells. Plates are integrated and installed in combination with the
liquid cooling systems to achieve the desired thermal conditions in the formation
chambers [93]. A combination of thermal imaging cameras and sensors is used to monitor
the temperature distribution across the cells in the formation chambers. The presence of
the hotspots is identified in the formation chambers that need cooling [94].

Another important technique for thermal management in a gigafactory is to use
waste heat recovery systems. These systems can enhance the overall energy efficiency of
the factory by capturing generated heat and reusing it in various industrial processes [95].
There are several ways to use waste heat recovery in a gigafactory, e.g., this recovered
heat can be used to preheat materials or to heat some specific space by transferring it from
exchangers, exhaust gases, or coolant.

The waste recovery heat can also be used as an additional source of electrical power
for the factory by using Organic Rankine Cycle (ORC) systems to convert this low-grade
waste heat into electrical power [96]. The power generated from these ORC systems can
be used to run cooling processes and reduce the requirement for electrical energy in
HVAC systems [97].

7. Regenerative Function

This section explores the details of the methodologies and techniques used for the
implementation of the regenerative function in a gigafactory [98].

The LIB cell manufacturing process incurs significant energy losses. Capturing and
reusing this wasted energy improves the overall energy efficiency of the manufacturing
process [99]. In addition to reducing the price, the application of the regenerative function
also minimizes the environmental impact of the gigafactory and makes it more sustainable
and environmentally friendly [100].

One of the most common applications of regenerative function is the implementation
of automated guided vehicle (AGV) conveyor systems, used for transportation and
material handling in the gigafactory. Regenerative braking systems installed in such
transportation systems help to generate electrical power by capturing the kinetic energy
produced by the braking of AGVs and conveyor belts.

The regenerative braking system accumulates energy produced by the slowing down
of AGVs or conveyors. Batteries and capacitors are used to store the generated electrical
power so it can be used to run other components of the power system. The power
requirements from external power sources are reduced as a result [101].

Another system that can be incorporated with regenerative functioning is the HVAC
system inside the gigafactory. It is implemented through heat recovery ventilators (HRVs)
installed in the HVAC system. This system reduces the energy requirement for heating or
cooling of the facility, as these HRVs capture the heat from the outgoing exhaust air and
transfer it to the incoming fresh air [102].

Energy Recovery Ventilators (ERVs) are another example of systems that can use
regenerative functions to manage humidity levels inside the gigafactory, working on similar
principles as the HRVs. These systems are installed at places where it is crucial to control
humidity levels. Power consumption requirements are reduced by implementing this system
[103].

The cell formation process for LIBs has considerable potential for energy
regeneration, as it is the most energy-intensive process inside the gigafactory, requiring
about 33% of the total power consumed during the manufacturing of lithium-ion cells
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[16]. Once the cells are fully charged and passed through the discharging cycles, there is
a huge potential to recapture the energy during these discharging cycles, which can be
used to charge other cells or even run other operations in the facility [104]. In modern
gigafactories, advanced bidirectional power converters are used with both formation
chambers and formation towers. These converters can operate in both directions and
enable these devices to feed the captured discharging energy back into the grid or store it
in the central energy storage system [105].

Furthermore, a large number of production machines in a gigafactory are involved
in cell production, such as presses, motors, and robotics. There can be a substantial
reduction in energy consumption if regenerative functions are incorporated during the
design of these high-power electrical machines. Such electrical machines are equipped
with special drives that convert kinetic energy into electrical power while decelerating.
This power can be used to run other power equipment in the gigafactory, or it can be
supplied back to the grid [106].

Itis compulsory to install a centralized energy storage system to make the application
of regenerative functions more effective and efficient. This central energy storage system
consists of high-capacity batteries or supercapacitors to store the recovered energy coming
from different processes and equipment [107]. These energy storage systems can act as an
additional power source during peak demand hours or as an alternative power source
during outages [108].

8. Failure Analysis
A.  Failure analysis procedure

Effective failure analysis is imperative for enhanced production quality and
reduction in shutdown time, improving the reliability, safety, and efficiency of the overall
manufacturing process in the gigafactory [109].

Failures can occur during several processes or at different stages. As explained in
Figure 11, failures can occur at two levels: either at the plant and power system level or at
the process and product level. Plant and system failures can be further divided into
mechanical and electrical faults, which usually occur in the power and auxiliary equipment.
Likewise, product and process faults can be further categorized into thermal and chemical
issues. Product and process faults generally occur during the manufacturing and formation
of LIBs.

Thermal

7 Issues \
Fault }

— e Fgilures —)—
- Types

\ Electrical Chemical /
Faults Anomalies

Figure 11. Failures and fault types in the gigafactory power system.
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Two of the most common types of plant and system failures are mechanical and electrical
failures in the equipment used to operate the power system smoothly. These failures can occur
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in motors, drives, transformers, or components of the HVAC systems. These failures can prove
fatal and can result in the disruption or complete shutdown of operations [110].

Another type of failure is a fault, which occurs during the manufacturing processes
of LIB cells. This failure occurs during the formation process due to improper formation
protocols, defective thermal management, or wrong material handling. Generally, these
failures can be more costly because they go unnoticed and may result in defective
production. These are usually called individual defects and do not usually result in a
complete shutdown of the plant, but can be fixed by tweaking parameters or through the
replacement of small electronic components [111].

Historical failure data is gathered from the gigafactory over a certain time period. For
example, this data can be collected from sensors installed at critical locations, operational
logs, maintenance records, and quality control reports. In modern gigafactories, real-time
data collection can also be facilitated by advanced monitoring systems and Internet of
Things (IoT) devices [112].

Failures can be identified and categorized into different failure modes, such as
mechanical breakdowns, electrical faults, thermal issues, or chemical reactions [113].

Some of the prominent techniques used in failure analysis to inspect components
without causing any harm to these parts are X-ray imaging, SCADA, ultrasonic testing,
and infrared thermography [114].

In addition to the above-mentioned techniques, several additional methods can be
adopted to analyze microstructural defects in materials. Such techniques involve
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)
[115].

Various analysis models and techniques are used to identify the root causes of
failures in the gigafactory: Failure Mode and Effects Analysis (FMEA), Fault Tree Analysis
(FTA), and root cause analysis (RCA) are prominent examples [116,117].

A.  Root cause identification and Preventive measures

Identifying root causes is essential for implementing preventive measures that
minimize failure recurrence and ensure uninterrupted gigafactory operations.

1) Root Cause Identification

The most important part of failure analysis is the root cause identification of failures
to facilitate failure elimination. It can also prevent accidents and improve the safety of
personnel and equipment inside the gigafactory [118]. Understanding these failure
mechanisms also enhances the quality and quantity of production. Reduction in
maintenance costs and the eradication of recurring problems can also be achieved by the
effective management of these mechanisms. It can also improve production quality
standards and lead to the complete elimination of failures during the manufacturing
process [119].

The root causes of failures are eliminated by using root failure analysis: in the case of
electrode degradation or separator failure, different techniques, such as electrochemical
impedance spectroscopy (EIS) and differential scanning calorimetry (DSC), can be used.
The problems identified using these techniques are addressed by implementing changes
in the electrode manufacturing process, material sourcing, and cell assembly techniques
[120].

The effectiveness of these suggested corrective actions can be validated by
continuous monitoring and thorough testing to validate the analysis and prevent
recurring failures [121].

2) Preventive Measures

Predictive analysis or protection can be assessed by the effects of these failures on the
system’s reliability. This is achieved using different computational and simulation
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models. Weibull Analysis and Reliability Block Diagrams (RBDs) are examples of
statistical methods that are used to analyze the failure data and reliability of the models
[122].

After the suggested corrective measures have been implemented, extensive testing
of the modified cells is conducted. The effectiveness and reliability of these measures in
overall cell performance are checked under various test conditions.

Moreover, preventive measures are also implemented to avoid future failures. This
preventive analysis is carried out using real-time monitoring and machine learning
methods to collect data from critical equipment and prevent any failure from occurring
during the manufacturing process [121,123].

9. Energy Consumption per Watt-Hour

The energy consumption per watt-hour is a critical parameter, and aims to estimate
the exact amount of energy required to produce LIBs with a capacity of approximately
one watt-hour. The required energy is estimated from the complete battery manufacturing
process, starting from the processing of raw materials to the cell formation process of the
cell assembly [4]. This section elaborates on the key factors that influence energy usage
and the methods developed for measurements.

Energy consumption is important for a gigafactory, as it highlights the strategies for
energy efficiency in the manufacturing process and key areas where energy can be saved.
The energy used in the battery manufacturing process adds to production cost, and
understanding energy consumption helps to reduce the operational costs of LIB cells. In
addition to reducing the operational cost of the manufacturing process, this also decreases
energy consumption, improves environmental sustainability, and minimizes the carbon
footprint of the gigafactory [16].

Figure 12 shows the percentages of power consumption during different stages of the
cell manufacturing process. The most power is consumed during the cell finishing stage,
which includes cell formation, aging, and the handling of the newly manufactured cells.
It accounts for 33% of total power consumed, closely followed by the electrode production
stage at 32%, the dry room at 26%, and cell assembly at 9%.

» Electrode Production - Cell Assembly  + Cell Finishing(Formation) + Dry Rooms

Figure 12. Percentage of energy consumed during different production stages of Li-ion cells [16].
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The total power consumed during the LIB cell manufacturing process for each kWh
of capacity is 41.43 kWh. Table 1 shows the breakdown of power consumption at each
important stage of the LIB manufacturing process, further divided into substages based
on the activities performed at that particular stage of cell manufacturing.

In addition to the process, the energy consumption of different equipment, including
mixers, coaters, and formation chambers, is also crucial for assessing energy consumption
per watt-hour in the gigafactory [124].

Energy consumption can be further reduced by implementing advanced control and
automation techniques to achieve an effective thermal management system for heating
and cooling. Another way to improve efficiency in the LIB manufacturing process is to
use high-quality raw materials [125].

Table 1. Power consumption at different process stages of the cell production of LIBs [16].

Process Stage Power Consumed per kWh
Mixing 0.13
Coating and drying 11.02
Electrode Production Calendaring 0.53
Slitting 0.16
Vacuum drying 1.61
Subtotal 13.45
Winding 0.25
Cell Assembly Assembly 1.59
Washing 1.98
Subtotal 3.82
Formation 10.17
Cell Finishing Aging and Testing 1.39
Handling 1.98
Subtotal 13.54
Dry Rooms Drying 10.62
Subtotal 10.62
Grand Total 41.43

Energy consumption per watt-hour is measured throughout the manufacturing
process by monitoring and analyzing energy consumption. Energy consumption patterns
and areas for improvement are analyzed by conducting comprehensive energy audits.
These surveys are conducted by measuring the energy consumed during specific stages
of the manufacturing process [4]. In advanced gigafactories, [oT sensors and smart meters
are installed for the real-time monitoring of energy consumption. The data collected from
the above-mentioned techniques provides a granular view of energy consumption. It
helps in making well-informed decisions for energy consumption optimization.

The total energy consumption is assessed throughout battery life by performing a
lifecycle analysis from raw material extraction to battery disposal. Figure 13 shows some
crucial stages at which this holistic approach is adopted to measure and optimize energy
consumption [16]:
¢ Electrode Production: The process of electrode production is quite energy-intensive

and involves the mixing of active materials with binders. The energy used during
this process can be reduced by optimizing mixer efficiency and decreasing batch
sizes. Energy consumption can be further reduced by using advanced drying
technologies. This process is quite energy-intensive because it involves coating
electrodes onto the substrates.
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Cell Assembly: Cell assembly requires significant amounts of energy at different
stages, such as hermetic cell sealing, laser welding, and other joining processes,
which require precise energy control to ensure high-quality products. Energy
efficiency can be improved at the cell assembly stage by using advanced laser-cutting
techniques, sealing technologies, and materials.

Cell Formation Process: The cell formation process is the most energy-intensive
stage during the manufacturing process, as cells go through multiple and continuous
charging and discharging cycles. The energy consumption during the cell formation
process can be significantly reduced by using energy-efficient power systems and
optimizing the formation protocols involving cycle duration, power supplied,
chamber configuration, etc.

Thermal Management: The thermal management system of the gigafactory requires
a considerable amount of energy as it is responsible for maintaining optimal
temperatures in key production areas of the facility. Energy consumption during this
process can be reduced by implementing ERVs and high-efficiency HVAC systems.
Overall energy savings can be enhanced by installing efficient cooling systems for
machinery and other process equipment. This reduces the requirement for external
energy input to maintain optimal thermal conditions inside the factory.

Electrode

Production

a

Cell Assembly Important Stages for Energy Cell

Measurement and Formation
Optimization

Thermal

Management

Figure 13. Key stages for energy measurement and optimization.

Energy consumption can be further decreased by adopting various strategies.

Process Optimization: This can be achieved by implementing lean manufacturing
principles to eliminate energy waste and improve process efficiency. Continuous
improvements like Six Sigma [126] are implemented to identify and eliminate
inefficiencies in the manufacturing process.
Advanced Technologies: Advanced automation systems are installed to optimize
process control and decrease energy usage. The integration of smart manufacturing
technologies, such as IoT and Al helps in real-time monitoring and optimization of
energy consumption.
Employee Training and Engagement: Energy efficiency awareness training
programs must be conducted among employees to educate them about the
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importance of energy savings and to encourage them to contribute to the
implementation of incentive training programs.

10. Discussions and Analysis

This section comprehensively discusses and analyzes the critical elements of power
systems, based on the collective energy profile shape of a gigafactory.

Gigafactories generally require a significant amount of power for their operation and
require a diverse mix of power sources. It is recommended to integrate renewable energy
(such as solar and wind) with the grid power. This integration can help reduce load on
the electricity grid and also make the factory sustainable. If the renewable resources
produce excess power, it is suggested to use large-scale battery banks to create centralized
energy storage systems. These centralized energy storage systems can be used as a
supplementary or backup power source during power outages.

The paramount goal is a significant reduction in power losses and a steady power
supply to all the equipment and processes in the facility. It is suggested that modern
gigafactories should implement setups. These setups enable them to maintain a dynamic
power flow and real-time monitoring. That helps in energy distribution optimization
based on real-time demand and supply situations and reduces power losses. Overall
energy efficiency can be enhanced by using data-driven insights, using information such
as production schedules, equipment failures, or fluctuations in renewable energy
generation, as well as by using low-loss transformers.

The energy consumption profile of the gigafactory can also be greatly affected by the
selection and optimization of the power equipment. A large amount of specialized power
equipment is extensively used in the cell formation process. All devices used in the cell
formation process must be carefully designed and controlled to optimize the charging and
discharging cycles for high-quality production. Moreover, predictive maintenance
strategies are implemented to monitor equipment health and performance using sensors
and data analytics so that optimal power flow and efficient operations are maintained,
sudden unexpected failures can be prevented, and spikes are avoided.

It is recommended to use modern thermal management solutions in gigafactories,
applying a combination of heat recovery, advanced cooling techniques, and efficient
HVAC systems. Heat recovery systems capture heat and reuse it for various processes.
The heat generated during the cell formation stage can be used to preheat the raw material
or to maintain the temperature. This technique can result in energy savings and reduce
operational costs.

Similar to the heat recovery system, it is recommended to use regenerative functions
to maximize energy efficiency in the gigafactory, as the energy that would otherwise be
wasted can be captured and reused. Regenerative systems should be further
complemented by the installation of central energy storage systems to store recovered
energy, to reduce energy costs, and to reduce dependence on external power sources.

11. Concluding Remarks

The power consumption analysis described in this paper provides a comprehensive
analysis of the various factors that can affect the overall energy efficiency of a gigafactory.

The strategies suggested in this paper help to reduce operational costs and enable
environmentally friendly production.

The largest amount of energy is consumed during the cell formation process of the
LIB cell production; hence, the authors are developing innovative protocols for formation
chambers to minimize energy losses at this stage of production by adopting innovative
and energy-efficient techniques. Further research directions will focus on the
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development of more integrated and holistic approaches towards power consumption
analysis in gigafactories to address critical issues like optimization in power consumption,
reduction in operational costs, and the minimization of environmental effects by reducing
CO: emissions during production processes [18].

The optimal placement of AC/DC and DC/DC converters and the consequent choice
of which segment of the internal distribution system could operate in either AC or DC
will be an interesting research topic, even though it can be difficult to obtain detailed
public information on the AC/DC and DC/DC energy consumption trade-off in the
gigafactories. However, authors are currently working on an innovative formation system
in which one AC/DC converter is used for the formation tower, and a minimal number of
DC/DC converters are utilized for the formation chambers by implementing novel and
innovative chamber configurations.
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