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Preface

Energy engineering and applied physics are rapidly evolving in response to growing
demands for higher energy efficiency, reduced environmental impact, and flexible
operation systems. These demands are further intensified by global trends, such

as e-mobility and digitalization, with the ultimate goal of transitioning to carbon-
neutral energy systems. A key contributor to this transformation is the application
of low-temperature technologies (cryogenics and superconductivity), which are now
increasingly vital in a broad range of fields, including power electronics, advanced
energy storage, precision materials processing, semiconductor packaging, and
thermal management system design. Leveraging the unique thermal, electrical, and
mechanical properties that materials exhibit at reduced temperatures enables engi-
neers to enhance device reliability, operational efficiency, and system-level integra-
tion, thereby paving the way for innovation across various sectors, from aerospace to
renewable energy.

The successful IntechOpen book project, “Low-temperature Technologies” [1], provided
a comprehensive overview of refrigeration technologies, with a primary focus on basic
principles and established systems. A new edited book, in contrast, intensely focuses
on five interrelated, cutting-edge areas of low-temperature applications for industrial
refrigeration systems, multi-stage thermoelectric heat pumps, power electronics,
superconducting energy storage, and cryogenic metallurgy.

While each chapter addresses a different research and application field, they are unified
by a shared dependence on low-temperature phenomena.

Chapter 1 - Energy Efficiency in Industrial Refrigevation Systems — evaluates energy
optimization strategies for industrial refrigeration systems. These systems are among
the most energy-intensive in industry and are major contributors to operating costs
and carbon emissions. In addition to system modeling and thermodynamic analysis,
real-world case studies are included. These examples illustrate how technical improve-
ments can significantly reduce electricity consumption, extend system lifespan, and
align operations with sustainability objectives.

Chapter 2 - System Analysis of Thermoelectric Heat Pump Circuits with Regenerative

Heat Recovery — introduces the novel design features of solid-state thermoelectric heat
pumps. These systems operate using thermoelectric modules arranged in a multi-stage
configuration. Each module handles a small temperature gradient, allowing the system
to maintain high thermal conversion efficiency. This approach also enables regenerative
heat recovery, significantly improving overall system performance.

Chapter 3 - Adiabatic and No-Adiabatic Absorption Chillers Using Ammonia-Lithium
Nitrate Solutions — reports the detailed modeling and analysis of this kind of thermally-
driven refrigeration systems.



Chapter 4 - Low-Temperature Sintering Technologies in Power Electronics: Materials,
Process, and Advanced Packaging of SiC WBG Semiconductors — focuses on supercon-
ducting magnetic energy storage systems. These systems store electrical energy in the
magnetic field generated by a persistent current flowing through a superconducting
coil, thereby eliminating resistive losses and enabling fast charge and discharge
cycles. These systems are particularly effective for grid stabilization, improving
power quality, and supporting critical and peak loads.

Chapter 5 - Energy Storage with Superconducting Magnets: Low-Temperature
Applications — dedicated to low temperatures used in the packaging of wide-bandgap
semiconductor devices, such as silicon carbide and gallium nitride. These materials
support high-voltage, high-frequency, and high-temperature operation, making
them critical for next-generation power systems.

Chapter 6 - Low-Temperature Performance and Manufacture of Metals — investigates
the mechanical behavior and processing of metals at low and cryogenic temperatures.
Materials like aluminum alloys, copper, and stainless steel exhibit changes in yield
strength, ductility, and strain-hardening behavior under these conditions. Here, the
results from testing, fracture analysis, and microstructural evaluation explain how
temperature affects deformation mechanisms at both macro- and micro-scales.

This book seeks not only to inform but to inspire further cross-disciplinary research
and practical deployment of low-temperature technologies. This book is particularly
important for master’s and PhD students, as well as researchers.

Tatiana Morosuk

Professor,

Technische Universitat Berlin,
Berlin, Germany

XIvV
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Chapter1

Energy Efficiency in Industrial
Refrigeration Systems

Ivoni Carlos Acunha Jr.

Abstract

Energy efficiency in industrial refrigeration systems should be an object of study,
especially large ones used for producing and storing food and beverage products.
This is because this system requires large electricity consumption and, consequently,
carries out environmental impacts. Some strategies and technologies can be used to
increase the coefficient of performance (COP) of refrigeration units, such as intel-
ligent operation through variable speed drives (VSDs) in pumps and fans, floating
head pressure work, optimization of ice and chilled water production, intelligent
controls in condensers and compressors, use of mathematical modeling and computer
simulations, among others. Therefore, this work aims to highlight the impact of
strategy and technology employment on energy efficiency improvements at industrial
refrigeration systems by bringing studies of cases about refrigeration units used in
food refrigeration of dairy, pork, and poultry products.

Keywords: industrial refrigeration systems, food refrigeration, energy efficiency,
computational simulation, variable speed driver

1. Introduction

The functionality and construction costs are frequently given as priority in some
industrial refrigeration systems. The energy costs of a refrigeration plant in cooling
and freezing foods and beverages can achieve 75% of the overall electrical consump-
tion in industries of foods. Energy saving can be possible by employing operational
strategies.

In this work are presented some results of cases analyzed by computational simu-
lation and equipment measurements in some food industries. The computational
simulations are done using the SGEM® system, which was built to find optimal
operational parameters of the compressors, condensers, evaporators, ice machines,
water coolers, poultry chillers, and others operating together in an industrial
refrigeration system. The compressor is the component of the refrigeration system
that has the biggest demand for electricity, to the point of significantly affecting the
operating cost of the installation. Therefore, it is very important to have the correct
definition of compressors’ operating pressures, and proper component selection
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Low-Temperature Systems

during the design system, to attend to operating conditions and ensure the best
energy efficiency [1].

Eikevik [2] realized an experimental analysis of five screw compressors with
ammonia as the refrigerant fluid, developing an optimal model for compres-
sion operation to increase energy efficiency. Hovgaard et al. [3] describe a novel
economic-optimizing Model Predictive Control scheme to reduce operating costs
by utilizing the thermal storage capabilities. A nonlinear optimization tool to
handle a non-convex cost function is utilized for simulations. They formulate a new
cost function that enables the refrigeration system to the balancing power market.
That work discusses a novel incorporation of probabilistic constraints and Second
Order Cone Programming with economics. Your formulations demonstrate how it
can reduce the operational costs of the system. Plessis et al. [4] and Peng and Du
[5] presented research with different techniques to control the capacity of heat
exchangers and compressors and the use of variable speed drives (VSDs), high-
lighting the reduction in electricity consumption compared to standard installation
or other control techniques. This study aims to present results from the use of
computational simulations to predict behaviors of industrial refrigeration systems
for the definition and use of operational strategies that resulted in increased energy
efficiency in industrial refrigeration systems. Oh et al. [6] studied the common
thinking that equipment should always be extensively reconfigured when switching
from pure to mixed refrigerants. To determine the most energy-efficient operating
conditions for each refrigeration design, an optimization framework is utilized,
linking a process simulator with an external optimization method. For the case
considered in this paper, savings of shaft power required for the refrigeration
cycle can be achieved from 16.3 to 27.2% when the pure refrigerant is replaced with
mixed refrigerants and operating conditions are re-optimized. Yin et al. [7] pre-
sented a novel energy-efficiency-oriented cascade control strategy for refrigeration
systems to improve energy efficiency and fulfill the cooling requirements of indoor
occupants simultaneously. A mathematical model is developed to determine the set
point of superheat by a PI controller based on the nonlinear correlation between
cooling demands and superheat degree. The pressure difference and superheat
degree of the evaporator were controlled by a model predictive control strategy.
That work demonstrates that it can improve energy efficiency by up to 5.8% when
compared to another scheme. Cirera et al. [8] proposed a data-driven methodology
that improves the efficiency of the refrigeration systems acting on the load side.
The solution approaches the problem with a novel load management methodology
that considers the estimation of the individual load consumption and the necessary
robustness to be applicable in highly variable industrial environments. This study
demonstrated the ability to reduce the electrical consumption of the compressors
by 17% as well as a 77% reduction in the operation time of two compressors work-
ing in parallel, a fact that enlarges the machine’ life. In this sense, this work intends
to present some methodologies, strategies, and results guided by analyses based
on mathematical modeling and computational simulations to improve the energy
efficiency of industrial refrigeration systems. The main difference of this work
refers to the methodology adopted, which is not used in industrial refrigeration
systems, especially those that use ammonia as a refrigerant. The methodology and
analyses employed are not verified in large refrigeration systems, given the com-
plexity of analyzing these systems. All analyses presented here refer to case studies
of industrial systems.
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2. Analysis and strategies to COP improvement

For many years, industrial refrigeration systems have been used for different pur-
poses. However, some technological advances currently implemented in smaller systems
do not apply to large refrigeration units due to their specificities. More detailed analyses
of large systems require a lot of time and large investments given the complexity of such
systems. A thorough assessment can be made through mathematical modeling followed
by computer simulations dedicated to each system since it is difficult to find identical
systems for similar purposes on the market. One of the biggest challenges of this type of
analysis is the field validation of the computer models developed since the equipment
used no longer has the performance defined by the manufacturers due to issues ranging
from correct application to efficiency losses due to continuous use over the years.

Thus, some parameters, designs, strategies, and technologies that can be used to
increase the coefficient of performance (COP) of refrigeration units will be addressed
below.

2.1 Energy assessment of different refrigeration systems
2.1.1 Refrigeration system for freezing poultry

Correct assessment of refrigeration facilities, as well as the sizing of their equip-
ment, can make all the difference in the use of cold adopted. Among the main items,
we can mention: The correct assessment of the thermal load of environments and
processes; determination of the capacity of compressors for the regime used; the
capacity of evaporators and condensers; the capacity of liquid pumps, liquid separa-
tors, valves, and other accessories.

By comparing the thermal load of a regime used for freezing and storing chickens
and the refrigeration capacity of the compressors used for this purpose in a refrigera-
tion unit evaluated, the graph in Figure 1 is constructed.

From the graph, it is possible to observe that the thermal capacity of compressors
available is much higher than the capacity required by the thermal load imposed. This
excess capacity results in a substantial increase in energy to the system. Observing
the energy waste of the compressors every hour, we arrive at the graph in Figure 2.

FIRST STAGE (-35°C)

3,500
3,000
2,500
2,000
1,500
1,000

500

Thermal Load (kW)

6:00 AM 5:00 AM
Time sample

B Thermal Capacity of Compressors Running B Demanded Thermal Load

Figure 1.
Actual required thermal load versus thermal capacity of compressors in operation.
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Through this graph, it is possible to observe the waste of up to 51% of electrical
energy in the use of compressors in the machine room. At no time was the power
waste in the compressors less than 40%.

FIRST STAGE (-35°C) ACHIEVABLE POWER SAVING

20 FESE ST IS PSS r TS FrSSF Sy
= 1,600
2 1400
E‘ 1,200
2 1000
5 =800
O 600
E 400
% 200
a

0

6:00 AM Time sample 5:00 AM
M Actual Power W Necessary power
Figure 2.

Actual vequired electrical power versus required power of compressors in operation.

Therefore, the correct assessment of refrigeration installations and the correct
dimensioning of their equipment can make all the difference in the use of cold
adopted. Figures 1 and 2 clearly show discrepancies regarding the correct dimension-
ing of thermal loads and the use of necessary cold.

The important task of accurately verifying the thermal balances between the
heat transfer rate dissipated in the condensers and the total thermal capacity of the
installed condensers is now highlighted. In this specific case, the thermal balances and
their discrepancies are presented.

By comparing the heat transfer rate that must be dissipated in the condensers and
the total heat rejection capacity of the installed condensers, the graph in Figure 3 is
constructed.

From the graph, it is possible to see that the condensation pressure is always
above what should be expected, reaching a maximum value of 3.0 bar at 2:00 pm.
This means that the unit’s refrigeration compressors are significantly overconsuming
electrical energy and losing refrigeration thermal capacity.

There are many reasons for this to occur, but the main ones may be linked to: the
quality of the sprinkler water, distribution of sprinkler water, volume of sprinkler
water, condensers with encrustation, water pumps with low flow rate, presence of

-3 '§"§’:5’ &

6:00 AM 5:00 AM
Time sample
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QQ@QQQQ
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Pressure (bar)

M Actual Head Pressure M Ideal Head Pressure M Increase Head Pressure

Figure 3.
Actual condensing head pressure versus possible condensation head pressure.
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non-condensable, fans out of operation, shutdown of condensers by the staff at inap-
propriate times, even under low discharge pressure, and other causes of lesser impact.
The graph in Figure 4 shows the possibility of energy saving each hour that the
system operates.
As can be seen, the energy waste is considerable, reaching its maximum at
2:00 p.m., reaching 21.7%. At no time was it possible to verify the operation without
wasting energy, and at 8:00 p.m., the lowest waste was 5.8%.

POWER CONSUMPTION SAVING

AT o R R L e oo do o ge
T i S AT P R R R, A L
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5 1,000
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O 600

g 400

g 200

& 9

6:00 AM Time sample 5:00 AM
M Actual Head Pressure W |deal Head Pressure

Figure 4.

Comparative power operating.

The total power that can be saved in this system, taking into account losses due to
discharge overpressure and inadequate balances in tunnels and chambers, is shown in
the graph in Figure 5.

At 3:00 p.m., the refrigeration system presents the best opportunities, reaching
a possible saving in the power demand of 1000 kW. Although possibilities for lower
gains can be verified, the smallest saving that can be achieved is approximately
527 kW, at 9:00 p.m. Adding up all the possibilities of gain presented in this evalua-
tion, the annual saving that this system can present is 4,473,467.57 kWh over 1 year of
operation, considering 22 days of operation per month.

Often, difficult access to condensers, reduced work teams, and lack of informa-
tion on equipment operation in real-time, in addition to other aggravating factors,
result in poor operating conditions that are only verified after days and even months
of energy waste. This makes dynamic and focused monitoring necessary. To prevent
these and other energy wastes, it is recommended to implement an intelligent param-

eter management and appropriate remote monitoring system that can recommend the
correct actions in real-time.

POTENTIAL OVERALL POWER SAVE
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Figure 5.

Realizable power saving.
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2.2 Refrigeration system for dairy products

Chilled water storage systems can be used for different purposes. One example is
its use as an auxiliary reservoir for faster filling of chillers after sanitation operations,
especially in refrigeration units that operate 24 h a day. Another strategy is storage
for use during peak hours, thus reducing electricity demand at these times. Although
many companies use the free energy market, some have high costs for distribution
and use the electrical system during this period, significantly increasing the value of
the electricity bill.

Figure 6 illustrates a chilled water-cooling system in which the system stores
thermal energy during off-peak time for use during peak time. In this system configu-
ration, compressors can be sized to be out of operation during peak hours, reducing
electricity costs.

During off-peak times, both pumps are in operation, one for circulating chilled
water in the heat exchangers directly involved in the process and the other for circu-
lating water in the exchangers responsible for lowering the temperature of both the
water circulating through the process exchangers and the water circulating in the
thermal storage tank.

An important observation is that storage will also increase the thermal load of
the system since the lateral surface of the tanks is generally large and exposed to
the external environment. Although the thermal insulation of the tanks reduces the
heating of the water, it will not completely prevent it, and an increase in compres-
sor capacity will be allocated for this purpose. The performance of a chilled water
production system is directly linked to several factors such as the performance of
compressors, condensers, and ammonia quality, among others.

This analysis deals with a chilled water system with plate heat exchangers for
immediate use and a storage tank to meet fluctuations in thermal load. Figure 7 shows
the flow rate of chilled water required at each hour of the day.

No less important is the assessment of the temperature of the chilled water
returning from the production sector. Observing three different production sectors

e —_—
1 £

7 } Heat Exchanger (On) :— . Heat Exchanger(OFF) I

pr—
—

1k

Heat Exchanger (On) ; | Heat Exchanger (OFF)

OFF

—

Cold water Cold water

= Return water = Return water

Usual operation: Cooling water of the both process Peak time: using just storaged cold water.
and storage tank.

Figure 6.
Cold water system.
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Figure7.
Demanded water flow rate.

(milk reception, dairy processing, and serum processing), it can be seen (through
Figure 8) that the temperatures can reach values that can reach 8°C in the dairy
product return, 14°C in the whey return, and 10°C in the reception return, evidenc-
ing insufficient temporary capacity of the refrigeration system used, not allowing
the maintenance of controlled temperatures within lower standards. In this case,
better use of the chilled water storage system provides gains not only in electricity
consumption but also in the quality of the cold produced. Figure 8 shows the return
temperatures of the following processes: (a) Milk reception, (b) dairy processing,
and (c) serum processing.

The operational trend of capacity and consumption of the refrigeration system in
the initially verified condition is shown in Figure 9 for the conditions observed.

The blue curve represents the system consumption as a function of the ambient
wet bulb temperature, while the red curve represents the discharge pressure. The
curves refer to a water supply capacity of 760 m*/h at 1.0°C with return at 4.0°C. For
the condition evaluated, the estimated consumption of electrical energy is approxi-
mately 0.96 kWh for each cubic meter of water produced at 1°C, while in summer,
this value will reach 1.03 kWh/m? of water supplied since the discharge pressure
will increase from 11 bar to approximately 12.7 bar for the observed Ty of 25°C.

The implementation of strategies has brought possibilities for better operational
standards, allowing the system to operate under the curve shown in Figure 10. This
scenario can increase the capacity to supply chilled water at 1°C to 1200 m*/h, ensur-
ing a return to 4.0°C, representing an increase of approximately 58% compared to
the current situation. Regarding the consumption of electrical energy required for
production, this will increase to 0.90 kWh/m® of water produced in winter and 0.96
kWh/m? of water produced in summer, which can provide annual savings of approxi-
mately 648,000 kWh for the expected water consumption of 1200 m>/h. The restora-
tion of the system provided an increase in the availability of flow rate and a reduction
in the cost of producing chilled water. In this specific case, the integration between

7
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the instantaneous production of melted water and tank storage proved to be the best
solution. Another aspect to be considered is the discharge pressure, which directly
impacts the consumption of refrigeration compressors.

The analysis of industrial units using modern technologies allows us to delve
deeper into the identification of opportunities and significant energy savings.
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Figure 8.
Water return temperature — (a) Milk reception, (b) lacteous processing, and (c) serum processing.

2.2.1 Refrigeration system for pork products

At two different times, analyses were carried out to improve the performance of
arefrigeration unit used for pig production, one in 2020 and the other in 2024. This
refrigeration unit has 24 pig cooling chambers and two freezing tunnels with operat-
ing regimes in the machine room equal to —35/-10°C and — 10/+35°C. It is noteworthy
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Conditions of cold water production verified.
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Figure 10.
Conditions of cold water production predicted after employment of strategies.

that units producing large animals such as meat and pork generally have a large
number of cooling chambers with also large thermal amplitudes since the animals
begin the cooling process at temperatures between 40 and 50°C and should finish at
around 5°C after a period of 20 to 24 h. Figure 11 shows the temperature variation in
four different environments over 1 day of operation in a pork slaughterhouse with the
respective expected setpoints: (a) palletizing room; (b) cooling chamber; (c) carton
freezer tunnel; and (d) storage chamber.

These large temperature ranges sometimes cause difficulties in implementing
setpoints that can meet thermal demands efficiently. Figure 12 shows an example of a
day of operation for a compressor connected to the low-temperature regime (—35°C).
As can be seen, on that day the setpoint was not respected, and the lowest pressure
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Temperatures — (a) palletizing room; (b) cooling chamber; (c) carton freezer tunnel; and (d) stovage chamber.
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Evaporating pressure.

recorded was —0.34 bar, which resulted in an energy waste of approximately 19.3% in
the low-temperature regime.

Figure 13 shows the variation in intermediate pressure over one day of opera-
tion. The lowest intermediate pressure experienced on that day was 1.6 bar, which
represents a waste of 10.3% of energy in the compressors connected to intermediate
pressure. These fluctuations cause constant waste of energy, leading to major losses.

Computer simulations indicated strategies for peak and off-peak time. One of the
strategies analyzed was the possibility of implementing the 0/+35°C regime by chang-
ing the suction pressure of the compressors instead of using pressure-regulating
valves for this purpose. The pressure of the —35°C regime was changed from —0.4 bar
to —0.1 bar, while the pressure of the intermediate regime went from 1.8 bar to 2.2 bar.

These strategies resulted in the shutdown of two and, at times, three compressors
during off-peak time and four compressors during peak hours.

The annual savings generated were approximately 528,000 kWh during peak
hours and 1,584,000 kWh during off-peak hours, representing an improvement of
approximately 5.18 kWh per ton of processed product.

Intermediate Pressure

w
(=

T ™

25 Setpoint = 1.9 bar .

2.0

O
sons| o
o sepe
oo opee
[}
[
®
°

15
10
0.5

0.0
0:00 AM

Intermediate Pressure (bar)

Time sample 11:00PM

Figure 13.
Intermediate pressure.

2.3 Energy performance of evaporative condensers

As previously mentioned, condenser performance directly impacts the energy
consumption of a vapor compression refrigeration system. Unfortunately, many of
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the condensers installed in the field have performances that are much lower than
those predicted by their manufacturers. A detailed analysis of the operating condi-
tions of evaporative condensers is shown below. Five evaporative condensers were
analyzed in a pork slaughterhouse with five reciprocating compressors, four screw
compressors, three carton freezers, one storage chamber, one chiller water with
capacity of 120 m’/h, and other environments necessary for pork processing. The
head pressure condensing during the assessment was 10.4 bar. The first variable
analyzed is the wet bulb temperature (Tywg) at the airflow inlet to the condenser
(Figure 14).

The Tywg at the condenser air inlet directly impacts the energy gain of the air as
it passes through the tube bundle. When observing the Tyyp at the air inlet, it can be
seen that condensers 2 and 5 should have better performance than the others, with
condenser 1 having the worst performance.

Another important variable is the relative humidity at the condenser air outlet
(Figure 15). This variable will indicate how efficient the air humidification is as it
passes through the tube bundle. A desirable value is between 95 and 100%. The only
condenser that presented adequate air saturation.

The energy gains of the air stream (Figure 16) are more intense in condensers 1,
2, and 4, evidencing poor use of the air as it passes through the tube bundle. Thus,
despite low humidification, condensers 1 and 2 show good use of the air stream in
terms of energy gain. A desirable use for evaporative condensers is around 20 kJ/kg
in the air stream. Therefore, attention should be paid to the water and air flows in
condensers 3 and 5.
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Wet inlet bulb temperatures.
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Energy gain.

The heat transfer rate predicted by the manufacturers and the measured heat
transfer rate for each of the ECs evaluated are shown in Figure 17. ECs 1 and 3 pre-
sented heat transfer rates much lower than those predicted by their manufacturers for
the conditions analyzed. Condenser 2 presented a heat transfer rate higher than that
predicted by the manufacturer. The coefficient of performance of the ECs is shown in
Figure 18, evidencing the relationship between the heat transfer rate and the power
consumed in each EC. Once again, it is possible to observe the low performance of
ECs 1and 3 and the good performance of EC 2. The best results were found in ECs 2,
4,and 5, and ECs 1 and 3 need to be revised to restore their standard operating condi-
tions. The overall efficiency of ECs was 74%.
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With the condensers operating at 100% of their predicted capacity, the condens-
ing pressure should be 8.9 bar, which would lead to an energy saving of approximately
9.4% in the compressors, equivalent to an annual energy saving of 998,784 kWh.

3. Energy saving employing float head pressure controls

Compressor operating pressures play a fundamental role in both the capacity and
mechanical power required to compress the refrigerant fluid. Suction pressure often
corresponds to the temperature at which the fluid is pumped to the evaporators,
directly influencing the capacity of this equipment and, consequently, the tempera-
ture of environments and products. Discharge pressure can be observed basically for
two types of operation:

1-stage compression systems in which the compressors discharge directly into the
condensers. For this type of system, the discharge pressure (or condensation pres-
sure) will be directly linked to the capacity and performance of the condensers and
condensing fluid conditions in general.

2-stage systems. In this type of operation, booster compressors operate (compress-
ing from low pressure to intermediate pressure) and high or second-stage compres-
sion compressors (which compress from intermediate pressure to condensation
pressure, which also depends on the condensation system). The discharge pressure
of the low-pressure compressors will correspond to the suction pressure of the
second-stage compressors. The discharge pressure of the first-stage compressors
(and the suction pressure of the second stage) is normally called intermediate pres-
sure. This pressure will therefore depend on the operation of both the first-stage and
second-stage compressors. In many refrigeration units, the intermediate pressure has
been conventionally set at around 1.9 bar (corresponding to the ammonia saturation
temperature of —10°C). However, this intermediate pressure would not always be the
best choice for operating a refrigeration system. The intermediate pressure that will
lead to the maximum COP will depend on many factors, such as evaporator capacity,
equipment connected in this regime (ice machines, chilled water systems, among
others), thermal load, operation of high-pressure compressors, and so on. The fact is
that maintaining this fixed operating pressure may promote the best energy efficiency
for few or even none of the conditions in which the system is operating. The only
way to keep the system operating at a point of maximum efficiency is to implement
a control with variable pressure on demand. Figure 19 shows the consumption curve
as a function of the intermediate pressure for an observed operating condition, of
arefrigeration unit with 11 screw compressors and nine evaporative condensers
with a nominal capacity of heat transfer rate of 16,511.6 kW, as a function of the
intermediate pressure for an observed operating condition. In this case, the best
operating condition resulted in an intermediate temperature around —4°C. Any other
intermediate temperature will result in higher electricity consumption. It should be
noted that this intermediate temperature will only be the best for this instantaneous
operating condition.

Intelligent automatic control of condensing pressure is also essential for both sys-
tem performance and safety. Compressors will have lower energy consumption with
lower condensing pressures. Each system reacts to condensing pressure differently
at different times of the day, whether due to weather conditions (wet bulb tempera-
ture — Twsg) or unit operating conditions (thermal load, suction pressures, individual
performance of each compressor, and others).
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Figure 19.
Variable intermediate saturation temperature.

As an example, Figure 20 shows the optimal condensing pressure as a function
of the ambient Ty for the refrigeration unit evaluated. It can be seen that for the
conditions observed throughout the day, there will be several condensing pressures
that will result in lower system energy consumption.

Therefore, keeping the condensing pressure constant, even if it is lower than the
design values, will not provide the best performance for the system, and some energy
waste will be observed.

Figure 21 shows the energy consumption of the unit evaluated for different Tyg
values to which the system may be subjected. It can be seen from the curves in the
graph that for each Typ, there will be an optimal condensing pressure that will lead
the system to the lowest energy consumption. For both higher and lower condensing
pressure values, energy consumption will be higher than it could be if it operated with
an intelligent condensation control system, keeping the condensers operating at the
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Figure 20.
Optimal condensing head pressure versus Tyyp,
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Figure 21.
Optimized condensation head pressure.

minimum consumption point. This type of system can provide significant savings in
machine rooms, in addition to greater operational safety.

4. Capacity control in refrigeration screw compressors

As previously mentioned, maintaining the best operating pressures is of vital
importance for the performance of a refrigeration system.

The operating pressures of compressors play a fundamental role in both the
capacity and the mechanical power required to compress the refrigerant fluid. The
suction pressure often corresponds to the temperature at which the fluid is pumped
to the evaporators, directly influencing the capacity of this equipment and, conse-
quently, the temperature of environments and products. The discharge pressure has a
strong influence on the power required to operate the compressors and can represent
something around 5 to 8% of the energy consumption for each 1 bar of pressure
increase. These percentages are estimates and maybe even higher for each situation.
Factors such as the efficiency of compressors and condensers will directly influence
the overconsumption of this equipment.

To maintain the suction pressure of compressors, two types of strategies are
normally employed: (a) mechanical drive, generally with hydraulic drive by oil pres-
sure—slide valve; and (b) variable speed drivers (VSD). The latter is generally used in
screw-type compressors.

Figure 22 shows a comparison based on manufacturer data for the variation in
the capacity of a screw-type compressor by reducing capacity from 100 to 50% of its
nominal capacity through variation in rotation and the compressor’s slide valve.

The blue curve represents the variation in capacity with the compressor’s
mechanical system, while the trend that can be observed through the yellow dots
refers to the reduction in capacity through variation in compressor frequency.

By reducing the compressor frequency to 50%, it can be seen that the capacity
reduces to less than 50%. With the mechanical device (slide valve), the capacity is
greater than 50%.
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Figure 22.
Thermal capacity change in a screw compressor - VSD x Slide Valve.

The behavior of the power consumption when varying the thermal capacity of
the compressor in the two ways described above is shown in Figure 23. Through the
graph, it can be seen that by reducing the compressor rotation to 50%, the power
decreases in the same proportion, while by reducing it mechanically, the powers
observed will be greater.
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Figure 23.
Power demanded variation due to thermal capacity changing in a screw compressor - VSD x slide valve.

This analysis leads us to believe that by reducing capacity through frequency varia-
tion in a compressor, the power will be lower than through the compressor’s thermal
capacity control system. However, the thermal capacity will also be lower in this
circumstance, and the best way to evaluate performance will be through the coeffi-
cient of performance — COP of the compressor. This parameter shown in Figure 24 is
always superior when using VSD as a control technique for compressors, according to
their manufacturers. It is important to note that it will always be necessary to evaluate
each situation individually since analyses performed in the field have already demon-
strated trends that are opposite to those presented here. Figure 25 shows an analysis
performed on a screw compressor with a thermal capacity reduction of approximately
50%, first through the slide valve and then through the variation of the compres-
sor speed (VSD), keeping all other compressor conditions the same. The reduction
through the slide valve resulted in a current saving of approximately 136.6 A, which
results in an annual energy saving of approximately 619,349.6 kWh.
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In any case, the implementation of intelligent control strategies and devices can
bring significant gains throughout the period in which the engine room is operating,
always selecting the best setpoints for each situation.
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Figure 24.
COP variation due to thermal capacity changing in a screw compressor - VSD x slide valve.
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Figure 25.
Electrical current consumption by slide valve and VSD.

5. Overview about energy efficiency strategies

Therefore, this work highlights the impact of strategies and technologies employed
on energy efficiency improvements at industrial refrigeration systems by bringing
studies of cases about refrigeration units used in food refrigeration of dairy, pork,
poultry, and beef products. The operation optimization of the ice machines, water
coolers, evaporative condensers, pressures of suction and discharge of compressors,
schedule of operation of compressors, and other strategies employed were used to
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save energy. The operational parameters are obtained by computational simulation
through the mathematical models existing in the SGEM® system, which is built
especially for increasing the COP to industrial refrigeration systems. Figure 26 shows
one of the interfaces of the SGEM® simulation.

# Potencias por Regime ( kW ) 8 Consumo por Regime ( kWh )

150213
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Figure 26.
SGEM computational simulator interface.
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Successful energy efficiency behaviors normally start from a structure appropriate
for each specificity, with the following basic procedures being recommended:

* Full knowledge of the plant;

* Updated flowcharts;

* Equipment inventory;

* Keeping the manuals up to date;

* Predictive, preventive, and corrective maintenance at the right times;

* Training of involved staff;

* Carrying out energy efficiency studies with qualified auditors;

* Mathematical modeling and computer simulation of the refrigeration unit;

* Meeting with the staff to identify critical points and opportunities;

* Definition of methodology for evaluating actions;

* Automatic activation and control of equipment;

* Equipment data measurements and comparison of operational standards;

* Remote monitoring, assessment of the current situation, and identification of
opportunities;

* Continuous process assessments;

6. Conclusions

This work addressed energy efficiency in industrial refrigeration systems used for
the production and storage of food and beverage products. Some strategies and tech-
nologies used to increase the coefficient of performance (COP) of refrigeration units
are shown, such as intelligent operation through variable speed drives (VSDs) and
intelligent controls in fans of evaporative condensers, floating head pressure work,
optimization of ice and chilled water production, and use of mathematical modeling
and computer simulations, among others.

Analyses of a refrigeration system for freezing poultry show an available annual
energy saving of about 4,473,467.57 kWh.

Strategies indicated by this methodology can provide annual savings of approxi-
mately 648,000 kWh and an increase of 460 m’/h of the cooled water in a refrigera-
tion system for frozen dairy products.

The annual savings generated in a system for frozen pork products were approxi-
mately 528,000 kWh during peak hours and 1,584,000 kWh during off-peak hours,
representing an improvement of approximately 5.18 kWh per ton of processed product.
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Evaluation of evaporative condensers showed that restoring the best operating
conditions, the annual energy saving is around 998.784 kWh in a medium-sized
system, with a total condensing heat transfer rate capacity of 5528.2 kW.

One of the refrigeration units evaluated in this work showed a potential for energy
savings of approximately 10% through operation with intermediate and floating
condensation pressures.

Another important verification addressed in this work was the evaluation of the
reduction in load thermal capacity of compressors by comparing two different ways:
through a frequency inverter and a slide valve. The reduction in thermal capacity
through the slide valve showed an annual energy-saving potential of approximately
619,349.6 kWh.

However, it is possible, through the results presented, to perceive the importance
of strategic actions that in the vast majority of cases do not require the purchase of
new equipment or trial and error methodologies that entail high costs and, in most
cases, little or no significant results.
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Chapter 2

System Analysis of Thermoelectric
Heat Pump Circuits with
Regenerative Heat Recovery

Yuriy Lobunets

Abstract

A schematic concept of a compressorless heat pump for residential and
commercial HVAC installations is considered. The technical approach is based on
a solid-state thermoelectric heat pump, which will reduce energy consumption
for cooling and heating compared to typical technologies. A key feature of all
reverse thermodynamic cycles on which heat pumps operate is the inverse
hyperbolic dependence of the coefficient of performance (COP) on the difference
in operating temperatures. The considered design divides the total operating
temperature difference into many small intervals, each with an increased COP. The
main thing is the technical possibility of creating an integrated recuperative heat
exchanger, which includes thermoelectric micro-heat pumps in a sequential heating (or
cooling) circuit. Since the temperature difference on each micro heat pump is much
smaller than the total, each unit works with an increased efficiency factor. In this design,
the total temperature rise of the coolant is equal to the sum of the temperature gains of
all individual micro heat pumps, while the efficiency is equal to their average efficiency.
This arrangement of the circuit of the thermoelectric heat pump simulates the ideal
Lorentz cycle with internal heat recovery, which ensures high efficiency.

Keywords: thermoelectric cooling, thermoelectric heat pump, COP, heat recovery,
Lorentz cycle

1. Introduction

The EU aims to be climate neutral by 2050—an economy with zero greenhouse gas
emissions. This goal is at the heart of the European Green Deal [1] and is a legally
binding goal thanks to the European Climate Law [2].

Energy is central to the path to a net zero economy. The transition to a more
sustainable energy system involves the abandonment of fossil fuels and the transition
to low-carbon and renewable energy sources, increasing energy efficiency in prod-
ucts, industry and buildings, as well as creating a more sustainable energy system
based on clean technologies.

Up to 50% of total energy consumption and corresponding greenhouse gas emis-
sions are accounted for by activities related to providing comfortable thermal condi-
tions in the utility sector. One of the promising directions for improving energy
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efficiency and minimizing greenhouse emissions in this sector is the transition to
low-temperature heat supply systems that use renewable sources of heat energy and
waste heat (the so-called 4th and 5th generation centralized heat supply systems)

[3, 4]. Studies revealed that the 4th or 5th generation of district heating systems is
more feasible, fuel-efficient, and cheaper than individual solutions in areas with high
urban density. Such heat supply systems can become especially relevant in crisis
conditions, like the current situation in Ukraine, when the stability of the energy
system during the war is ensured by the decentralization of generating capacities. The
fifth-generation district heating has a network with a temperature as close to the
ambient ground temperature. If the DH supply temperature is 30°C or less, it

cannot be used directly for space heating (SH) or domestic hot water (DHW).

An electric heater or a booster heat pump is required to raise the temperature. A
heat pump extracts heat from a low-temperature medium (e.g., DH supply) and
delivers it to a medium at a higher temperature (e.g., building). The most common
type of heat pump in modern conditions is vapor compression system heat pumps
(VCC), which have an age-old history of use, but are not free from shortcomings.
This applies primarily to the use of freon coolants, which are the most dangerous
greenhouse gases. According to international agreements, their use is planned to be
limited starting from 2025. In addition, the temperature interval of use of VCC is
significantly limited by the properties of heat carriers, their performance is difficult to
adjust. In this regard, the task of developing technologies for compressorless heat
pumps that are free from these shortcomings is urgent. According to a study
conducted by the US Department of Energy [5], among the promising technologies
is the thermoelectric method of energy conversion. The advantages of
thermoelectric heat pumps (THP) are high reliability, compactness, noiselessness,
easy adjustment in a wide power range, and the absence of dangerous coolants. But in
terms of efficiency, they are inferior to steam compression ones. This drawback is
determined by the limited properties of existing thermoelectric materials. However,
the features of this technology allow the use of more efficient thermal circuits and
thermodynamic cycles that can bypass these limitations. This is confirmed by exper-
imental studies that show the possibility of significantly increasing the efficiency of
THP due to the use of schemes with heat regeneration [6, 7]. To determine the
possible limits and conditions for improving the characteristics of THP, this work
carried out a theoretical analysis of the properties of schemes with internal heat
regeneration.

2. Background and research base

Thermoelectric phenomena were discovered more than 200 years ago when
Seebeck discovered the effect of electromotive force in a circuit from different con-
ductors between the contacts of which there is a temperature difference. Soon, Peltier
discovered the effect of absorption and release of heat on the surface of the contacts of
such a circuit during the flow of an electric current. These effects became the subject
of research, during which Thomson theoretically predicted, and later experimentally
proved the existence of the effect of distributed absorption of heat in conductors
during the flow of current in the presence of a temperature gradient. Thanks to the
works of Ioffe [8] and Goldsmith [9], it was established that the most promising
thermoelectric materials are semiconductors. This marked the beginning of wide-
spread practical use of thermoelectric effects to create generators of direct conversion

24



System Analysis of Thermoelectric Heat Pump Circuits with Regenerative Heat Recovery
DOI: http://dx.doi.org/10.5772/intechopen.1008184

of thermal energy into electrical energy and micro-refrigerators for special application
conditions. Due to their high reliability, lack of moving parts, and independence from
the scale factor, thermoelectric heat pumps are widely used in cooling systems and
thermoregulation systems of electronic devices, in instrument and mechanical
engineering. Their use in more powerful applications is restrained by relatively low
efficiency.

The principle of operation of THP is based on the use of the Peltier thermoelectric
effect - when a current flows through a chain of dissimilar materials, heat is absorbed
in one connection, and heat is released in the other, which causes a flow of heat
between the connections and a temperature difference between them. The heat bal-
ance at the joints consists of Peltier heat Qp = IeT, which is compensated by the flow of
thermal conductivity Q4 = —AgradT and the flow of heat exchange with the environ-
ment Q, = aAT (Figure 1):

IeT), = —AgradT + o, (T), — 1) (1)
IeT, = —AgradT + a.(t, — T;)

Under certain circumstances, this balance can be formed in such a way that the
temperature of one connection decreases below the ambient temperature (T, — t.),
and the temperature of another connection is maintained above it (T}, > t;,). Thus,
under the action of an electric current, heat is removed from the object of cooling at
one junction of the thermocouple, and at the other, it is diverted to the surrounding
environment. That is, this effect makes it possible to realize the reverse thermody-
namic cycle — due to the work of an external energy source, heat can be transferred
from an environment with a low temperature to a heat carrier with a higher temper-
ature. To find the area of definition of the problem of thermoelectric cooling, a
mathematical model of a thermocouple under appropriate boundary conditions is
used, the basis of which is the solution of the Poisson equation of thermal conductivity
with heat sources:

T(Y) = Cy+ CY—q,/2Y?, ()

where integrations constant C;, C, are determined depending on the boundary
conditions of the problem. A. Ioffe, after considering the problem at fixed junction

awTa= oy

leTa I
ity
l ~MgrodT

| —

Figure 1.
Thermoelectric circuit.
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temperatures [8], determined that the coefficient of performance THP (COP) can be
represented as the product of the efficiency of the reverse Carnot cycle 5, = T,/AT on
the coefficient that considers losses from irreversible processes of heat conduction and
Joule heat release in a thermocouple:

COP=y, (M —T,/T,)/(M+1), 3

where M = 1/(1 + 2T) is a parameter that depends only on the dimensionless
criterion of the thermoelectric figure of merit of the material 2T}

z = ¢’6/4 — thermoelectric figure of merit, K%

T = (T}, + T,)/2 is the average temperature of the junctions of the thermocouple.

This prompted researchers to search for materials with high 2T. Even though after a
period of rapid growth, the progress in improving the properties of materials slowed
down and reached the level of saturation, this direction is still considered the main one for
solving the problem of THP efficiency. At the same time, there is an opinion that there are
thermodynamic limitations on the growth of 27, and the maximum possible value of the
thermoelectric factor is limited by the condition lim (2T) — 1, [10]. The latter assumption
conflicts with a significant number of reports on the development of materials with
2T > 1. However, these results for the most part do not ensure reproducibility and
distribution from laboratory samples of materials to specific products [11-13]. At the
same time, the limited thermoelectric figure of merit of materials does not mean that
thermoelectrics are unable to provide a competitive level of efficiency for energy appli-
cations. Most of the known estimates of the efficiency of THP are based on the analysis
of the relative internal efficiency of the thermal energy converter, that is, only
internal irreversible losses in thermocouples are considered. However, the energy con-
version factor COP = Q/N is not an absolute criterion for the efficiency of the
energy source. In fact, a more objective indicator of the economic efficiency of a heat
pump is the levelized cost of thermal energy (LCOH). This indicator is a complex
function of various factors and does not depend uniquely only on the thermoelectric
figure of merit. The levelized cost of heating estimates the average cost of providing 1 KJ
of heating over the lifetime of the equipment, considering the capital cost of the equip-
ment and installation; operating expenses include the cost of fuel and regular mainte-
nance [14]. Economic efficiency depends on thermal efficiency, which considers external
irreversible losses of temperature pressure, the conditions of heat exchange, the cost of
THP components, the price of energy carriers, and so on. According to Eq. (3), COP
significantly depends on the temperature difference between the junctions AT A general
property of reverse thermodynamic cycles is the hyperbolic dependence of the efficiency
on the difference in operating temperatures: at AT — 0, the COP increases indefinitely
(Figure 2).

Also, the characteristics of THP are significantly affected by the heat
exchange at the junctions of thermocouples. Irreversible losses from external heat
exchange increase the temperature difference between the junctions, which is
necessary to achieve the required cooling depth, which leads to a drop in COP com-
pared to the ideal model. Many works [15-17] are devoted to the analysis of THP
regimes in various conditions. In a generalized form, the solution to the problem of
temperature distribution in thermocouples can be presented using a system of
dimensionless criteria that have a clear physical meaning and standardized change
intervals, [18]:

6 =f(zT,,],Ki, Bi), (4)
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Figure 2.
Dependence of the efficiency of THP on the temperature difference.

Here O = T/T), is the dimensionless temperature of the thermoelement, which is
used to calculate the energy characteristics of the THP; 2T, is a criterion of thermo-
electric figure of merit that characterizes the thermoelectric material. Dimensionless
current ] = jeh/2, dimensionless heat flow Ki = qh/AT,, and Bio’s criterion Bi = ah/1
characterize the mode parameters that determine the state of the system. The defining
temperature of the problem T, which sets the temperature scale, is equal to the
ambient temperature T), = £,.

To consider external irreversible losses during heat exchange, a mathematical
model is used in boundary conditions of the third kind (Newton-Robin problem):

0 (Y) = Cy + CY-J*/2T Y?
Bi.[9. — ©(0 )] + 6'(0)-J©(0) = 0; (5)

Bi,[0(1) — 8] + 0/'(1)-JO(1) = 0;

Constant integrations C;, C; in this case are determined from the system of

(Eq. (5)) as:

C1 =Cr/Cp;
G = Cl* (] + Blc) - Bic*gc’ (6)

where

Cr = Bi,* &, +J%/zT* (1+ (Bi, —J)/2) + Bi,* 8. * (Bi)~J + 1);
Cp = Bi,J + (J + Bi;) " (Biy—J + 1);
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In the general case, the heat flux at the heat-absorbing joint is equal to:
q =ac(t.—T.), (7)
or in dimensionless form:
Ki = Bi. (9. — 6,) (8)

It follows from the last relation that the heat pump mode is realized if the temper-
ature of the cold junction is lower than the temperature of the object being cooled.

0,<9, )

For arbitrary combinations of problem parameters, the range of permissible supply
currents Jyi, <J < Jina satistying condition (Eq. (9)) is found as the roots of the equation

196 - @L‘ (J’ ZTp’Bica Bih9196>19h) = O; (10)

At the ends of this range of currents, the temperature of the heat-absorbing joint is
equal to the temperature of the object being cooled, and the cooling capacity turns to
zero, Figure 3. The relationship between the cooling capacity and the efficiency of the
standard thermoelectric module for the given temperatures of the heat source and
sink is illustrated in Figure 4. A comparison of the results of the real and idealized
model indicates a significant influence of the heat exchange conditions on the charac-
teristics of the THP. The analysis of expression (Eq. (10)) proves that for any specific
conditions, there is a threshold of the intensity of heat exchange, below which the
interval of admissible power currents turns to zero, and the implementation of the
cooling mode is impossible.

The given data prove that the efficiency and power of the THP in each temperature
range can be adjusted within wide limits, which makes it possible to determine the
optimal modes that provide the best technical and economic characteristics of the
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Figure 3.
Dependence of the temperature of the cold contact T. on the supply current .
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Figure 4.
Correlation between cooling capacity and efficiency of the thermoelectric module. 1: an idealized model; 2: an real
model.

THP, and to develop control algorithms capable of adapting the THP mode to current
conditions.

The considered results concern low-power THPs with constant temperatures along
cold and hot junctions. That is, in such devices, the reverse thermodynamic Carnot
cycle between two isotherms is implemented. In more powerful THPs, heat transfer is
carried out by coolants that are cooled/heated, flowing along the surface of the ther-
moelectric modules. At the same time, the temperatures of the coolants, which play
the role of the heat source and heat sink, change (Figure 5). In fact, such a heat pump
is a recuperative heat exchanger that provides heating and cooling of coolants due to
thermoelectric transfer of heat between them. The presence of intermediate coolants
makes it possible to increase the efficiency of THP due to the organization of schemes
with heat regeneration and recirculation of coolants. Since the heating and cooling are
carried out at alternating temperatures of the heat source and sink, this process is
closer to the reverse Lorentz thermodynamic cycle. It is known that the efficiency of
this cycle is at least twice as high as the efficiency of the Carnot cycle in the same
temperature ranges [19]. This is because, in the case of non-isothermal heat source
and heat sink, the Lorentz thermodynamic cycle can be represented as a set of sepa-
rate isothermal Carnot cycles, the operating temperature difference of each of which
(T, — T,) can be significantly smaller than the total operating temperature interval
(tno —t.0). That is, each local cycle works in more favourable conditions, which causes
an increase in the overall efficiency of the cycle. In such a scheme, many serially
connected thermoelectric elements allows for dividing the total difference in operat-
ing temperatures into many small intervals. Thus, each micro-THP has a high
COP. On this basis, it is technically possible to create an integrated recuperative heat
exchanger that combines thermoelectric micro-heat pumps into a sequential cooling/
heating circuit, along which the temperature of coolants circulating in a countercur-
rent circuit in the circuit of the heat source and the circuit of the consumer changes
sequentially. Since the temperature difference on an individual micro heat pump can
be very small (%5°C), each of them works with a high-efficiency factor. The operating
temperature difference of the THP is equal to the sum of the temperature increases of
the coolant on all individual micro heat pumps, while the overall efficiency is
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Scheme of THP heat exchange type.

determined by the efficiency of individual units. Such a thermoelectric heat pump can
work in any range of operating temperatures since the output temperatures can be
adjusted due to the number of serially connected thermocouples and the supply
current. This, together with such factors as the absence of refrigerants, flexible power
regulation, and compatibility with digital control systems, opens the prospects for the
wide use of the considered scheme of thermoelectric heat pumps in local HVAC
systems.

3. Subject and methodology of analysis

The configuration of the studied system, which includes a thermal point of the
central heating system with a booster heat pump, is shown in Figure 6.

This is a so-called direct DH substation, which does not have a heat exchanger that
separates the primary flow from the secondary flow. The heat carrier from the central
DH system enters directly into the local network for space heating and domestic hot
water preparation (DHW). Water with t;,, temperature enters the consumer’s heating
system from the low-temperature central heating system. For use in the space heating
and hot water supply system, its temperature must be increased to #;,;. For this, the
incoming water of the central heating system is fed to the booster heat pump, where it
is heated to the required temperature, and enters the internal heat supply system.
Here it gives heat Q. to consumers and cools down to the temperature ¢,,. After that, it
returns to the heat pump, where it transfers heat Qg to the direct flow of the heat
carrier and enters the central heating system with a temperature of 5. That is, in such
a scheme, internal heat regeneration is carried out and the initial temperature of the
heat source for THP rises from ¢, to t;,;. The supply current J, is chosen in such a way
as to ensure an increase in the temperature of the coolant from ¢, to ,; in the THP
supply channel, which consists of # thermoelectric modules.

The heat balance in this system is as follows:
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Scheme of heat supply from THP.
Q, = Qc + Qps (11)

where Q, = W(¢),; — t,») is the total amount of consumed heat; Q, = W(#,; — t),5) is
the heat consumed by the heating system; Qg = W(t,; — t.2) is the heat of internal
regeneration.

THP consumes power equal to the sum of the powers of individual modules:

N = sum(N(7)), (12)

where N(7) = [ ]az/sz + J,AO(i)]AT,/h is the power of a separate module, W;
AB(i) is the dimensionless temperature difference on the module.
Accordingly, the efficiency of THP is equal to

COP = Q,/N (13)

The purpose of the analysis is to determine the optimal parameters of similar THP
schemes and to assess possible technical and economic characteristics in the condi-
tions of low-temperature heating systems. To calculate the characteristics of the THP,
it is necessary to determine the optimal supply current J,, as well as the temperature
distribution of the coolant along the channels and the temperature distribution in the
thermocouples. The calculation algorithm begins with determining the permissible
current in the initial temperature interval dt = t,; — ;,, according to Eq. (10). After
that, the procedure for calculating the temperature distribution in the system is
performed in the following sequence:

* with the help of solution (Egs. (4) and (5)) for the given temperatures of heat
carriers ty,3,t.,, the temperatures Ty, T, of the first module, as well as the heat
flows on the surfaces of the module Q;, Q, are calculated;

* this allows you to determine the temperature increase of the coolant and the
boundary conditions for the following modules as
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te(i4+1) =t.(i) — Qi/Westy(i + 1) = 1;,(i) — Qui/ W

The supply current, which satisfies the conditions of the problem, is selected with
the help of this algorithm from the permissible interval under the condition that the
calculated temperature of the coolant at the entrance the heat exchanger t,(%) is equal
to the supply temperature ¢, that is, as the root of the equation

tho—tn(n) = 0 (14)

Then, according to Egs. (11)-(13), thermal and electric power and COP THP are
determined.

This algorithm makes it possible to investigate the influence of various factors on the
efficiency of THP and to estimate the limits of changes in THP efficiency in the space of
the main determining parameters. The implementation of the algorithm and the analysis
of the problem were carried out in the environment of the MATLAB software package.

4, Results and discussion

The basic set of initial parameters typical for low-temperature centralized heating
systems [6], is used for the analysis:

coolant—water;

coolant temperature at the entrance to the THP ¢, = 30°C;

coolant temperature at the exit from the THP z;,; = 42°C;

coolant temperature at the exit from the heating system t;,, = 37°C;
mass consumption of the coolant G = 0.001-0.003 kg/sec;
coefficient of heat transfer in channels & = 0.5-2 W/cm? K;

number of thermoelectric modules along the channel # = 10-100;

The choice of the mass consumption of the heat carrier corresponds to the power
of the THP in the range of 1-5 kW. The chosen intensity of heat exchange is typical for
plate or mini-channel heat exchangers in the considered conditions.

Properties of thermoelectric modules.

Type MT2,6-0,8-263.

The size is 50 x 50 mm.

The number of thermoelements is 526.

The dimensions of the thermoelements are 0.161 x 0.161 x 0.8 mm.

Seebeck coefficient, ¢ (V/K).

Thermal conductivity coefficient 2, W/cm” K.

Coefficient of electrical conductivity o, [Qcm] -1

Thermoelectric properties (e, o, 1) are described with sufficient accuracy as a
function of temperature by polynomials of the 2nd degree.

The determining factor affecting the efficiency of the THP is the temperature dif-
ference on the thermocouples. According to the mathematical model (Egs. (5) and (6)),
the distribution of temperatures in THP depends on the conditions of heat exchange
(criterion Bi), temperatures of coolants (., £, t,,), thermoelectric properties of the
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material (2T},), supply current (J) and geometric dimensions of the device. The power of
THP largely depends on the conditions of heat exchange between heat carriers.
According to the theory of heat transfer [20], in countercurrent heat exchangers in the
case of equal heat capacity of the mass flow of the coolants W), = W,, the temperature
distribution along the heat exchanger is linear, and the temperature difference between
the heat carriers is constant. It depends only on the ratio of the thermal resistance of the
heat exchanger Rt = 1/kF and the heat capacity of the coolant W:

1, (0)-t.(1) = At, /(1 + kF/W) (15)

where k is the heat transfer coefficient, W/cm? K; F is the heat exchange surface, cm?.

k is determined by the conditions of heat exchange in the channels and the thermal
resistance of the thermoelements R, = 4/4; F depends on the number of thermoelectric
modules in the channel; W = GC,, is determined by the mass flow rate of the coolant.

In a thermoelectric heat exchanger, due to the action of internal and surface heat
sources (Joule and Peltier effects), relation (Eq. (15)) is violated, but the influence of
these parameters remains predominant. That is, the independent parameters of the
problem are the properties and number of thermoelectric modules, and the mass flow
rate of the coolant, which are combined in the form of dimensionless complexes kF/
W, and the supply current J. The dependence of the temperature drop on the ther-
moelements on these parameters is shown in Figure 7. The dependence of the THP
efficiency on the mode parameters (Figure 8) illustrates the possibility of achieving
COP values approaching the level of vapor compression heat pumps [21]. The ratio of
efficiency and power of the considered THP scheme is shown in Figure 9. The
presented data confirm the possibility of flexible control of THP parameters in a wide
range of capacities by adjusting mode parameters. The determining parameter KE/W
with a fixed THP design (channel length # = const) can vary mainly due to the mass
flow rate of the coolant G. At the same time, the maximum allowable mass flow rate,
beyond which condition (Eq. (14)) cannot be fulfilled, depends on the intensity of
heat exchange in the channels and interval of permissible currents J. Since the inten-
sity of heat exchange, in turn, depends on the flow rate of the coolant, these
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Figure 7.
Dependence of the temperature difference on the thermoelements on the ratio of the heat transfer capacity of THP
KF and the mass flow rate of the heat carrier.
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Figure 9.
Dependence of useful power Q and THP efficiency COP on heat exchange intensity a.
parameters are interrelated. That is, for a specific THP design, algorithms can be
developed that automatically optimize the THP parameters in relation to the required
load by controlling the flow of the coolant and the supply current.

Within the scope of the task definition, the THP with the optimal number of mod-
ules (50 units) provides power within the Q, = (1-4) kW with a maximum COPx 7.

A detailed levelized cost of heat (LCOH) was examined using the techno-economic
data available in the reviewed studies. According to [22]:

t
Io+ Y £

LCOH = (16)

[

1
t N
2T
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TE module cost including mounting and connectors parts $20
Number of TE modules, n 50
Heat exchangers cost $150
Assembling cost $500
System THP cost, I, $1650
levelized cost of electricity, LCOE 0.15 $/kWh, [23]
The cost of electricity Pc = LCOE*Ni, $/Year
Maintaining cost P, =100, $/Year
O&M expenditures A¢ = Pc + tgPr, $/Year
discount rate, r 3%

Table 1.

Input data for calculating the levelized cost of heat.
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Figure 10.
Dependence of LCOH on the nominal capacity of THP.

where:

LCOH- levelized cost of heat [$/kWh];

I,—specific THP system costs incl. Installation [$];

A,—fixed and variable O&M expenditures in the year ¢, [$];

Q—heat energy yield in the year ¢ [kWh].

r—discount rate in %.

t—year within the period of use [1, 2, ... z,].

t—period of use (THP thermal system lifetime in years), [10 years];

Q,—heat produced in year t: Q, = Q, x 365 day x 24 h, [kWh];

The data given in Table 1 were used for the analysis:

The cost of supplying the coolant from the central heating network is not included
in the operating costs, since this parameter depends on many external factors that are
not characteristic of the analyzed scheme. That is, the obtained cost data relate only to
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the assessment of the operating conditions of the booster heat pump. The dependence
of LCOH on the nominal capacity of THP is shown in Figure 10. Considering the fact
that for traditional DH systems, LCOH is from 0.05 to 0.30 $/kWh [24], the obtained
results can be considered quite acceptable for the local heat supply systems.

5. Conclusion

In this chapter, the scheme of the booster thermoelectric heat pump for low-
temperature central heating systems is considered. Booster heat pumps are used in
LTDH to ensure the required temperature level of the heat carrier at the entrance to
the local network of the final consumer. The advantage of the THP cycle in question is
the use of a direct heat carrier supply scheme, without an intermediate heat
exchanger. This makes it possible to ensure internal regeneration of heat in the cycle
and increase the energy efficiency to the level of COP ~ 7, which exceeds the maxi-
mum efficiency of vapor compression heat pumps for the given conditions (COP ~ 5,
[21]). A theoretical analysis of the influence of determining parameters on the char-
acteristics of the THP scheme under consideration was carried out. The levelized cost
of thermal energy under LTDH conditions was estimated. It is shown that in optimal
operation modes, THPs can provide acceptable economic efficiency (LCOH= 0.04 $/
kWh), which is not inferior to traditional schemes (0.05 < LCOH < 0.5 $/kWh, [24]).
Further theoretical and experimental research is needed to specify the obtained results
in order to develop a practical design for the THP scheme in question, verify the
results, and outline prospective areas of application.
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Acronyms and abbreviations

DH district-heating system

LTDH low-temperature district heating system
HVAC heating, ventilation and air conditions system
SH space heating

DHW domestic hot water

HP heat pump

VCC vapor compression heat pump

THP thermoelectric heat pump

LCOE levelized cost of electricity

LCOH levelized cost of heat
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Biot criterion

electrical current (A)

current density (A/cm?)

Seebeck coefficient (V/K)

electromotive force, EMF (V)

coefficient of thermal conductivity (W/cm_K)
coefficient of electrical conductivity, [Qcm] -1
thermocouple leg length (cm, mm)
dimensionless current density

the charge carrier concentration (cm™?)
thermoelectric leg cross sectional area (cm?, mm?)
determining temperature (K)

hot junction temperature (K)

cold junction temperature (K)

junction temperature difference (K)

heat carrier temperature (K)

coolant temperature (K)

temperature difference of heat carriers (K)
dimensionless temperature

dimensionless temperature of fluid
thermoelectric figure-of-merit (K™
dimensionless thermoelectric figure-of-merit
electrical power (W)

specific power (W/cm?)

dimensionless power

heat flow density (W/ecm?)

heat flow (W)

dimensionless heat flow density

energy conversion factor/efficiency

Carnot efficiency

THP efficiency (coefficient of performance)
heat transfer coefficient (W/cm?_K)

thermal resistance (K cm?/W)

electrical resistance (Q)

dimensionless coordinate

heat capacity of the mass flow of the coolant (W/K)
mass flow of the coolant (kg/sec)

specific heat capacity (J/kg K)

c—cold; =—hot
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Adiabatic and No-Adiabatic
Absorption Chillers Using
Ammonia-Lithium Nitrate
Solutions
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Abstract

One of the applications of ammonia has been the use of this element as a refrigerant in
air conditioning systems for buildings, process industries and residential homes. The high
electrical consumption of conventional chillers is one of the main reasons why alternative
cooling systems have been sought. This chapter presents the analysis and modeling using
energy and mass balances, as well as the simulation of absorption chillers. In addition, the
analysis and discussion of the results of performance parameters of adiabatic and non-
adiabatic absorption chillers using the lithium-ammonia-nitrate solution are presented.
From the results presented in this section, it can be seen that although the heat flow and
circulation ratio are higher and the cop is lower for absorption chillers, when the conden-
sation temperature is lower and the evaporation and generation temperatures are higher,
these design parameters are closer to those of non-adiabatic absorption chillers.

Keywords: absorption refrigeration chillers, adiabatic absorption, ammonia-lithium
nitrate solutions, sustainable refrigeration, solar cooling

1. Introduction

One of the applications of ammonia has been the use of this element as a refriger-
ant in air conditioning systems for buildings, process industries and residential homes.
An air conditioning system, as seen in Figure 1, is made up of a system of ducts and
spread; the air handling unit that contains the heating and cooling coils, and the
chiller. The latter operates with a working fluid called refrigerant and can be organic
or natural, such as ammonia. In the figure, outside air is forced by the fan of the air
handling unit through the cooling coil and duct system to supply it into the condi-
tioned space. The cooling coil is fed by the chiller.

1.1 Ammonia compression chillers

The chillers operate in a vapor compression refrigeration cycle, such as the one
shown in Figure 2. The heat from the space to be refrigerated is absorbed in the
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Figure 1.
Schematic diagram of an air conditioning system.
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Figure 2.
Schematic diagram of an air-cooled compression chiller.

evaporator by the refrigerant at low temperature and pressure. The compressor raises
the temperature and pressure of the refrigerant to a temperature higher than that of
the environment so that the heat can be released through the condenser to the envi-
ronment, to condense the refrigerant. The refrigerant liquid reduces its pressure in an
expansion valve to bring the working fluid to the required temperature and pressure
conditions at the evaporator inlet so that the cycle is repeated. Compression chillers
release heat to the surrounding air if they are air-cooled, while heat is released to the
water in a cooling tower if the chiller is water-cooled.

The performance of the compression chiller is defined by the coefficient of per-
formance of the form:

COPqc = % 1)

The operation of compression chillers depends mainly on the electrical consump-

tion of the compressor, W.. The heat flow supplied, Q,, to the power cycle to produce
the electricity consumed by the compressor is given by:
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Q

— e 2
COPcc * 1y, 2

Q.
where, 77,., can take values between 0.25 and 0.42, depending on the thermal cycle by
which electricity is produced. For example, for a cooling capacity of 10 kW and a COP
of 4.5, the compressor power with Eq. (1) is 2.22 kW. With the thermal cycle efficiency
of 0.25 and using Eq. (2), the heat flow required for the ammonia chiller to operate is
8.8 kW. The increase is 75%. The high electrical consumption of conventional chillers is
one of the main reasons why alternative cooling systems have been sought.

1.2 Ammonia absorption chillers

Absorption chillers have been used for several decades, following the principle of
absorption refrigeration proposed by Ferdinand Carre in 1859. The cycle has been
updated with a recuperator as shown in Figure 3. The absorption chiller is composed
of the condenser, expansion valve and evaporator, similar to those of the vapor
compression cycle. However, the mechanical cycle compressor is replaced by a ther-
mochemical compressor composed of the absorber, the generator, the recuperator, the
pump and the solution valve (working pairs). The operation of the system is as
follows: the vapor leaving the evaporator at low pressure is absorbed by the concen-
trated solution in the absorber. The diluted solution is sent by means of a pump to the
generator where the steam is separated at high pressure by supplying heat from an
external source. The concentrated solution that leaves the generator, state 8, is
directed to the absorber through the recuperator and the expansion valve to repeat the
cycle. The use of these refrigeration systems has been mainly with water as a refrig-
erant for temperatures above 0°C. Meanwhile, refrigerant ammonia has mainly been
used for evaporation temperatures below 0°C. In absorption chillers for evaporation
temperatures lower than 0°C, ammonia has been predominantly used as a refrigerant
and water as an absorbent, ammonia-water. This can be seen in the products offered
by absorption chiller manufacturers.

P (;iz
Pn -
Qc Condenser
Recuperator
High pressure
Low pressure Throttle
Evaporator Absorber
QE 4
P b ——
1 | |
TE TaTc Te T
Figure 3.

Schematic diagram of the non-adiabatic absorption system.
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1.2.1 Ammonia working pairs

In the research phase, absorption chillers have been found using the sodium thio-
cyanate ammonia solution, ammonia-sodium thiocyanate, in diffusion absorption and
low-capacity refrigeration systems such as those shown by Refs. [1, 2], as well as in
chillers for different applications such as shown in Refs. [3-6].

Since Infante-Ferreira presented the performance of absorption chillers in 1984, com-
paring several working pairs, as well as the thermophysical properties of the ammonia-
lithium nitrate solution, different results of absorption chillers with ammonia-lithium
nitrate have been published. The ammonia-lithium nitrate solution has been used in
absorption chillers by several researchers. Such is the case of the works published by Refs.
[3, 7-9] in boiling processes, or those shown by Refs. [10, 11] in microscale applications.
This ammonia solution has also been used in different cooling systems, as shown by Refs.
[12-16]. In this chapter, for cooling applications, absorption chillers using the ammonia-
lithium nitrate solution have been divided into non-adiabatic absorption chillers, NAAC
and adiabatic absorption chillers, AAC, as described below.

1.2.2 Adiabatic absorption chillers

The concept of adiabatic absorption was presented by Ref. [17], for the water-
lithium bromide work pair. With the same dilution Refs. [18, 19] published the results
of an air-cooled adiabatic absorption refrigeration system. A single-effect absorption
refrigeration cycle driven by an ejector-adiabatic absorber was published by Ref. [20].
Meanwhile, the comparison of adiabatic and non-adiabatic absorption chillers using
saline solutions was published by Ref. [21].

The configuration of an adiabatic absorption chiller is presented in Figure 4. The
operation of this system is similar to that of non-adiabatic absorption described in
Figure 3, with the variant that in the adiabatic system, the solution that comes out of
the liquid expansion valve is subcooled in a flow heat exchanger, single-phase, prior to
accessing the adiabatic absorber, in which there is no heat transfer, but only mass is
transferred (vapor absorption by the solution).

P L——
Pl Q¢ Condenser Genera
Recuperator
High pressure
' Low pressure
Qe Eva Absorber
P
1 ] ]
T E T A T c T G T
Figure 4.

Schematic diagram of an adiabatic absorption system.
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1.2.3 Non-adiabatic ammonia-lithium nitrate absorption chillers

Absorption chillers, such as the one shown in Figure 3, using the ammonia-lithium
nitrate solution, with non-adiabatic absorbers are presented in this section. Ventas
et al. [22] evaluated a hybrid single-effect absorption refrigeration system with
mechanical compression; Zamora et al. [23] evaluated air-cooled and water-cooled
absorption chillers in the pre-industrial stage; while Ref. [15] evaluated the lithium-
ammonia-nitrate solution in a prototype absorption chiller.

1.2.4 Adiabatic ammonia-lithium nitrate absorption chillers

Ammonia vapor absorption results in adiabatic absorbers were published by Refs.
[14, 24-26]. Verdasco et al. [27] evaluated adiabatic absorption processes with the
ammonia-water solution. While Ref. [28] evaluated the adiabatic absorption charac-
teristics of the ammonia-sodium thiocyanate solution.

1.2.5 Advantages and disadvantages of ammonia absorption chillers

In general, among the main advantages of absorption chillers with ammonia, over
conventional compression chillers with the same refrigerant, is that the former use
residual and/or renewable sources for their operation [29, 30]. One of the main
advantages of non-adiabatic absorption chillers over adiabatic ones that use the
ammonia-lithium nitrate solution is that the former already have several prototypes
and even patents, as will be described later [31-33]. Unlike adiabatic absorption
chillers with the ammonia-lithium nitrate solution, at this time they have only been
evaluated theoretically or experimentally. However, as already described above, the
main advantages of adiabatic absorption chillers are that the configuration is simpler,
that the components can be cheaper and that, like non-adiabatic absorption chillers,
by using natural refrigerants and/or low Global Warming Potential, GWP, contributes
to the reduction of global warming [21].

1.2.6 Ammonia-lithium nitrate absorption chiller applications

The applications of non-adiabatic absorption chillers using the ammonia-lithium
nitrate solution can be, for example, air conditioning, refrigeration and freezing, as
can be seen in Refs. [29, 32-34]. In the work published by Ref. [35], it can be seen that
these chillers could be used to preserve medicines.

Figure 5 presents the approximate results, published by Ref. [36]. From the figure,
it can be seen that for evaporation temperatures of 5°C to —30°C, absorption chillers,
both those that use the ammonia-water solution such as those that use the ammonia-
lithium nitrate solution, can operate with supply temperatures between 70 and 130°C.
From the figure, it can also be seen that the coefficient of performance, COP with the
ammonia-lithium nitrate solution with evaporation temperatures below 0°C is higher
than that for the solution with water. For evaporation temperatures of 5°C, the COP is
10% lower than when the ammonia-water solution is used. Therefore, according to
these observations, and the results shown by Ref. [21], it can be suggested that
adiabatic absorption chillers that use the ammonia-lithium nitrate solution can be used
for air conditioning, refrigeration and freezing processes. These processes are found in
the conservation of food, crops, conservation of medicines, etc.
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Figure 5.
Coefficient of Performance with respect to generation temperature at different evaporation temperatures for
ammonia-water and ammonia-lithium nitvate solutions..

2. Analysis and mathematical modeling of absorption chillers

Absorption chiller modeling is presented in this section for adiabatic and non-
diabatic refrigeration systems. The modeling presented here of the non-adiabatic
absorption chiller is carried out through mass and energy balance for each component,
as suggested by Refs. [21, 37], as well as the principles of heat transfer and the
procedure followed for programming these systems, as described below.

2.1 Non-adiabatic absorption chiller

Since the evaporator heat flow Q, and the evaporation temperature, T, is provided
by the system application, then the required refrigerant flow is determined from:

Q. = (hs — h3) 3)

where hy and h; are the exit and entry enthalpies of the evaporator respectively.

The low pressure, P; and high pressure, P}, of the system are determined by the
equations of the thermodynamic properties of the refrigerant, at the temperatures of
the evaporator, T, and the condenser, T, respectively. The enthalpy at the condenser
outlet, /5, is the enthalpy of the saturated liquid at the condensation temperature. The
enthalpy at the evaporator inlet, 45 = &, due to the development of an isenthalpic
process in the refrigerant expansion valve. The temperature of the refrigerant vapor at
the inlet of the condenser is equal to the temperature of the concentrated solution at
the outlet of generator Tg. This temperature will be defined by the temperature of the
thermal supply source T, as:

Ty =T, (4)
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The temperature of the diluted solution at the outlet of the absorber, T, is equal to
the condensation temperature, because the absorption heat, is released to the same
sink as that released in the condenser. Therefore,

Ts=T, =T, (5)

Once the temperatures, Ts and Tg, have been defined, as well as the low pressures,
P and high pressures, Py, the concentrations of the diluted and concentrated solution
can be determined at points 5 and 8 respectively, using the equations of the
thermophysical properties of the working fluid.

Xs =f (P, Ts) (6)
Xg =f(Pp, Ts) )

The change in concentration AX is:
AX = Xy — X (8)
The circulation ratio, f, can be determined as:

mds o X, — X
mr Xd: - Xcs

f= 9)

From this equation, the flow rate of the dilute solution, 7,4, can be determined as:

XV - Xcs

Mas = My o————
Xd: - Xcs

(10)

The flow of the concentrated solution, 7z, is determined by mass balance in the
absorber, as:

Mg = Mes + 1, (11)

With the temperature and concentration of states 5 and 8, &5 and kg can be
determined.

The power of the pump, W, can be determined, with the change in pressures of
the form:

P, - P

Wp mdﬂ)s (12)
M
how,
W
wp - P (13)
n

Then, the enthalpy at the pump outlet, %, can be determined from:
wy = (he — hs) (14)
The heat transferred in the recuperator is determined as:
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Q, = ring(h7 — he) (15)
Q, = rites (hs = ) (16)
While the thermal efficiency of this heat exchanger is determined as suggested by
Ref. [38], by:
_T7;-Ts

& =T T (17)
If Cipin = Cp. or by:
T Ty
& = Ty T (18)

If Cinin = C.. where C, and Cy, are the thermal capacitance of the fluids, cold or hot
respectively.

C. = m.Cp, (19)

Ch = mh Cph (20)
Once the temperature in states T and Ty is known, the enthalpies at those points
are determined. The enthalpy %19 = /s is due to the developing isenthalpic expansion

in the solution valve. The heat flow in each of the components is determined by
energy and mass balance and is as follows:

Qg = thyha + thshs — sy (21)
Q, = tityhy + tireshio — rrgchs (22)
Q. =it (h1 — o) (23)

The operating coefficient, COP, is determined from:

Q,+ W,y

2.2 Adiabatic absorption chiller

The mathematical analysis and modeling of adiabatic absorption chillers are car-
ried out as indicated below.

First, the independent variables are assigned to each key state: Ty = T = T},
T1o = T = Te, T4 = Te. With this and with the equations of the thermodynamic
properties of the refrigerant, the operating pressures, low pressure and high pressure,
as well as the enthalpies of the four states of the refrigerant in the refrigerant circuit,
are determined.

With the required cooling capacity of the system, the refrigerant flow is deter-
mined with Eq. (3). The concentration of the concentrated solution can be determined
by Eq. (8). While the enthalpy in states 8 and 10, is determined by:

hS :f(TSs Xcs) (25)
th :f(Tlo,Xc:) (26)
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From here, the missing variables in states 5-10’ are determined by the system of
Egs. (9)-(20), in addition to Eqgs. (27) and (28) obtained from the energy and mass
balance of the adiabatic absorber.

mVXT + mc.vch = mdsts (27)
mrh4 + mcshlo = mdshS (28)

The heat flow released by the subcooler is determined by:

Q, = it (hyy — h1o) (29)

3. Performance of absorption chillers with ammonia-lithium nitrate

The model presented in Section 2 can be programmed in computer software to
simulate the behavior of adiabatic and non-adiabatic absorption chillers at different
operating conditions. In this section, the performance results of adiabatic and non-
adiabatic absorption chillers using the ammonia-lithium nitrate solution are
presented. The results were obtained using the Engineering Equation Solver, EES
software [39]. The thermodynamic properties of the solution were determined using
the correlations of Refs. [40, 41] and were programmed in the EES software. The
cooling power, and the efficiency of the recuperator and the pump were, respectively,
10 kW, 0.8, 0.85. While the simulated temperature values are presented in Table 1.

Figure 6 shows the behavior of the heat flow in the generator, with respect to the
generation temperature at different evaporation temperatures, for two condensation
temperatures and for adiabatic and non-adiabatic chillers. In the figure, in general
terms, it can be seen that the heat flow required for an adiabatic chiller is up to 50%
greater than that needed in a non-adiabatic chiller at 90°C or 28% at 110°C. This may
be due, as explained in Ref. [21], that the concentration change is smaller in the
absorber for an adiabatic chiller because only the sensible heat is extracted in the
subcooler. Consequently, a greater flow of solution is required to circulate in the
absorber and in the generator to separate the amount of refrigerant at the required
cooling capacity. In the same figure, it can be seen that at a higher evaporation
temperature and a lower condensation temperature, for example at 0°C and 28°C
respectively, the supplied heat flux increases only 22% for the adiabatic system
compared to the non-adiabatic system.

Figure 7 shows the behavior of the circulation ratio, with respect to the generation
temperature at different evaporation temperatures, for two condensation temperatures
and for adiabatic and non-adiabatic chillers. Like the heat flow previously discussed in
Figure 6, it can be seen that the circulation ratio for the adiabatic chiller is 78% greater
compared to that required by the non-adiabatic chiller at 90°C or 74% at 110°C.

Parameter Value

Evaporator temperature, T, °C -10, -5, 0

Condenser temperature, T, °C 28,31, 34

Generator temperature, Tg, °C 90-110
Table 1.

Operating conditions for simulating.
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Heat flow in the generator with respect to the generation temperature, for different evaporation temperatures at
two condensation temperatures and for adiabatic (dashed lines) and non-adiabatic (continuous lines) chillers.

90 — - T \ \
a --0O--Tg=-10°C -=0---Tg=-10°C  :
el \‘() o --Tg=0°C ---e--T=0C =
__ 70 h . —O0—Te=-10°C e T=10°C
= & T,=0°C e T=0°C
« gok Y s 3
s 60 o T.=28°C T =34°C
"§ 50 Adiabatic Oﬁ_n‘ 3
g RalvSy
=1 40t - =5 =
© @®- Ty
3 30 @ﬁ—@-@'{‘\*@ﬂ o i Ty s 1
= M CEE ORI~ B 3
O o0f &-t--n-n P CEIO I foL =, @=ft=G- G- @ -
~— BT A A A A A A -A-p - -
oy 3
10F 3
{ )
[y
920 95 100 105 110

Generator temperature, T, [°C]

Figure 7.
Circulation ratio with respect to the generation temperature, for different evaporation temperatures at two
condensation temperatures.

Figure 8 shows the behavior of the coefficient of performance, with respect to the
generation temperature at different evaporation temperatures, for two condensation
temperatures and for adiabatic and non-adiabatic chillers. From the figure, it can be
seen that lower generation temperature, the COP is lower. Likewise, it is observed that
the COP of the adiabatic chiller is lower than that of the non-adiabatic chiller. How-
ever, for example, at 95.2°C, it can also be noted that at a higher evaporation temper-
ature and a lower condensation temperature, for example at 0°C and 28°C,
respectively, the COP of the adiabatic chiller decreases only approximately 20%,
compared to that of the non-adiabatic chiller. From the results presented in this
section, it can be seen that although the heat flow and circulation ratio are higher and
the cop is lower for absorption chillers, when the condensation temperature is lower
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Figure 8.
Coefficient of performance with respect to the generation temperature, for different evaporation temperatures at
two condensation temperatures.

and the evaporation and generation temperatures are higher, these design parameters
are closer to those of non-adiabatic absorption chillers. The above suggests further
studies in these cycles.

4. Future research on adiabatic ammonia-lithium nitrate absorption
chillers

According to the results published by Refs. [21, 29, 35, 42], the results presented in
this chapter and the trend in research on refrigeration systems, alternative energy
sources and the need to reduce global warming, among others, some future lines of
research on adiabatic absorption chillers using the ammonia-lithium nitrate solution
may be:

* Evaluation of adiabatic absorption chillers using nanofluids to improve heat
transfer.

* Evaluation of double-effect and triple-effect adiabatic absorption chillers to
reduce supply energy.

* Evaluation of adiabatic absorption chillers integrated into polygeneration
systems, to improve primary energy efficiency.

5. Conclusions

From the information presented in this chapter, the following conclusions can be
found.
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Although the performance coefficient of traditional ammonia compression chillers
is greater than 4, when the cycle and the thermal source for the production of
electricity consumed by the cycle compressor are taken into account, the energy
required for the operation of the cooling system cooling is up to 75% greater than the
required cooling capacity.

On the other hand, although the principle of adiabatic absorption in absorption
chillers has been proposed for more than three decades, there are very few published
works on adiabatic absorption chillers with ammonia as a refrigerant. This suggests
that more research is required in this regard, in order to explore the benefits of this
cycle.

From the results presented in this section, it can be seen that although the heat
flow and circulation ratio are higher and the cop is lower for absorption chillers, when
the condensation temperature is lower and the evaporation and generation tempera-
tures are higher, these design parameters are closer to those of non-adiabatic absorp-
tion chillers. The above suggests further studies in these cycles.
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Nomenclature

AAC adiabatic absorption chiller
cor coefficient of performance
Cp specific heat (kJ/kg K)

f circulation ratio

h enthalpy (kJ/kg)

NAAC non-adiabatic absorption chiller
7 mass flow rate (kg/s)

Q heat flow (W)

T temperature (K)

v specific volume (m3/kg)
w power (W)

x concentration

Subscripts

1,2,3...10 state in the cycle

a absorber

ac absorption chiller

c condenser

cc compression chiller
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cs concentrated solution
ds diluted solution

e evaporator

g generator

p pump

r refrigerant

s subcooler

tc thermal cycle

Greek symbols

&N efficiency
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Chapter 4

Low-Temperature Sintering
Technologies in Power Electronics:
Materials, Process, and

Advanced Packaging of SiC WBG
Semiconductors

Haidong Yan, Wanli Li, Yaqin Liao and Chaohui Liu

Abstract

SiC power devices represent a breakthrough in wide bandgap semiconductor
technology, offering superior performance through high current density, extreme
temperature operation, and fast switching capabilities that enable transformative
improvements in power electronics, yet their full potential is constrained by the
limitations of traditional soldering techniques in meeting stringent high-temperature
stability and thermal management requirements. This chapter comprehensively
examines low-temperature sintering technology as a transformative solution for
SiC interconnects, showcasing material innovations including advanced Ag sinter-
ing formulations with nano/micro hybrid particles achieving robust connections at
unprecedented low temperatures through particle engineering breakthroughs, along-
side pioneering Cu sintering methods utilizing formic acid reduction and nanoscale
surface treatments to provide cost-effective alternatives with exceptional mechanical
strength exceeding 130 MPa. The implementation of this technology offers significant
advantages across advanced packaging architectures, including DTS, Cu Clip, and
double-sided cooling systems, as well as emerging embedded configurations. These
developments firmly establish low-temperature sintering as an essential enabling
technology for next-generation power electronics packaging solutions.

Keywords: die-attach, sintered silver/copper, wide bandgap semiconductors,
power module, advanced packaging

1. Introduction
As anovel type of wide-bandgap (WBG) semiconductor, silicon carbide (SiC) power

devices boast a current-carrying capacity of up to 600 A/mm?’, potential for extreme
high-temperature service above 250°C, and high-frequency switching performance.
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Figure 1.
Potential application scenarios for low-temperature sintering technologies [2—6].

These characteristics are revolutionary for enhancing the power density and conversion
efficiency of power electronic systems, and consequently reducing system costs. SiC
power devices have attracted considerable attention in fields, such as new energy electric
vehicles, high-voltage direct current transmission, rail transportation, and cutting-edge
defense equipment, and they have gradually been widely applied in new energy electric
vehicles. However, there are significant differences in electrical, thermal, mechanical,
and other performance aspects between SiC power devices and traditional Si-based
power devices. Traditional soft soldering alloys can no longer meet the high-performance
requirements of SiC devices for die bonding materials in terms of high-temperature
resistance, efficient heat dissipation, process compatibility, and so on.

Low-temperature sintering silver (Ag) or copper (Cu) materials are novel
high-performance die interconnect materials capable of forming a die attachment
with high-temperature resistance, high thermal conductivity, and low resistivity
under certain auxiliary pressure or even without pressure at low temperatures [1].
Compared to conventional soft soldering alloys, die attachment formed by low-tem-
perature silver/copper sintering technology not only enhances the high-temperature
service reliability and reduces the thermal resistance of SiC power packaging, but
also eliminates remelting issues during multilevel SiC power packaging. Thus,
low-temperature sintering technologies demonstrate broad application prospects in
SiC power packaging and even high thermal dissipation microelectronic packaging
fields. Potential application scenarios for low-temperature sintering technologies are
shown in Figure 1. This paper provides a concise overview of the sintering mecha-
nisms, processing methodologies, and representative applications in state-of-the-art
wide-bandgap semiconductor packaging for low-temperature silver/copper sintering
materials.

2. Low-temperature sintering materials

2.1 Low-temperature sintering materials vs. traditional soft soldering alloys

Soldering remains the most widely used interconnect technology in electronics
manufacturing, primarily due to its simplicity and suitability for mass production
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(Figure 2) [9]. The standard method for applying solder paste involves a stencil-
printing process, where a viscous solder paste is spread over a thin metal stencil
and deposited onto the substrate [10]. This solder paste is composed of tiny
metal spheres and a binder material that includes flux. Once the solder paste is
applied, components are precisely positioned using an automated pick-and-place
machine onto the printed solder deposits [11]. The assembled substrates are then
passed through a reflow oven, which is divided into multiple temperature zones
to achieve an optimal soldering profile for the paste [12-14]. The soldering profile
typically consists of three key stages: preheat/soak, reflow, and cool down. The
schematic representation of the conventional soft soldering process is illustrated
in Figure 3.

For nearly 20 years, low-temperature sintering technologies have gained recogni-
tion as a dependable alternative to traditional soldering, particularly for high-tem-
perature applications. Sintering is a mass transport process driven by the reduction of
surface energy and can be divided into three primary stages: the initial stage, where
necks form between contacting particles [15]; the intermediate stage, marked by the
creation of interconnected pores and the initiation of grain growth; and the final
stage, characterized by the development of isolated pores, which eliminates obstacles
to further grain growth. As an advanced packaging solution, sintering enables the
creation of interconnects at relatively low temperatures (<300°C) while achiev-
ing a near-bulk-like microstructure with finely distributed micro- and nanopores.
Consequently, silver/copper-sintered interconnects exhibit thermal, electrical, and
mechanical properties that surpass those of conventional solder materials, along with
the ability to operate at high temperatures (>200°C). Figure 4 illustrates the joint
formation processes and comparative characteristics between low-temperature sinter-
ing and conventional soft soldering technologies.
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Figure 2.
Schematic diagram of traditional soft soldering process [7, 8].
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The difference between silver sintering technology and traditional soft soldering technology [7, 8].

Typel: Nano silver paste

Type2: Micro/Nano silver paste

Figure 4.
The sintered microstructures of nano-, micro-nano hybrid, and micro silver pastes at 150°C, 200°C, and
280@0 MPa.

2.2 Low-temperature sintering Ag

The sintered joints formed by nano-silver paste exhibit a porous structure, with
porosity decreasing as energy input increases [16]. Research demonstrates that silver
particle size and morphology significantly affect joint performance: nanoparticles
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(<100 nm) reduce sintering temperature and enhance driving force through size
effects, while micro/nano hybrid pastes achieve higher shear strength as nanoparticles
act as “bridges” [17-19]. Notably, flake-shaped silver particles enable efficient sinter-
ing at 200°C due to their high specific surface area and dense dislocations on (111)
crystal planes [20]. Recent studies have further achieved pressureless sintering at
ultralow 160°C through optimized solvent systems [21], where the sintering mecha-
nism involves nanoscale necking and amorphous Ag-O structures forming at particle
edges as connecting bridges (Figure 4) [22]. This structure maintains high strength
after 1000 thermal cycles, demonstrating exceptional reliability.

2.3 Low-temperature sintering Cu

Although the low-temperature sintering silver material exhibits excellent electrical
and thermal conductivity, its susceptibility to electromigration and high cost severely
limit its large-scale application in power electronics. In contrast, the Cu sintering
material demonstrates significant comprehensive advantages: not only does it possess
comparable electrical and thermal conductivity to silver at a much lower cost, but it
also exhibits superior resistance to electromigration (Figure 5) [23].

In recent years, breakthroughs have been made in low-temperature Cu sintering tech-
nology: by optimizing the morphology and size of Cu particles, the use of 5 nm ultrafine
Cu powder enables sintering at 250°C, while formic acid vapor-assisted processes can
further reduce the sintering temperature to 230°C [24]. To address the critical challenge
of copper oxidation, researchers have developed three innovative solutions: formic acid
vapor reduction, ascorbic acid treatment, and self-decomposing Cu salt technology [25].
Notably, sintering Cu pastes developed through surface modification and micro-nano
hybrid technology can achieve high-strength joints with >130 MPa shear strength at
230°C@10 MPa, significantly outperforming traditional Sn-based soldering alloys [26].
Our teamss research indicates that Cu sintering in formic acid atmosphere requires lower
sintering temperature. The microstructures of sintering Cu under nitrogen and formic
acid atmospheres at different temperatures are illustrated in Figure 6. Low-temperature
Cu sintering technology is currently undergoing rapid development, and it is believed that
this technology holds great promise for providing SiC power device packaging with a new
interconnection solution that combines both low cost and high reliability [27-30].

Pumping N2 & HCOOH Vapor Vacuuming & N2

CuO+HCOOH - HCOOCu = Cu => Sintering Neck

Sintering
Organics CuO I-l(fOO(‘u\ Neck
Initial Particles Dense Sintering
— . il TS
25 L Toiuter
Figures.

Contribution of formic acid-assisted low-temperature copper sintering.
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Figure 6.
The microstructures of sintering Cu under nitrogen and formic acid atmospheres at different temperatures.

2.4 Market trends and partial suppliers

In 2023, the global market share of low-temperature silver solder paste was
approximately USD 360 million, with applications spanning automotive electronics,
photovoltaics, ultraviolet light-emitting diodes (UV LEDs), flexible electronics, radio
frequency (RF), and other fields, among which new energy vehicles represent a rigid
demand [31]. The main drivers of growth in the market share of low-temperature
silver solder paste over the next decade are: (1) The significant cost reduction of SiC
power devices, which are penetrating into more high-power silicon-based power elec-
tronic systems or equipment, has paved the way for gradually replacing some silicon-
based devices. It is estimated that within 5 to 10 years, the cost of these devices will
decrease by more than 80%, approaching that of comparable silicon-based devices; (2)
Continuous advancements in ultra-low-temperature or pressureless sintering technol-
ogy, packaging integration technology, and other aspects related to low-temperature
silver solder paste [32]. Low-temperature silver solder paste is expected to replace
traditional solder alloys and conductive silver pastes in microelectronic packaging for
high-power density applications (such as high-power RF devices for radar and UV
LEDs). The market space in the field of microelectronic packaging is immense; (3)

In the fields of flexible wearable electronic devices and packaging for ultra-high heat
flux density artificial intelligence Graphics Processing Unit (AI GPU) devices, high-
performance low-temperature silver solder paste also has a certain market space, but it
depends on the deep integration of low-temperature silver solder paste with packaging
integration methods [33-35]. In summary, the market share of pressure sintering for
low-temperature silver solder paste is mainly increasing in high-reliability fields, such
as new energy vehicles, rail transit, high-voltage high-capacity devices, and cutting-
edge defense equipment. The pressureless sintering market is mainly valued in the
field of high heat flux density microelectronic packaging, partially replacing solder
alloys and conductive silver pastes. It is estimated that the global share of low-temper-
ature silver solder paste will exceed USD 1.3 billion in 2032. The trend in the market
share of low-temperature silver solder paste from 2023 to 2032 is shown in Figure 7.

The main suppliers of low-temperature silver paste in the world include MacDermid
Alpha and Indium Corporation in the United States, and Heraeus and Henkel in Germany.
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Figure 7.
Market share trend of low-temperature silver materials.

Among them, Alpha is the first to launch conductive silver glue for electronic packaging,
and after 2000, it developed low-temperature sintering silver paste and used it in auto-
motive power modules, which laid the foundation for the silver paste industry; Indium
developed silver-containing thermal interface materials to improve heat dissipation
performance, and the subsequent sintering silver paste was also widely used in power
device interconnection; Heraeus has become the world’s largest supplier of sintering silver
paste; Henkel mainly innovates silver paste for flexible electronics and low-temperature
curing silver paste. The silver paste of Japanese companies focuses more on the precision
of materials, such as KYOCERAS silver thick film paste that is resistant to high tempera-
tures (>800°C), and it has developed silver-copper composite paste to reduce costs and
maintain high conductivity; Hitachi focuses on silver nano-ink; DOWA, as a supplier of
high-purity silver powder (>99.95%), provides raw materials for silver paste companies.
In recent years, China has witnessed the emergence of numerous start-ups specializing in
low-temperature sintering silver paste technology, predominantly founded upon scientific
innovations from universities and research institutions. Representative examples include
Xinyuan New Materials, QLsemi, Hanyuan, ERACHIP INNOVATIONS, and NAYU,
among others. The low-temperature silver paste developed by these domestic start-ups is
still in the enterprise verification stage. Due to the weak risk tolerance of start-ups and the
high-reliability requirements of automobile companies for low-temperature silver paste,
its application in vehicles is not yet mature and requires more time for verification.

3. Low-temperature sintering mechanism and process effect factors
3.1 Low-temperature sintering mechanism

The low-temperature sintering connection of particles is a process of obtaining a
strong bond and densification by contacting, interdiffusion, deformation, and rear-
rangement of particles through external heat and auxiliary pressure; that is, under
the action of the sintering driving force, due to their own size effect, the atoms of the
particles directly contact and diffuse with each other to form a tight connection [36].
The meaning of the size effect is that nano- and microparticles have higher surface
energy due to their smaller size and are more likely to undergo material migration at
lower temperatures to promote the sintering process [37].
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At the same time, due to the high melting point characteristics of silver and copper
materials, the effect of “low temperature connection and high temperature service”
can be achieved. The sintering stage of low-temperature sintering connection can be
divided into three stages: initial sintering, mid-sintering, and late sintering. In the
initial stage of sintering, the particles move under the action of the sintering driving
force until they contact each other and begin to form a sintering neck. At this time,
the degree of densification is low. In the mid-sintering stage, the sintering neck grows
further, and the sintering neck shrinks significantly to form cylindrical pores. The
shape of the particles gradually changes from spherical to polyhedral, and the grains
grow and the degree of densification is significant.

In the later stage of sintering, the diameter of the sintering neck reaches the maxi-
mum, the pores gradually change from a connected state to a closed state, the pores
continue to decrease and tend to be spherical, and the degree of densification reaches
the highest level. Figure 1 uses a two-equal-diameter particle model to describe the
diffusion mechanism of atoms during sintering, where the red arrow curve repre-
sents the possible diffusion path, and R and X are the particle radius and sintering
neck, respectively. Figure 8 shows several common sintering mechanisms, which are
surface diffusion, vapor transmission, surface lattice diffusion, grain boundary lattice
diffusion, grain boundary diffusion, and plastic deformation.

The sintering neck is the product of the convergence of atomic diffusion paths under
all the above sintering mechanisms. The growth of the sintering neck can be further
described by the empirical Formula (1), where R is the particle radius, X is the sintering
neck radius, tis the sintering time, H is the characteristic coefficient related to the sintering
mechanism, and m and n are constants related to the sintering diffusion mechanism [38].

XY'_H,
(Ej TR 1)

Surface diffusion, grain boundary diffusion, and lattice diffusion are the main
diffusion mechanisms in the sintering process. The first stage of sintering mainly forms

Sintered interface microstructure

Sintered Cu SiC MOSFET

E! e

il
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Figure 8.
Schematic diagram of various atomic diffusion paths under the equal diameter particle model.
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the sintering neck through surface diffusion [39]. The subsequent two stages use grain
boundary diffusion and lattice diffusion as the main diffusion mechanisms. Lattice
diffusion requires higher activation energy, which means that this mechanism needs

to be produced at higher sintering temperatures. Zuo et al. [40] found that during the
sintering process of Cu particles below 310°C, grain boundary diffusion and surface
diffusion are the main atomic diffusion paths. Lattice diffusion requires higher sintering
temperatures. In the study, it was found that grain boundaries move during the sintering
process, which helps reduce the porosity at the initial bonding interface and enhances
the strength of the interconnection structure. In addition, they also discovered two

twin formation mechanisms [41]: First, during the grain merging process, twins may be
formed due to incomplete orientation; second, twin grains can also absorb nearby grains
and remove them. The crystal structure transforms into twins. Liu et al. [25] confirmed
the existence of high-density coherent twins inside sintered Cu through transmission
electron microscopy (TEM) observations, and further found that the twin structure can
significantly improve the strength and electrical properties of the material.

3.2 Low-temperature sintering effect factors

The performance of the joint after sintering is affected by many factors, such as
sintering temperature, pressure, and time, which will have a significant impact on the
sintering process. Yang et al. [42] studied the main factors affecting nano-silver joints,
and the researchers studied many factors. The results show that when other factors
are determined, as the sintering temperature or sintering pressure or sintering time
increases, the shear strength of the sintered joint also increases. Under the conditions
of sintering temperature and time of 300°C and 60 min, respectively, as the sintering
pressure increases, the shear strength increases; under the conditions of temperature
and pressure of 300°C and 15 min, respectively, as the sintering pressure increases,
the shear strength increases. As the sintering time increases, the shear strength also
increases; under the conditions of pressure and time of 7 MPa and 60 min, respectively,
as the sintering temperature increases, the shear strength also increases. However, in
practical industrial applications, people always pursue low-temperature, low-pressure,
and short-time sintering processes. This is because low temperature and short sintering
time can reduce sintering energy consumption and reduce cracks, deformation, and
warpage caused by mismatch in thermal expansion coefficients. And excessive pressure
can easily increase the probability of chip failure [18]. Therefore, many researchers
explore more suitable sintering processes by changing various conditions. In addition,
the thickness of the slurry layer will also affect the strength of the sintered joint. If the
thickness is too large, the organic matter in the slurry will not be easily drained out
during sintering, which will affect the strength. If the thickness is too thin, it will easily
lead to uneven paste layers and affect the shear strength [43].

In addition, the preheating temperature can also affect the quality of the sintered
joint. If the temperature is too low, there will be too much organic residue in the
slurry, which will affect the connection. If the temperature is too high, the activity of
the slurry will decrease and the voids will increase. Zhang et al. [44] found that the
most suitable preheating temperature is 80°C when conducting joint experiments
with silver micro-nano slurry. Copper paste also has good properties like silver paste,
and its cost is lower than that of silver. Moreover, like silver paste, the shear strength
of sintered joints of copper paste increases with the increase of sintering temperature,
sintering pressure, and sintering time, and high-quality joints can be formed under
low-temperature conditions.
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However, copper is more easily oxidized than silver. The surface of the copper
slurry will be oxidized into copper oxide, which affects the connection strength of
the sintered joint, so the sintering process requires higher requirements. In order
to inhibit the oxidation of copper particles, researchers usually sinter in a nitrogen,
hydrogen, or formic acid atmosphere, or modify the surface by adding a coating layer
and surface modification to reduce the occurrence of oxidation [45]. In addition, Zuo
etal. [46] studied a rapid and pressureless in situ reduction sintering process, which
can effectively reduce the oxides on the surface of copper nanoparticles and effec-
tively inhibit the reappearance of oxides, High-strength joints with a shear strength
exceeding 30 MPa can be produced at 220°C in air.

4. Advanced packaging of SiC WBG semiconductors

The packaging of SiC power devices mainly follows the following technical routes
for different application scenario requirements: (1) Based on traditional silicon-
based insulated gate bipolar transistor (IGBT) packaging technology, utilizing silver
sintering or high-temperature brazing alloy core interconnection technology + coarse
aluminum or copper wire bonding technology + single-sided thermally conductive
silicone grease cooling technology + silicone gel or potting compound insulation tech-
nology, examples include HPD and XM3 [47]. HPD and XM3 refer to high-perfor-
mance drive modules and communication modules. The former is commonly found in
industrial automation, motor drives, or high-performance power systems, and refers
to high-performance drive modules used to control motors, servo systems, or other
high-precision motion control equipment. It has the characteristics of high power
density and high efficiency. Communication modules, on the other hand, are used to
enable data transmission and signal exchange between devices, systems, or networks.
(2) Utilizing double-sided silver sintering chip interconnection technology + copper
wire bonding or copper CliP technology + transfer molding encapsulation technology
+ single-sided direct cooling technology for the substrate/heat sink, examples include
Danfoss DCM1000X and ABB RoadPAK half-bridge SiC power modules. (3) Based on
silver sintering chip interconnection technology + flexible substrate low-inductance
interconnection technology + single-sided direct cooling technology for the substrate/
heat sink, an example is the eMPac SiC power module developed by Semikron [31].
(4) Silver sintering chip interconnection technology + double-sided direct cooling
technology for the substrate/heat sink, examples include Hitachi’s Card-like, Delphi’s
Viper, and Onsemi’s VE-Trac SiC power modules with low thermal resistance [48].

(5) Based on rigid or flexible press-pack technology for traditional silicon-based
high-voltage, high-capacity devices, by introducing low-temperature silver sintering
technology, large-scale parallel packaging of high-voltage IGBT chips such as 4.5 and
6.5 kV is achieved, aiming to significantly reduce the cooling challenges posed by the
high contact thermal resistance of traditional press-pack designs [49].

The typical application of low-temperature silver paste in power electronic mod-
ules is shown in Figure 9. It can be seen that the advantages of high thermal conduc-
tivity, high-temperature resistance, and support from new packaging architectures of
low-temperature silver paste make it play a very important role in power packaging for
voltage levels ranging from 650 V to 6.5 kV [50]. Limited by current SiC production
capacity and cost factors, low-temperature silver paste is mainly used in SiC power
module packaging for the main inverters of high-end new energy vehicle models [51].
However, with a significant increase in SiC production capacity, its production cost is
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Figure 9.
Module packaging architecture transition from Si-based IGBT to SiC MOSFETS.

expected to decrease substantially, a trend that will greatly promote the widespread
application of SiC power devices in power electronic systems. The specific applications
of low-temperature sintering technology are mentioned as follows:

41DTS

DTS Silicon Carbide Packaging Low-Temperature Sintering Technology is an
advanced semiconductor packaging process that combines the high-performance
advantages of silicon carbide (SiC) materials with the high reliability of low-tempera-
ture sintering technology. Silicon carbide, as a wide-bandgap semiconductor material,
exhibits excellent properties such as high thermal conductivity, high breakdown
electric field, and high electron saturation drift velocity, making it widely used in
high-power, high-temperature, and high-frequency electronic devices [36]. However,
traditional packaging processes often require high-temperature treatments, which
may cause thermal damage to SiC devices and packaging materials. Low-temperature
sintering technology effectively addresses this issue by performing sintering at
relatively low temperatures (typically below 300°C) [52]. This technology utilizes
low-temperature sintering materials, such as nano-silver paste, to firmly connect
silicon carbide chips to substrates (e.g., copper or ceramic substrates), while provid-
ing excellent thermal conductivity and mechanical strength. Its advantages include
avoiding the impact of high temperatures on device performance, improving the
thermal management capabilities of packaging, enhancing the reliability and durabil-
ity of connections, and meeting environmental requirements. Additionally, low-
temperature sintering technology is suitable for complex packaging designs, enabling
it to meet the high-performance and high-reliability demands of high-power modules
(such as those used in electric vehicles and photovoltaic inverters).

Figure 10 is a schematic diagram of the Die Top System structure, from top to
bottom, there are copper wires, copper foils, silver pastes, chips, silver pastes, and
substrates. Figure 2 is a comparison of the most commonly used chip top connection
processes and the actual application of the Die Top System. Compared with the past,
the Die Top System uses copper wires, and the connection layer has also changed
from solder to silver paste. This has made significant progress in reliability and
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Sintering layer

Figure 10.
Die top system structures.

current-carrying capacity. First, compared with solder chip mounting and aluminum
wire bonding, highly conductive copper foil is applied to the semiconductor chip
using a sintering paste. This can evenly distribute the current on the semiconductor
chip, thereby reducing heat and better balancing hot spots in the semiconductor. The
foil also strengthens the chip during the production of power modules. As a result,
more efficient copper bonding wires can be used, instead of conventional aluminum
bonding wires [53]. This increases the chip current-carrying capacity by more than
50% and extends the service life by more than 50 times. Second, Die Top System not
only increases the current-carrying capacity of the power module, but also increases
its power cycling capability by 10 times or more, which makes junction temperatures
of up to 200°C possible. It also significantly reduces the cost per ampere, optimizing
performance and profitability. Various metallized surfaces such as copper and copper
alloys in the Die Top System process, with functional surfaces such as silver, gold, or
palladium, have a thickness of 30-500 pm, a thermal conductivity of 180-390 W/mK,
and a tensile strength of 200-650 N/mm?2. The recommended pressure range for silver
sintering is 10-30 MPa and the temperature range is 230-280°C.

4.2 Cu clip sintering

Compared to DTS technology, the combination of Cu Clip technology and low-
temperature sintering offers significant advantages. Cu Clip utilizes highly conduc-
tive copper material, enhancing current-carrying capacity, while low-temperature
sintering optimizes the conductivity of the connection interface, reducing package
conduction resistance and power losses [53]. By replacing traditional bonding wires,
Cu Clip simplifies the connection path, significantly lowering parasitic inductance
and improving high-frequency performance and switching speed. In terms of packag-
ing process, Cu Clip directly connects the chip to the substrate through low-temper-
ature sintering, streamlining the process, whereas DTS requires additional copper
foil or plating layers, making it more complex. The high thermal conductivity and
double-sided cooling design of Cu Clip, combined with the high thermal conductivity
connection layer formed by low-temperature sintering, significantly enhances heat
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dissipation, making it suitable for high-power-density devices [54]. Additionally, the
high-strength connection layer formed by low-temperature sintering improves
mechanical ad thermal cycling performance, reducing the risk of failure due to ther-
mal expansion or vibration, thereby enhancing long-term reliability. In summary, the
combination of Cu Clip technology and low-temperature sintering excels in current-
carrying capacity, conduction resistance, parasitic inductance, thermal conductivity,
and reliability. It simplifies the process, increases power density, efficiency, and

heat dissipation, making it the preferred technology for high-power semiconductor
packaging [55].

Device Level using Cu Clip: Figure 11 shows the typical applications of Cu clip
device Packaging. By replacing the thermal interface material (TIM) or solder with a
thinner, highly conductive pressure sinter layer, the thermal resistance (Rth) can be
reduced by 10-15%. This improvement also enhances reliability by effectively manag-
ing the stress and warpage between the package and the heat sink, as the pressure
sintering process can be achieved at a lower temperature compared to other methods
[56]. This advancement enables STMicroelectronics’ STPAK package for automotive
traction inverters to be directly mounted onto the inverter heat sinks using pressure
sintering with Argomax silver sinter paste. The paste features specifically designed
silver particles that work optimally with low-pressure sintering and the STPAK pack-
age materials. The Argomax silver sinter paste creates a strong bond through silver
metallic bonds with direct bonded copper (DBC) substrates, providing high levels of
electrical conductivity and good thermal properties. This not only improves long-
term reliability but also reduces both direct conductive losses and inductive losses by
placing the STPAK transistors closer together and decreasing the number of discrete
devices required. As a result, a 93% efficiency in inverter designs has been achieved,
which translates to an additional 10% increase in vehicle range [57-61].

Module Level using Cu clip: As depicted in Figure 12, in epoxy molded cases,
Direct-Lead-Bonding (DLB) assemblies involve chips being soldered on one side to a
common lead frame, while a dedicated copper clip is directly soldered or sintered onto
the other side of the chips [62]. This configuration provides more reliable electrical
connections and enhanced power cycling capability.

Figure 13 shows the newly developed next-generation SiC-based power module,
the “TRCDRIVE pack™,” which features a half-bridge circuit. The SiC MOSFET
(metal-oxide semiconductor field-effect transistor) dies are bonded to the substrate
using a silver-sintered layer, resulting in low thermal resistance [63]. To achieve lower

Single Micro

Single
Micro
Punch 8

Punch

<

Schematic Diagram of Copper Clip Sintering Cu clip packaging case

Figure 11.
Cu clip device packaging.
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Figure 12.
Mitsubishi CT60oDJHo6o DLB.

Figure 13.
TRCDRIVE pack™.

total module resistance and inductance, higher power density, and enhanced reliabil-
ity, copper clips are employed, instead of multiple wires or ribbons.

The BMW iX3 marks the brand’s first foray into the all-electric sports utility vehicle
(SUV) segment. It incorporates the fifth generation of BMW s electric powertrain
technology. The power module, a 750 V, 1200 A, three-phase device manufactured
by Fuji Electric Co., Ltd., is composed of Si reverse conducting IGBT (RC-IGBT)
switches. RC-IGBTs integrate an IGBT and a free-wheeling diode on a single chip.
Figure 14 (left side) presents the top view of the power module [64]. Figure 14
(middle) shows the top view of the inner configuration after the mold resin and
surrounding case have been removed, with its location indicated by a red-dashed box
in Figure 14 (left side). The two RC-IGBTs on top are connected in parallel for the low
side, while the two below are connected in parallel for the high side. The nodes NL-G
and NL-E represent the islands where the gate and emitter of the low-side bare dies
are wire bonded, respectively. Copper clips are used to connect the source pads of the

Chuiput AC terminals
—\

Figure 14.
Power module of BMW iX3.
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bare dies to the respective terminals, as shown in Figure 14 (right side), replacing wire
bonds [65]. Wire bonds are prone to lift-off and cracking at the heel, which can cause
reliability issues over the product’s lifecycle. One drawback of copper clips is their ther-
mal expansion. Encapsulating the module in mold resin mitigates this effect [66, 67].

4.3 PFCsintering

In Semikron’s FPC sintering technology, the silver sintering process plays a pivotal
role in connecting the flexible circuit board (flex board) to the power semiconduc-
tor chips, enabling a solderless, wire-bond-free design that enhances performance
and reliability. The schematic cross-section of the SKiN device is shown in Figure 15
[68]. This advanced sintering method involves the following steps: First, a silver
paste—composed of nano- to micrometer-sized silver particles or flakes—is pre-
cisely applied to designated areas on the power side of the flex board using stencil
or screen printing. These areas correspond to the top surfaces of the power chips
(e.g., SiC MOSFETs, IGBTs, diodes) and critical electrical terminals [69]. The paste
is also deposited on collector contact regions to ensure robust electrical and thermal
pathways. Next, the flex board is meticulously aligned with the pre-sintered DBC
substrate, which already hosts power chips bonded via the same low-temperature
sintering process. The half-bridge module using flexible circuit board is shown in
Figure 16. Alignment accuracy is critical to ensure proper contact between the silver
paste and the chip surfaces. The assembly is then placed into a sintering press, where
it undergoes a controlled thermal and mechanical treatment at approximately 250°C
and 40 MPa pressure for about 1 minute [70-72]. Under these conditions, the silver
particles coalesce into a dense, continuous metallic layer, forming low-resistance
interconnections between the flex board and the chips.

Based on the PFC sintering technology, Semikron and Danfoss successfully
developed eMPack® SiC power module, as shown in Figure 16. It is available in both
2-level and 3-level topologies, making it ideal for mid-power passenger vehicles as
well as demanding commercial vehicle applications, with a power range spanning
from 100 kW to 750 kW. Building on this concept, the eMPack MIDI version repli-
cates these advantages in a more compact design, specifically optimized for mid- to
low-power applications. The eMPack platform supports both 400 V and 800 V bat-
tery systems [73]. By integrating silicon carbide technology with fully sintered, low
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Figure 15.
Schematic cross-section of the SKiN device. The device exhibits no solder layers, nor any wire bond interconnects
and is integrated with a pin fin heat sink.
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Half-Bridge module using FPC Half Bridge module

Figure 16.
eMPack® SiC power module using FPC sintering from Semikron and Danfoss.

stray inductance Direct Pressed Die Technology, it delivers exceptional power density
and high reliability, setting a new standard for automotive power solutions.

4.4 Double-sided cooling packaging

The structure of the silver-sintered double-sided cooled silicon carbide module
consists of SiC chips, silver-sintered connection layers, double-sided cooling sub-
strates, and other components, as shown in Figure 17. Double-sided cooling (DSC)
technology significantly enhances the thermal performance of the module through
heat dissipation on both sides of the substrates, supporting higher power density and
efficiency, while also enabling the integration of features such as temperature-sensing
diodes and current-sensing IGBTs [74]. Compared to single-sided cooling modules,
which suffer from high parasitic inductance (15-20 nH), high thermal resistance
(0.1-0.8 K/W), and bond wire failure issues, DSC modules offer advantages, such as
low parasitic inductance (less than 10 nH), up to 50% reduction in thermal resistance,
a wire-bondless design, significantly extended lifespan (by an order of magnitude),
and higher current-carrying capacity and power density [75]. By incorporating
advanced low-temperature silver sintering technology, the thermal conductivity

Heatsink

Figure 17.
The structure of DSC SiC Packaging and half-way case with Cu lead frame.
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and reliability of the connection interfaces are further optimized, comprehensively
improving the performance and long-term stability of the module.

The double-sided packaging silver sintering and copper sintering technologies
have been widely used in the field of power module packaging, especially in new
energy vehicles and high-power RF devices, demonstrating significant performance
advantages and reliability improvements (Figure 18) [76].

The double-sided heat dissipation module of the IcyPack series of Innosilicon adopts
double-sided heat dissipation, reducing the thermal resistance by about 40% and the
thermal resistance as low as 0.132 K/W, which improves the outflow efficiency of the
device [77, 78]. With the continuous advancement of power module packaging technol-
ogy, double-sided heat dissipation technology shows great potential in applications with
high-power density and high reliability [79]. By optimizing the material and structural
design, the double-sided package silver sintering and copper sintering technologies
further improve the heat dissipation performance and efficiency of the module, providing
a more reliable solution for new energy vehicles and high-power RF devices. In addition,
with the continuous development of power module packaging technology, there will
be more emphasis on collaborative innovation between wide-bandgap semiconductors
and packaging, as well as heterogeneous integration and functional fusion in the future
[80]. For example, developing wafer level packaging for GaN and copper pillar intercon-
nect technology for SiC, suitable for high-voltage scenarios above 1200 V [81, 82]. The
development of these technologies will further promote the application of double-sided
packaging silver sintering and copper sintering technologies in more fields, providing
more efficient and reliable solutions for power module packaging.

4.5 Embedding packaging

In the packaging of SiC (silicon carbide) and GaN (gallium nitride) power
semiconductors, Ag sintering and Cu sintering technologies are favored for their
excellent performance and reliability. By building a highly conductive and thermally
conductive connection layer between the bottom of the die and the substrate, these
two sintering technologies not only ensure a strong bond between the die and the
substrate, but also significantly improve the thermal management and electrical

Figure 18.
Innosilicon IcyPack series DSC module.
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Figure 19.
Application of sintering technology in different embedding processes (a) Chip-on-substrate, (b) Chip-in-cavity
[Courtesy of Schweizer electronic AG], and (c) Double-side Microvia.

performance of the entire device [83]. Figure 19 shows the application of sintering
technology in different embedding processes, including (a) Chip-on-Substrate, (b)
Chip-in-Cavity, and (c) Double-side Microvia in the “Chip-on-Substrate” and “Chip-
in-Cavity” embedding methods, sintered silver and sintered copper are used to secure
the semiconductor die to the copper substrate, ensuring good thermal and electrical
contact between the die and the substrate. In the “Double-side Microvia” embedding
method, sintered silver and sintered copper are used for the backside connection of
the device to improve thermal conductivity and mechanical stability [84].

Sintered silver technology plays an important role in die-attach and partial
interconnect processes. It is employed at high temperatures of 230-260°C to induce a
tight bond between the silver particles [85]. This high-temperature sintering process
not only ensures the high strength and conductivity of the connecting layers, but also
significantly reduces the thermal resistance. Fraunhofer IZM (Fraunhofer Institute
for Reliability and Microintegration, Germany) has developed a power module based
on AL,O; DBC (aluminum oxide directly bonded to copper), which employs the
sintered silver technology for chip mounting [86]. The high electrical and thermal
conductivity of sintered silver enables it to effectively reduce thermal resistance,
thereby significantly improving the thermal performance and overall reliability of
the module. ABB has also developed a power module based on Cu lead frames using
sintered silver technology. After 1 million temperature cycling tests, the module did
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not experience any failures, fully demonstrating the excellent reliability of sintered
silver technology under extreme temperature changes.

Sintered copper technology is also widely used in die placement and partial
interconnect processes. Similar to silver sintering, copper sintering needs to be
carried out at temperatures between 230°C and 260°C to ensure a stable bond
between the copper particles. The University of Applied Sciences Kempten has
developed a power module based on Cu-IMS (copper-insulated-metal-substrate),
which utilizes sintered copper technology for chip placement [87]. Sintered
copper not only provides excellent electrical and thermal conductivity, but also
effectively reduces stresses due to mismatched coefficients of thermal expansion.
Fraunhofer IZM has also developed a power module based on Cu lead frames
using sintered copper for die placement. In high- and low-temperature cycling
tests, the sintered copper demonstrated good mechanical stability and electrical
properties, significantly reducing the stress caused by differences in the coef-
ficients of thermal expansion, and further enhancing the reliability and perfor-
mance of the device. In summary, the application of sintered silver and sintered
copper technologies in SiC and GaN power semiconductor packages not only
improves the thermal and electrical properties of the devices, but also signifi-
cantly enhances their reliability under extreme temperature conditions. The wide
application of these technologies provides solid technical support for the develop-
ment of high-performance power electronic devices.

4.6 Press-Pak packaging

Press-Pak packaging is a press structure that combines rigidity and elasticity [88],
as shown in Figure 20. Figure 20(a) is a vertical structure diagram of the Press-Pak
IGBT device, and Figure 20(b) is a distribution diagram of the chip parts of one
of the structures. It consists of springs, chips, silver and metal frames. Its principle
is to achieve electrical and mechanical connections through mechanical pressure
without welding or other auxiliary materials [89]. Its core lies in the use of the elastic

Emitter Electrode

Frame /
/ Collector Electrode
Mo / /
\\: .................. Lo (a) Vertical Structure of a Press-Pack IGBT

Device

(b) Chip Sub-unit

(c) Press-Pack IGBT

Figure 20.
Press-Pak packaging.
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deformation of the pins and the close contact between the holes of the substrate

to form a reliable connection. Figure 20(c) is a physical diagram of the IGBT chip
used by Press-Pak. The core features of Press-Pak packaging are no thermal stress,
high reliability, elastic adaptability, and detachability, so it is widely used in high-
frequency, high-power, and high-reliability fields, such as power modules, semicon-
ductor devices, LED packaging, and other occasions [90].

4.7 Large-area sintering

With the rapid development of high-power electronic devices, the research topic
of large-area bonding in the field of electronics has received more and more attention.
Large-area chip bonding (>10 mm x 10 mm), high heat dissipation power base/heat
sink bonding (connecting devices to heat sinks/substrates), etc. [91], have triggered
the demand for reliable large-area bonding technology with excellent heat dissipation
performance. Previously, traditional thermal conductive interface materials such as
thermal grease and thermal conductive adhesive were used between the substrate
and the heat sink, but after using these materials, there is still thermal resistance at
the interface, which affects the heat dissipation effect [92]. In addition, its long-term
stability is poor, and there are aging problems and pump-out effects. For example,
some TIMs (such as thermal grease) will dry up or fail over time, and under ther-
mal cycles, TIMs may be squeezed out of the interface, reducing performance. The
high conductivity of silver can reduce interface resistance and improve electrical
performance, and silver sintering forms a strong metal bond, which can enhance
mechanical strength, and the silver-sintered layer is not easy to age and has long-term
stable performance [93]. Therefore, large-area silver sintering is becoming more and
more popular. Copper and silver have similar properties, and copper has better anti-
electromigration performance than silver, and the cost is lower, so large-area copper
sintering is being studied more and more widely [94].

As shown in Figure 21, it is a 1200 V-600A SiC power module using large-area
copper sintering from Zhejiang University (ZJU) [95]. Figure 21 (left) is its vertical
structure, using SiC MOSFET chip, the top of the chip is connected with DTS copper
wire, and copper sintering is used at the top and bottom of the chip, and between
the substrate and the heat sink [96]. Large-area sintering will occupy an important
position in the future large-area connection due to its high thermal conductivity,
high electrical conductivity, high-temperature stability, high mechanical strength,
low thermal resistance, environmental protection, and other characteristics. Among
them, copper will have a bright application prospect due to its cost advantage.

Top Metal Foil

Cu Wires

Full Sintering Eﬂ

Figure 21.
1200 V-600A SiC module using large-area Cu sinteving from Zhejiang University (Z]JU).

SiC MOSFET
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5. Pressure auxiliary sintering system

Sintering does not require many equipment, Sinterstar innovate-F-XL can realize
many sintering applications, such as chip substrate sintering (copper area and non-
copper area), clip sintering, lead frame sintering, 1-up package sintering on cooling
plate, double-sided cooling unit (all sintering steps), sintering substrate on cooling
plate, and Mo-chip-Mo sintering. As shown in Figure 22, different sintering in the
left frame diagram can be completed by Sinterstar innovate-F-XL. And the O2 level
in Sinterstar innovate-F-XL can reach <50 ppm, which is very suitable for sintering
copper area products, such as bare copper lead frame, copper substrate (DBC and
active metal brazing (AMB)). Its principle is to evacuate the single polytetrafluoro-
ethylene (PTFE) film on the loading fixture in a microcontrolled environment, and
form a controlled O, environment in the shortest time by blowing N,. Its controlled
environment is active during the whole cycle, including preheating, sintering, and
cooling [96].

Cu clip packaging has the advantages of high-quality connection, excellent electri-
cal and thermal conductivity, high packaging reliability, high material utilization,
and fast production efficiency, and is increasingly valued [97]. Figure 23 shows the
sintering process of Cu clip, which starts with the attachment of the sintering film,
followed by the attachment and sintering of the chip, followed by the dispersion of
the sintering slurry, and finally the sintering of the copper clip. The chip sintering can
be completed by Sinterstar innovate-F-XL, and the microjoint can be completed by
AMX instruments. The above is a brief introduction to the equipment commonly used
in the sintering process.

6. Summary

This paper offers a brief yet comprehensive overview of the sintering mecha-
nisms, fabrication techniques, and cutting-edge applications of low-temperature
silver/copper sintering materials in modern wide-bandgap semiconductor packag-
ing. The content serves as a reference for postgraduate students, engineers, and
scholars.

Lead frame sintering

Universal sintering tool on the Sinterstar
inmovate-F-XL

Half-way sintered case

Figure 22.
Full Sintering packaging.
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Figure 23.
Full Sintering packaging case.
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Abstract

Superconducting Magnet Energy Storage (SMES) systems are utilized in various
applications, such as instantaneous voltage drop compensation and dampening low-
frequency oscillations in electrical power systems. Numerous SMES projects have
been completed worldwide, with many still ongoing. This chapter will provide a
comprehensive review of SMES projects around the globe, detailing the methodolo-
gies for maintaining the low temperatures required for these devices. Superconductors
have zero joule loss below their critical temperature, allowing SMES to save energy
without any loss. Additionally, since there is no mechanical conversion when supply-
ing energy, SMES systems boast very high efficiency, up to 95%. Potential new
applications of SMES will be thoroughly explored, and the significant issues facing
current technology, as well as possible advancements in this field, will be discussed.

Keywords: SMES, low temperature, superconducting magnet, energy storage, cooling
methods

1. Introduction

Energy Storage Systems (ESS) are required for constant power supply, which can
store energy during surplus supply and be used when power production is deficient.
Figure 1 shows the major ESS used presently in the globe. The energy storage landscape
features various technologies, each suited for specific needs. Mechanical systems, like
pumped hydro, flywheel, and compressed air, store energy as motion or potential energy.
Thermal systems store heat energy, while electrostatic systems, like supercapacitors, use
electric fields. Chemical systems, including fuel cells and biofuels, convert chemical
energy into electricity. Electrochemical systems, such as lead-acid and Li-ion batteries,
rely on chemical reactions. Magnetic systems, especially Superconducting Magnet Energy
Storage (SMES), store energy in magnetic fields, offering quick response and high
efficiency. This makes SMES a key player in advancing energy storage solutions.

Superconducting Magnet Energy Storage (SMES) stores energy in the form of a

magnetic field, generally given by LTIZ, where L and I are inductance and operating
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Energy Storage Systems(ESS)

l

Mechanical Thermal Electrostatic
e Pumped hydro e Sensible/ » Supercapacitor
s Tlywheel latent heat storage Magnetic

C essed Al
¢ Gompressed Al » Superconducting Magnet Energy

Chemical Electrochemical Storage(SMES)
e Fuel cell » Lead acid batteries
e Bio fuel » Li-ion batteries
e Solar Fuel * Sodium batteries
® Flow batteries

Figure 1.
Classification of various types of energy storage systems.

current, respectively. It is renowned for its exceptional efficiency, surpassing 95%,
making it more efficient than any other Energy Storage System (ESS) available. The
significant advantage of SMES is the quick charging and discharging capacity of
energy in milliseconds, along with high energy density and a long life cycle.

2. Superconducting magnet energy storage (SMES)

SMES differs from other energy storage technologies, such as flywheels, batteries,
and capacitors, which store energy in the form of potential energy. Meanwhile, SMES
stores the energy in the form of kinetic energy. The electrical power system consists of
generators, transmission lines, and motors, which are primarily inductive in nature.
Hence, generation, transmission, and utilization are carried out using kinetic energy.
Therefore, if energy storage is also in the form of kinetic energy, then there will be no
energy conversion involved, which can increase the efficiency of electrical power
storage and transfer. SMES is one such form of device that uses persistent and non-
dissipative (Rpc = 0) properties of superconductors for electrical energy storage in
the form of the magnetic field. The efficiency of the SMES system is said to be greater
than 95%. The major applications of SMES are as follows:

1. Power quality improvement: SMES can improve power quality by means of power
fluctuation compensation, dampening low frequency, instantaneous voltage sag
compensation [1], power system stability, and load leveling. It can also be used as an
energy storage device for Flexible AC Transmission System (FACTS) devices [2].

2. Integration with renewable energy: Renewable energy sources like solar [3] and wind
power [4] can use SMES to store energy during surplus generation. The same
stored energy can be used when the generation is low due to climate conditions.

3. Pulsed power source for defense strategic applications: Quick discharge of SMES can
be used as a pulsed power supply for high energy pulsed laser and
electromagnetic-based railgun and launch systems [5, 6].

4. Uninterruptible Power Supplies (UPS): SMES can be used as a UPS for highly
sensitive, high-performance devices where the quality of the power supply is
very important [7].
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5.Electrical vehicle charging: Fast charging stations of electric vehicles can utilize
SMES for quick charging.

6.Research and development: SMES can be used in places where high energy is
required in a very short duration.

2.1 Component of SMES

An SMES system, as shown in Figure 2, consists of a superconducting coil
maintained at the cryogenic temperature inside a cryostat. The charging and
discharging of SMES during operation is carried out using a Power Conversion System
(PCS). The control unit determines the State Of Charge (SOC) of the SMES and
maintains the temperature inside the cryostat.

2.1.1 Superconducting coil

A superconducting coil is the main component of a system in which energy is
stored in the form of a magnetic field, which depends on current carrying capacity,
which is a function of the shape of the magnet. The coil is a lossless inductor, and the
stored energy is proportional to the square of the current and is given by Eq. 1

L
E:_:—//V (x,y,2)dxdydz (1)

Where L is the inductance of the coil in Henry (H), I is the current in Ampere (A),
and E is the stored energy in Joule (J). Since the energy can be said to be stored in the
form of the magnetic field, thus the energy can be calculated using the volumetric sum

of magnetic energy density (M) in space surrounding the coil as given by the

second expression. In a superconducting magnet, a high magnetic field can be

Superconducting
coil and cryostat

3 Phase Supply/Load

Coil

Control unit protection

Refrigeration
> Controller - system

Control signal to/from
electrical power system

Figure 2.
Schematic of SMES system with major components.
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generated thus stored energy can be very high depending upon the generated mag-
netic field.

The superconductor used to make the coil depends upon the operating condition
and application of SMES. The coil can also be arranged in various configurations
depending on the application. The coil is placed inside a vacuum Multi-Layer-Insu-
lated (MLI) cryostat, which provides low temperature and protects it from heat in-
leak from ambient and current leads during operation. A cryogenic refrigerator main-
tains the temperature inside the cryostat.

2.1.2 Configurations of SMES magnet coil

High-Temperature Superconducting (HTS) tape production is limited in length,
typically not exceeding 1 km of continuous tape. Like Low-Temperature
Superconducting (LTS) magnet coils, creating an HTS magnet coil with a continuous
length would require numerous joints, which are resistive. These joints are not
recommended as they can trigger the quench of the magnet coil. Therefore, HTS
magnet coils are constructed by assembling individual modules or sections, each
utilizing the available length of HTS tape.

When winding an HTS magnet coil, the only feasible configurations are the Single
Pancake (SP) and Double Pancake (DP) coil due to the flat structure of HTS tape. The
HTS tape-based SP and DP wound coil geometries are shown in Figure 3(a) and (b),
respectively. These individual coils can then be arranged in either a solenoid or
toroidal configuration, as shown in Figure 4(a) and (b).

Figure 5 displays the multi-solenoid configuration used in SMES, created by
assembling individual solenoids based on their polarity. This configuration offers

Terminal 2
Terminal 1

Terminal 1

(a) HTS tape wound like Single Pancake(SP) (b) HTS tape wound like Double Pancake(DP)

Figure 3.
Single pancake and double pancake coil winding.

500

=500
500

400
300 |

200

100
400

200

(a) SP/DP arranged as solenoid (b)SP/DP arranged as toroid

Figure 4.
Assembly of pancake coils as (a) solenoid and (b) toroid.
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Figure 5.
Multipole solenoid configuration made by assembling solenoid.

several advantages, including reduced stray magnetic fields and lower stress levels
compared to a single solenoid design. The reduction in stray magnetic fields is
achieved by arranging adjacent coils with opposite polarities.

In our prior research, we optimized the dimensions of superconducting magnet
coils using real-coded genetic algorithms and teaching-learning-based optimization
techniques. The primary objective was to minimize the length of high-temperature
superconducting (HTS) tape required to achieve a specified stored energy while
ensuring that the stress remained within the critical limits. Additionally, we
conducted shape optimization, resulting in novel configurations that require 7% less
tape length compared to conventional solenoid structures, thereby reducing overall
costs.

2.1.3 Refrigeration system

The superconducting coil must be below T, to attain a superconducting state. A
cryogenic refrigerator provides low temperatures to the system using a cryocooler-
based conduction-cooled magnet (dry system) or as a recondenser for cryogen
immersed magnet (wet system). The operating temperature of the SMES coil depends
upon the type of superconductor used and its application (liquid helium for LTS and
LN2 for HTS).

Liquid helium is also used for high-temperature superconductors for high mag-
netic field SMES. The power required for refrigeration increases as the operating
temperature decreases. During the operation, if thermal stability breaks due to a rise
in temperature because of heat in-leak from outside or generated in the coil, then
refrigeration system capacity should also take care to avoid the quenching of the
magnet.

2.1.4 Power conversion system

The PCS provides an interface between the SC magnet and the AC power grid.
During surplus grid power, the superconducting magnet is charged with a DC power
supply, which is provided by PCS with the help of rectifier and filter circuits.
Whereas, during the dip in the power grid, the PCS automatically discharges the SC
magnet and feeds the power to the grid with the help of a DC-link capacitor bank and
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grid-tie Voltage Source Inverters (VSI). Once the superconducting magnet is charged
to its full capacity, it will be switched to the persistent mode in which the two
terminals of the SC magnet will be shorted for the free-wheeling of current. To make
PCS work in charging, persistent, and discharging modes, a DC chopper circuit is also
incorporated within PCS.

Sub-subsections can also be used throughout the manuscript.

3. SMES around the globe

A superconducting magnet coil as an energy storage device was first
proposed by N. Mohan in 1973 as a theoretical and economic study. A numerical
study was performed for the performance of a superconducting magnet coil for power
stability.

3.1 Low temperature superconductor SMES

The world’s first SMES (30 MJ) was built by LAS atom laboratory, USA, and
installed in Tacoma Substation of the Bonneville Power Administration in 1983 to
demonstrate superconducting technology in the power utility sector [8, 9]. A 100 MJ
LTS SMES was developed by Florida State University in 2003, operating at 4.5 K with
liquid helium, using NbTi CICC for a solenoid-type coil with a 4 kA current and 10.8
H inductance [10]. Japan’s first 7.3 MJ LTS SMES was developed in 2004 by Nagaya
et al., using NbTi Rutherford cable with glass kapton insulation, operating at 2.6 kA
and 2.08 H, cooled by liquid helium [11, 12]. In 2006, Japan developed a 2.9 MJ
solenoid coil for advanced power control, using aluminum stabilized NbTi CICC with
a 9.6 kA current [13]. KERI developed a 3 MJ LTS SMES in 2004 to improve power
quality, with a solenoid magnet using NbTi Rutherford cable, operating at 1 kA and 6
H inductance [14, 15]. A 2.6 MJ LTS SMES was installed in the Elettra Synchrotron
Light facility, Trieste-I Italy, to reduce voltage dips, with NbTi cable and HTS current
leads, operating at 1100 A and 4.32 H [16]. Japan demonstrated a 270 kJ force-
balanced toroid LTS SMES in 2005, using NbTi wire with a 552 A current and 1.8
H inductance [17-19]. Italy designed a 200 kJ LTS SMES in 2008, with an additional
coaxial coil for a reduced stray field, operating at 150 A and 19 H inductance [20]. A
2 MJ multipole LTS solenoid SMES was tested by Wang et al. in 2010, with internal
cooling channels, operating at 490 A and 16.644 H inductance [21]. Bhunia et al.
designed a 4.5 MJ toroidal LTS SMES in 2014, using Rutherford-type NbTi with a 1200
A current [22, 23].

3.2 High temperature superconductor SMES

Kalsi et al. designed, fabricated, and tested the first solenoid HTS SMES (5 kJ)
using 1G HT'S wire (Bi-2223) in 1996 for EUS, Germany, to improve power quality in
process plants [24]. The coils were cooled with a GM cryocooler operating at 100 A
and 25 K, with a maximum central field of 0.97 T and an inductance of 1 H. Kurtz et al.
designed a 150 k] HTS SMES in 2003, operating at 20 K with BSCCO-2223 HTS tape,
with a magnet coil cooled by a cryocooler and an operating current of 80 A [25]. Wang
et al. fabricated a 30 k] HTS SMES in 2008, protected by solid nitrogen for quenching,
operating at 20 K and 155 A [26]. Under the DGA project, an 800 k] HTS SMES was
developed in 2005 using Bi2212 PIT tapes, operating at 20 K and 300 A [27-29].
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The University of Wollongong fabricated a 2.5 k] SMES in 2005 using BSCCO-2223
tape [30]. In 2006, a 1 MJ HTS SMES was installed in a live power grid suburb of
Beijing, with a 16.4 km BSCCO HTS tape coil, operating at 564 A and 4.2 K, cooled by
liquid helium and a cryocooler [31, 32]. Wojtasiewicz et al. designed a 7.3 kJ conduc-
tion-cooled HTS SMES, operating at 135 A and 35 K [33, 34]. KERI designed a 600 kJ
HTS SMES in 2007 using 11 km of 4-ply BSCCO-2223 HTS tape, operating at 275 A
and 20 K [35]. Chubu Electric and partners studied a 2 GJ toroid HTS SMES in 2012,
with a 180 DP coil operating at 540 A and 20 K [36] . Kim et al. fabricated a 10 kJ
toroid HT'S SMES in 2011 using BSCCO wire, operating at 300 A and 6 K. Kozak et al.
developed a 34.8 k] HTS SMES in 2009, operating at 13 K and 264 A [37, 38] . Li et al.
fabricated a 4 k] Micro HTS SMES with a hybrid Li-ion battery system, operating at
30 K and 260 A [39]. Brookhaven National Laboratory built a 1.7 MJ HTS SMES coil
in 2018, operating at 700 A and 4 K [40]. Julien et al. designed a 12 T High field HTS
SMES in 2021 under the BOSS project, operating at 850 A and 4 K, with an inductance
of 2.79 H [41].

Table 1 shows the development of SMES around the globe in chronological order.

Sl Year Country Capacity  Superconductor  Operating temp Coil
no. used (K) configuration
1 1983 USA[8,9,42, 30 MJ NbTi 45K Solenoid
43]
2 1997 USA [24] 5KkJ Bi2223 25K Solenoid
3 2003 USA[10, 44] 100 MJ NbTi 45K Solenoid
4 2003 Germany [25] 150 kJ Bi2223 20 K Solenoid
5 2004 Japan[i1,12]  7.34M] NbTi 4K 4 Pole coil
6 2005 Japan 1MJ (90 Bi2212 42K Solenoid
KJ)
7 2005 Japan [13] 2.9 MJ NbTi 5K Solenoid
8 2005 China [45, 46] 0.3 MJ NbTi 42k Solenoid
9 2008 China [26] 30 kJ Bi2223 10 K Solenoid
10 2005 France [27-29] 800 kJ Bi2222 20K Solenoid
11 2005 Australia [30] 2.48 kJ Bi2223 25K Solenoid
12 2006 Japan [47, 48] 100 kJ NbTi/Cu 4K Solenoid
13 2006 China [31, 32] 1MJ Bi2223 42K Solenoid
14 2006 Korea [14, 15] 3MJ NbTi 42K Solenoid
15 2006 Korea [35] 600 kJ Bi2223 20K Solenoid
16 2006 Italy [16] 2.6 MJ NbTi 42K Solenoid
17 2007 Japan 1MJ NbTi 4K Solenoid
18 2007 Japan [49] 6.5 MJ NbTi, Bi2212 42K Solenoid
19 2007 China [50] 35k]J Bi2223 20K Solenoid
20 2008 Japan [36] 2.4GJ YBCO 20K Toriodal
21 2008 Japan [17-19] 270 kJ NbTi 42K Toriodal
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Sl Year Country Capacity ~ Superconductor  Operating temp Coil
no. used (K) configuration
22 2008 Italy [20] 200 kJ NbTi 42K Solenoid
23 2009 China [51] 10 kJ Bi2223 10K
24 2009 Korea [52] 10 kJ YBCO/BSCCO 20K Solenoid
25 2010 China [21] 2 MJ NbTi 42K 4 solenoid
26 2010 Korea [53] 2.5MJ Bi2223/YBCO 20K Toriodal
27 2010 Poland [37,38]  34.8Kk] Bi2223 12K Solenoid, DP
28 2014 India [22] 4.5MJ NbTi 42K Toriodal
29 2018  China [39] 4% REBCO 30 K Solenoid, DP
30 2018  USA [40] 17 MJ YBCO 42K Toriodal
31 2006 Poland [33, 34] 73k Bi-2223 35K Solenoid, DP
32 2019 China [54-56] 10 MJ YBCO 20K Solenoid, DP
33 2022 France [41] 1MJ YBCO 42K Solenoid, DP
Table 1

SMES around the globe.

4. Cooling methods used in SMES

4.1 Source of heat generation

The cooling method adopted and heat generation during the operation of SMES
also affect the overall design of SMES. Each component of SMES, either cryostat,
current lead, or the coil itself, is a potential source of heat during operation, and even a
very low heat in-leak value can increase the temperature significantly at lower tem-
peratures due to the very low heat capacity.

Major heat sources during operation SMES are:

1.Heat conduction through current leads from ambient to operating
temperature(To,)

2.Current lead joule heating due to high current flow

3. Ambient to operating temperature (T, ) through cryostat

4.AC loss (Eddy current, Hysteresis and coupling) during charging and
discharging

5.Joule heating in joints made of non-superconductor materials

Many factors are considered while designing the SMES. Most of the time, there is a
need for compromise between various parameters, that is, higher operating current
can increase heat in-leak in the system from copper current lead, and higher induc-
tance can create very large voltage during charging and discharging, which can
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generate more eddy current leads to AC loss, magnetization loss in related nearby
metallic component and even the insulation can breakdown in this high voltage.

4.2 Ways of achieving low temperature

Based on the operating temperature of SMES (4.2-30 K) mainly, three methods are
being used.

1. Pool boiling using liquid helium
2.Conduction cooling using GM cryocooler
3.Solid nitrogen

Liquid helium is preferred for low LTS SMES (T, = 4.2 K). SMES is cooled using
the pool boiling method at the boiling temperature of liquid helium. This method
requires constant replenishment of liquid helium or cryocooler to re-condense the
evaporated helium back to the cryostat. For HTS, the preferred method is conduction
cooling using a GM cryocooler, which significantly reduces the maintenance and
operational hazard of liquid helium. Only one SC magnet for HTS SMES made
recently [39] working operating at 30 K using solid nitrogen however, GM cryocooler
is again used to solidify the nitrogen to attain 30 K.

4.3 Pool boiling using liquid helium

Helium has a boiling point of 4.2 K and is the only cryogenic available to provide a
cryogenic temperature of SMES operating at 4.2 K.

Convection cooling (No phase change) and nucleate boiling are the only operating
regimes for the cooling process. The maximum difference between surface tempera-
ture and LHe for peak nucleate boiling is approximately 1 K [57]. Factors affecting the
peak heat flux(q*) and AT significantly in the nucleate boiling region [58-60].

1. Temperature and pressure (subcooled [61] or supercritical)
2.Surface condition (roughness [62-65], coating Insulators [64], etc.)
3.Surface orientation (relative to gravitational force [65, 66])
4.Geometry (Channels [67], tubes [68])

5.Time to develop a steady state (transient heating [69-70])

A very necessary feature for an LTS SMES magnet is having a cooling channel [21]
in between the layers. The cooling channel is provided by spacers in between the
layers, as shown in Figure 6. Cooling channels provide uniform temperature in each
part of the magnet, thus providing thermal stability to the system. In between two
consecutive superconducting layers, an insulator layer is provided to avoid any sort of
circuit between layers [71].

Earlier, LTS SMES had current lead made of copper, which was responsible for a
very large heat leak, but it is now partially replaced by HTS lead. The HTS lead is
cooler by evaporated helium vapor during operation.
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Solenoid winding

Cooling channels

Figure 6.
LTS SMES showing cooling channels and spacers.

4.4 Conduction cooled

Conduction-cooled SMES is most preferred for coils made of HTS. This method
eliminates the difficulties of handling liquid cryogens, thus simplifying maintenance
and operation. The SMES coil magnet is mostly cooled by a single/double-stage GM
cryocooler with an operating temperature range from 4.2 to 30 K.

4.4.1 GM cryocooler

GM cryocooler is based on the Gifford-McMahon cycle [72] proposed in 1959. The
working fluid is mostly Helium. Figure 7(a) [73] and 7(b) [74] show the commer-
cially available single and double-stage GM cryocoolers, respectively. The tempera-
ture of the cold head also determines the cooling capacity. Figure 8 shows the cooling
capacity-temperature graph for CRYOMECH make single stage (AL640) GM
cryocooler having 100 W cooling capacity at 20 K. Figure 9 shows both 1st and 2nd
stage working temperature along with the cooling capacity for NTE make 4 K double-
stage cryocooler. Large cooling capacity GM cryocoolers are generally used for SMES
applications.

Figure 10 shows the arrangement of major components of a conduction-cooled
SMES. In all the conduction cooled, certain features are present to reduce the heat in-
leak, thus providing stability during operation as listed below:

1.Radiation shield for magnet chamber
2.HTS current leads from copper lead to the coil

3.High vacuum inside chamber for low convection heat transfer
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(a) Single stage GM (b) Double stage GM

Figure 7.
Cryocooler by Cryomech (a) Single stage (b) Double stage.
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Figure 8.
Cooling capacity graph as per operating temperature for CRYOMECH AL630 [73].

4.Radiation shield for copper current lead from ambient temperature till thermal
shield

5.Copper current lead cooled by 1st stage of cryocooler

6.Copper disk between pancakes connected with cryocooler 2nd stage through the
copper thermal bridge.

7.Radiation baffles to reduce heat in-leak from the top surface.

Mainly, GM cryocooler has been used for conduction cooling for both magnet, current
lead, and thermal shield, but a very large capacity HTS SMES (2.4 GJ Japan [36])
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Current lead from

CS
Two siaps GM Single stage GM
cryocooler
cryocooler
I_. To Vacuum Pump
Radiation Trap
1™ stage connected _— _— =3 Copper bridge to cool
to thermal shield/ : i \ ! o current lead
Current lead N — + ——— HTS current lead
[ —
]
2" Stage H ' M—CLrnER
connected to H— H IR Vacuum
magnet through ! .
Copper bridge ' ¥ Radiation shicld
: -t Thermal Shield
H ; B E HTS Magnet coil
-
Figure 10.

Conduction cooled HTS SMES general trend.

used Stirling pulse tube cryocooler for current lead and thermal shield along with 94 GM
cryocoolers for YBCO based coil.

Radiation shield property (emissivity) at cryogenic temperature and high vacuum
depends strongly upon the surface conditions (polished, oxide layers), and thickness
[75-77]. As radiation heat transfer involves electromagnetic waves [78], Parker and
Abbot have given a relationship between emissivity, material resistivity, and absolute
temperature [79].

Kawagoe et al. [47, 48] used spacers in conduction-cooled LTS SMES (100 kJ)
made up of Dyneema FRP (DFRP) and litz wires connected to copper for improved
conduction through indium foil.
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Nitrogen phase diagram.

AIN sheets also used in between the cryocooler 2nd stage head and copper thermal
bridge for insulation and keeping thermal conductivity.

4.5 Solid nitrogen

Solid nitrogen has a high heat capacity (0.7 — 1.2].cm 3K ') in the temperature
range 20-30 K (six times more than copper) and a phase transition (cubic to hexago-
nal) at 35.6 K with the latent heat of 8.3 J/cm™3 [80] allowing it to keep the magnet
safe if any thermal fluctuations occur. It has the only disadvantage that saturation
vapor pressure of nitrogen facilitates higher convective heat in-leak during cooling
and solidification. Figure 11 shows the nitrogen phase diagram (Made by using
Refprop [39, 81]) from a very low-pressure range to 10 times atmospheric pressure.
The phase diagram also includes the path followed for getting solid nitrogen from the
liquid. At first, the vacuum pump is utilized for subcooling to go from 77 to 63 K. After
that, for solidification, the cryocooler is used to reduce further temperature.

Solid nitrogen has been used by Lee et al. [39] for better thermal stability of 4 k]
Hybrid HTS SMES (SMES coupled with Li-ion battery) during dynamic operations
operating at 30 K [39]. At 30 K, the heat in-leak/generated can be easily compensated
by cooling provided by GM cryocooler at higher wattage. The green and pink lines
show the cooling curve on the phase diagram followed during the cool-down. To
reduce the heat in-leak by convection using sold nitrogen, Lee et al. used a double-
walled cryogenic vessel with two cryocoolers.

5. Technical challenges in SMES

Although there are many SMES projects have been carried out across the globe, it is
still not yet commercialized. The major issue lies in the cryogenic technology and the
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cost of HTS tape. The cost of LTS is low compared to HTS; however, operating the
LTS SMES at 4.2 K using liquid helium is expensive. With the great demand and
advancement of 2G HTS tape manufacturing technology, the cost of HTS tape will
likely reduce further. Quench detection and protection in superconducting magnets
are another challenge that also needs to be addressed.

6. Conclusions

In conclusion, Superconducting Magnet Energy Storage (SMES) systems offer a
highly efficient and rapid response solution for energy storage, significantly
outperforming other technologies due to their ability to store and release energy with
minimal losses. This chapter has explored the diverse applications and advantages of
SMES, from improving power quality to integrating renewable energy sources, pro-
viding uninterruptible power supplies, and supporting high energy defense applica-
tions. The global development of both Low-Temperature Superconductor (LTS) and
High-Temperature Superconductor (HTS) SMES systems highlights the advance-
ments and ongoing efforts to harness superconducting technology for energy storage,
showcasing innovations from the first 30 MJ SMES built in the USA to the recent 12 T
High field HTS SMES designed in France.

However, despite significant progress, SMES technology faces several technical
challenges that hinder its widespread commercialization. The primary issues revolve
around the high costs associated with HTS tapes and the complex cryogenic technology
required to maintain the superconducting state. The need for effective quench detection
and protection mechanisms remains a critical area for further research and develop-
ment. Nonetheless, with continuous advancements in HTS tape manufacturing and
cryogenic systems, the future of SMES looks promising. By addressing these challenges,
SMES can play a pivotal role in enhancing the efficiency and reliability of modern power
systems, paving the way for a more sustainable and resilient energy infrastructure.
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Chapter 6

Low-Temperature Performance
and Manufacture of Metals

Wangjun Cheng

Abstract

In this chapter, the background and significance of low-temperature manufacture
and performance of metals were presented. The applications of low-temperature
technology in typical fields, such as electronics, healthcare, aerospace, food engi-
neering, new energy, and cryogenic manufacturing, were presented. Principles of
cryogenic cutting, cryogenic casting, cryogenic treatment, and cryogenic forming in
alow temperature were highlighted. Likewise, mechanical properties and hardening
behaviors of metals, such as aluminum alloys and stainless steels at cryogenic tem-
peratures, were discussed. Macroscopic and microscopic mechanisms of the above
deformed metals at ultra-low temperatures were also revealed. Finally, cryogenic
forming methods and properties were discussed. Cryogenic forming products and
potential applications were demonstrated.

Keywords: low-temperature manufacture, cryogenic cutting, cryogenic casting,
cryogenic treatment, cryogenic forming, performance

1. Introduction

The important embodiment of new quality productivity in the field of refrigera-
tion is the development of original innovation capabilities, breakthroughs in key
technologies, and the shaping of new tracks in traditional metal manufacturing.
Low-temperature technology refers to the use of artificial refrigeration to achieve and
maintain the desired cryogenic state of an object or a space. Generally, the tempera-
ture from ambient temperature to 123 K (—=150°C) is called the universal cooled
zone. From 123 K (—150°C) to 0 K (—273°C) is called the deep cooled zone. Low-
temperature technology has broad application prospects in industrial and military
production fields.

In the electronic manufacturing field, low-temperature technology is needed to
control the production and testing temperature of chips and further ensure perfor-
mance and stability [1]. Low-temperature technology can also improve production
efficiency and product quality in chemical and pharmaceutical industries. In the
aerospace field, low-temperature technology can adjust the temperature inside
satellites to ensure their normal operation. In the new energy field, low-temperature
technology can be used to regulate the temperature of solar photovoltaic panels,
control the temperature of wind power generation systems, and improve the stability
and reliability of the system.
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The refrigeration industry has developed rapidly in the field of military and
civil equipments with the progress of science and technology in today’s world [2].
Further, the rapid development of refrigeration has promoted the emergence of
low-temperature manufacturing technologies. In the field of electronic product
manufacturing, certain substances at cryogenic temperatures embody completely dif-
ferent physical properties from those at ambient temperature. For example, cryogen-
ics is needed to control the production and test the temperature of chips to ensure the
performance and its stability. Cryogenics is also utilized to design cooled electronic
devices, such as infrared detectors, quantum story enlargers, parametric amplifiers,
and optical devices [3]. The codetection rate is greatly improved under the operating
temperature from 77 to 42 K. Likewise, some small coolers have the advantages of
high reliability, long life, low power consumption, and fast cooling.

Product quality in the chemical and pharmaceutical industries can be improved
by low-temperature technology. The use of cryogenic temperatures allows the cells
in the lesion to be killed and promotes the healed muscle. Cell death is not caused
by freezing itself. However, the concentration of the solution in the cell is altered by
the freezing temperature and rate. Further, the environment for bacterial produc-
tion is altered and death occurs. As a result, a series of cryogenic medical machines
and medical devices has been created. At present, electronic refrigerator, electronic
freezing gun, electronic cryogenic cooler, electronic thermostat, cold needles, cold
knife, cooling cap and cold therapy, cryostasis, cryomedicine, cryosurgery to remove
cataracts, cultivation of IVF, etc. have been used in clinical practice. And cryotherapy
machines above —100°C, cryotherapy machines at —100°C, and superconducting
devices have been currently in service in the treatment of cancerous tumors.

The temperature inside a satellite can be regulated by low-temperature technology
to ensure its proper functions in aerospace. Cryogenic fuels can be used as propel-
lants in chemical rockets or solar energy. And liquid nitrogen can be used to precool
and clean cryogenic propellant rockets. It can also be used for temperature control
of radar microwave components, the cooling of infrared sensors, cooling of opti-
cal microscopes, etc. Rocket components with complex shapes can be produced by
utilizing low-temperature stamping technology. Presently, ultra-thin, ultra-fine, and
ultra-wide aluminum alloy materials can be successfully prepared.

The freshness period of food can be significantly extended by low-temperature
technology in food engineering. The quality, color, taste, and freshness of meat,
fresh shrimp, fruits, and vegetables are enhanced via low-temperature technology.
The most common storage method in the food industry is low-temperature storage.
It maintains the original quality of the food to a large extent, and hence the shelf life
is extended. Common storage methods at low temperatures can be divided into cold
storage (0 ~ 4°C), ice temperature (—0.5 ~ —2.8°C), microfrozen (—4°C), and frozen
(—12 ~ —18°C). Low-temperature technology can also be used for the production and
transportation in food engineering, such as the freeze-concentration technology,
freeze-drying technology, freeze-milling technology, vacuum freeze-drying technol-
ogy, etc. [4]. Low-temperature technology can also be used to dry various types of
food. Utilizing the principle of sublimation of ice crystals, the moisture in the water-
containing material is first frozen into ice. Then the ice in the material is directly
sublimated into water vapor, and finally the material is dehydrated.

Low-temperature technology can be used to regulate the temperature of solar
photovoltaic panels in the new energy field. The temperature of wind power systems
can be controlled. The stability and reliability of the system are improved. In addi-
tion, cryogenic technology in the field of natural gas clean energy has also made a
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remarkable progress. For example, LNG was produced from coke oven gas at low
temperatures, and the recovery rate of LNG is improved. Energy consumption was
reduced. The quality of the product is improved. The application of low-temperature
technology for hydrogen fuel cells has made it possible to realize nondestructive
cold-starting even under the extreme conditions of —40°C. It is also possible to use
low-temperature technology to improve the performance of hydrogen fuel cells and to
improve the efficiency of hydrogen fuel cells [5].

Products can be processed by utilizing the special properties of substancesin a
cryogenic state. This technique is particularly useful in the processing of materials,
such as aluminum alloys, copper alloys, and titanium alloys. These materials are dif-
ficult to process and shape at room temperature, but it is easy to process at ultra-low
temperatures. The main technologies include cryogenic cutting, cryogenic casting,
cryogenic treatment, cryogenic EDM, cryogenic grinding, and low-temperature
machining. Also, low-temperature manufacturing has significant advantages for
increasing the plasticity of materials and for improving their properties [6].

The applications of low-temperature technology in typical fields such as
electronics, healthcare, aerospace, food engineering, new energy, and cryogenic
manufacturing were presented in this paper. Principles of cryogenic cutting,
cryogenic casting, cryogenic treatment, and cryogenic pressure processing in
ultra-low-temperature deep-cooling manufacturing were highlighted. Meanwhile,
mechanical properties and hardening behaviors of metals, such as aluminum alloys
and stainless steels in low-temperature deformations, were discussed. Macroscopic
and microscopic deformation mechanisms of the above metals at ultra-low tem-
peratures were revealed. Further, cryogenic forming processes and properties were
discussed. Finally, cryogenic forming products and potential applications were also
demonstrated.

2. Low-temperature cutting

Low-temperature cutting is usually a cutting method that uses liquid nitrogen
(LN3y) or carbon dioxide to keep the workpiece, tools, or cutting area in a low-temper-
ature cooling state. To improve cutting efficiency, the cooling process is conducted by
spraying the coolant or directly immersing workpiece in a low-temperature medium.
This allows the cutting capacity of alloys to be increased and reduced tool wear due to
the rapid heat dissipation during the cutting process.

According to various cooling sources, it can be divided into cryogenic liquid or gas
cooling cutting, electronic cooling cutting, tool internal cooling cutting, and chemical
cooling cutting [7]. The cutting heat is generated by the rapid friction and wear from
the workpiece and tools. Further, the workpiece and tool are simultaneously heated,
and the temperature can reach several hundred degrees centigrade. The energy in the
metal cutting can be mainly divided into the cutting work, friction work, deformation
work of surface layer, and surface energy. Due to the severe shear deformation, most
of this work becomes heat. A residual 10% work remains in reserve in the cut alloy.
Most of the friction work becomes heat. More than 90% of the total cutting work is
converted to heat. Additionally, the cutting heat is mainly concentrated near the tip of
the tool. This leads to an increase in the temperature of the tool and the workpiece [8].
Therefore, the cooling effect can be achieved by pouring coolant to reduce the cutting
temperature. Likewise, the frictional resistance of the front and back of tools can be
reduced by the coolant lubrication effect. The generated heat is reduced, and then
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the wear of the tool tip is reduced. To illustrate the principles of cryogenic cutting,
examples of coolant spraying cutting and coolant immersing cutting are shown in
Sections 2.1 and 2.2.

2.1 Coolant spraying cutting

This method allows a coolant (cryogenic gas or liquid) to spray onto the surface of
the machined part and leads to a quickly achieved cooling effect of the cutting position
and tools [9]. The experimental device for the coolant spraying cutting is shown in
Figure 1. The low-pressure gas or liquid is applied as the refrigerant. After the expan-
sion of the gas and liquid, the compressed air is ejected into the vortex chamber to
form a free vortex. The internal gas is separated into the cold and hot gas flow after the
exchange of kinetic energy. And then a vortex is generated in the tube. Also, the cooling
air outlet is connected to the cutting oil to improve the cooling effect. The cutting oil is
brought in by an airflow ejection to form a spray-like cooling oil with an easily achieved
cooling of the workpiece. This hybrid cooling method is better than the pure gas cooling.
It is favorable to the chip dispersion and does not pollute the environment. However, this
method belongs to local external cooling, and the cooling zone is uneven and ineffec-
tive. Therefore, it is only suitable for the cutting of shaft parts and long pipe parts.

2.2 Coolant immersing cutting

A coolant immersing cutting method is proposed to solve the problem of uneven
cooling during the low-temperature cutting. The workpiece is immersed in the freez-
ing liquid to make the freezing temperature of the workpiece uniform and consistent,
as seen in Figure 2. This device is equipped with a cooling box on a workbench and a
mounted caliper. The workpiece during the cutting is immersed in a coolant (alcohol
and LN,). Then the workpiece is machined with only the surface exposed for the
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Figure 1.
Experimental principle for coolant spraying cutting.
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Figure 2.
Experimental principle for coolant immersing cutting.

cutting. This method is suitable for grinding, planning, drilling, milling, broaching,
and other cutting methods. However, it causes environmental pollution, requires

a large consumption of coolant, and has an inability to process rotating surfaces.
Additionally, it is necessary to install some additional automated and intelligent
devices for the purification, cooling, and circulation of coolants.

3. Low-temperature casting

Low-temperature casting allows molds and models to be cooled by coolants.
Generally, liquid nitrogen at —196°C is usually used as a coolant to freeze the water
in the sand. The sand particles are frozen together by a film of liquid ice, resulting
in a hardened cryogenic mold [10]. This method offers several advantages, includ-
ing high-quality castings with fine grains, precise dimensions, no smoke or toxic
gases during shaping and pouring, and easy sand removal from the mold. Also, it
has broad prospects in the fields of nodular cast iron, cast steel, aluminum, copper,
and other alloy castings. To illustrate the principles of cryogenic cutting, examples
of coolant spraying cutting and coolant immersing cutting are shown in Sections
21and?2.2.

3.1 “Effset” method

This method was invented in 1977 by the foundry of W.H.Booth Company in
the United Kingdom. It involves blowing liquid carbon dioxide or liquid nitrogen
into the mold to freeze it. After the removal from the box, the mold is placed on an
aluminum plate and simultaneously transported through a belt conveyor. It is fur-
ther fed into a cooling channel to reach the required freezing temperature before
assembly. This method gives the mold good collapsibility after being poured, and
the molding sand can be easily reused after drying. The principle for freeze casting
is shown in Figure 3.
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Figure 3.
Principle for freeze casting with a production line [3].

3.2 Cooling tube method

This method is also known as the pressurized LN, method. Fine copper tubes
with good thermal conductivity are arranged at the top and bottom of the sand mold.
Liquid nitrogen in a sealed chamber is then pressurized into the mold at a pressure
from 0.5 MPa to 4 MPa, as seen in Figure 4.

3.3 Cooling transformation method

This method generally utilizes the LN, to cool the intermediate heat carrier, such
as Freon. The Freon then freezes the mold and uses a refrigerant to chill the sand
mold with a 3-7% moisture [11]. The refrigerant circulates through the evaporator in
a cooling system, as seen in Figure 5.

Low-temperature casting has many advantages, but there are still some problems:
(1) the low production efficiency and extended freezing times; (2) a small amount of
binder must be added to the sand to obtain a prestrength of the mold, and hence some
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Figure 4.
Principle for the cooling tube method [3].
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Figure 5.
Principle for the cooling transformation method [3].

advantages of cold molding are lost; (3) the mold is easily deformed by freezing after
demolding as the cold mold melts quickly and wastes energy; (4) liquid nitrogen is
underutilized with a complicated nitrogen generators and storage containers.

4. Low-temperature treatment

Low-temperature treatment (LTT) involves the use of cooling agents, such as
liquid oxygen, liquid nitrogen, and liquid argon. To reduce the volume of residual
austenite after quenching and subsequently stabilize the dimensions of the parts, the
metal components are immersed in low-temperature coolants within the temperature
range from —120 to —196°C. Further, low-temperature treatment can effectively
improve the process performance of alloys. For instance, transformation-induced
plastics (TRIP) steels are conducted by solution treatment at 1120°C, then plastic
deformation at 450°C, and finally cryogenic treatment with LN, at —196°C. Its tensile
strength can reach 1950 MPa, with an approximate 20% elongation. Its impact
toughness and fracture toughness are significantly improved. To a certain extent,
low-temperature treatment can improve the size stability of parts, eliminate residual
stress, and prevent deformation from the aging [12].

Generally, the sublimation with dry ices plus alcohols is used as a coolant for the
low-temperature treatment. In addition, Freon is used for circulating refrigeration
in freezers, or liquid oxygen and liquid nitrogen can be evaporated to obtain the low
temperature. For most steels, mixtures of dry ice with alcohol and liquid nitrogen
come from low costs and wide sources and meet most of the needs of low-tempera-
ture treatment. Common coolants and their lowest temperature are shown in Table 1.

Coolants Temperature(°C) Medium Temperature(°C)

Dry ice+alcohol 78 Propane —42.2

Liquid oxygen -183 F-12(CF2CI2) -29.8

Liquid nitrogen —-195.8 F-13(CF3Cl) —81.5

Liquid hydrogen -252.8 F-14(CF4) -128

Liquid helium —268.9 F-22(CHF2Cl) —40.4
Table 1.

Common coolants and their lowest temperature.
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Generally, the common temperature range of ordinary LTT is varied from —50
to —80°C. The majority of residual austenite after quenching can be eliminated
for simple shape parts, such as bearing, measuring tool, and other tool steels.
Further, the hardness and wear resistance of the parts are improved, and the
crack is reduced. As shown in Figure 6, the hardness of Cr12MoV and CrWMn
steels increases significantly after the LTT. Also, it can be used to adjust the out-
of-tolerance size for reducing the intersection and cracks. Generally, the volume
of treated parts after the LTT can increase due to the transformation of residual
austenite into martensite. The optimum of conventional quenching, tempering, and
the out-of-tolerance of mold size can be achieved by using this rule. Therefore, LTT
had a practical value to improve the service life of tools and improve the quality
of parts. However, to greatly avoid cracking defects from temperature stress, the
staged LTT is required for the part with complex shapes. The parts with a complex
shape, large difference of wall thickness, and small edge distance of holes should be
cooled slowly in each stage.
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Figure 6.
Hardness of tool steels after quenching and LTT. (a) Cr12MoV (b) CrWMn.
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5. Cryogenic forming

5.1 Dual enhancement effect

As shown in Figures 7 and 8, the elongation of the annealed sheet at low tempera-
ture of —160°C increases to 32.3%, while the solution-treated sheet increases from
24.3 to 34.4%, showing an increase of 41.6% when the temperature is varied from RT
to —160°C. Similarly, the strain-hardening exponent for the annealed 2219 aluminum
alloy increases from 0.27 to 0.37, showing an increase of 37%. Similarly, the strain-
hardening exponent (#) in the solution-treated state enhanced from 0.3 to 0.35 with
an increase of 16.7%, when the temperature is varied from RT to —160°C. It is indi-
cated that the sheet shows the dual enhancements of elongation and strain-hardening

exponent in low-temperature deformation.
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Strain-hardening exponent (n) varied with low temperatures.
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Generally, the strength, hardness, and wear resistance of most metals increase
significantly, and their ductility decreases at low temperatures. However, most face-
centered cubic (fcc) matrix structure metals, such as Al, Cu, and Ni, do not present
cold embrittlement; on the contrary, the elongation and strain-hardening exponent
are simultaneously increased during the cryogenic deformation. This abnormal
phenomenon is called “dual enhancement effect” [13, 14]. Based on these excellent
characteristics mentioned above, problems for the forming of thin-walled aluminum
alloy components, such as localized thinning, cracking, and microstructure degrada-
tion, can be inhibited. Further, the forming limit and forming process window of the
alloys are expanded. Hence, cryogenic forming is transformative and pioneering as
compared to the conventional cold and hot formings. It can also lead to a significant
increase in the forming potential of fcc metal complex components.

5.2 TRIP effect

Transformation-induced plasticity (TRIP) effect refers to the introduction
of phase transformation strengthening and plasticity growth of the stabilized
residual austenite in the steel, when it initially transforms to martensite during the
deformation. Generally, the martensitic transformation point (Ms) of such steels
is lower than room temperature (RT) [15]. As a result, a more pronounced TRIP
effect occurs during the cryogenic deformation, as shown in Figure 9. The strain is
concentrated in defect-rich areas and induces the martensitic nucleation when the
austenite stainless steel (ASS) sheet is subjected to certain external loads in low-
temperature deformation. Further, the substable residual austenite in steels starts
to transform to martensite when aggregated to a certain extent. Since martensite
is a hard phase, it increases the local hardness. Continued deformation of the steel
becomes difficult. Thereby the deformation is transferred to surrounding zones,
and the residual stress is reduced. As the deformation continues, the necking of the
material is delayed, and hence the elongation of the material is greatly increased.
Additionally, the transformed martensite and increased dislocations during the
low-temperature deformation result in a significant increase in the work-hardening
capacity of steels.
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Figure 9.
Tensile curves and work-hardening curves of 304 ASSs.
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5.3 Cryogenic forming methods
5.3.1 Bulging

Bulging is a crucial method for the testing of sheet metal formability under a
biaxial stress, including hydraulic bulging, rigid punch bulging, electromagnetic
bulging, flexible or particle medium bulgings, etc. Currently, hydraulic and rigid
die bulgings are the most widely performed, and their corresponding theories are
well-developed. However, the bulging at low temperatures is limited for their bulg-
ing device and formability of alloy sheets. As shown in Figures 10 and 11, the limit
for bulging height of 2219 aluminum alloy sheets at —160°C increases by 47.8% as
compared to RT [16]. The bulging height and expansion ratio of 6061 aluminum alloy
tubes increase nearly double during the cryogenic free bulging [17]. In addition, 304
stainless steel shows a more significant strengthening and more uniform thickness
distribution of dome parts at LN,. Hence, the formability of alloy sheets and part
properties can significantly be improved at cryogenic temperatures.
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Figure 10.
Schematic diagram of cryogenic bulging of sheets.
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Schematic diagram of cryogenic bulging of tubes.

117



Low-Temperature Systems

7% 7

\\\\\\\‘@ MANTEEIAN

o= : X \

) O )

@ Insulation medium @ Cooling medium @ Punch
@ Blank holder @ Sheet @ Bottom die

IR

~©

N\ NN\

Figure 12.
Schematic diagram of cryogenic deep drawing of cups.

5.3.2 Cup deep drawing

The forming potential of alloy sheets under complex stresses can be evaluated by
cup deep drawing, as shown in Figure 12. The cups formed at cryogenic tempera-
tures show a greater limiting drawing ratio (LDR). The deep drawing limit of 2219
aluminum alloy increases by 15.6%, and the deep-drawn cups show a relatively more
uniform thickness distribution at a low cryogenic temperature of —160°C [18]. An
increased resistance to localized plastic flow and thinning occurs for alloy sheets
under complex stresses. Cup deep drawing at cryogenic temperatures provides a new
approach for the forming of complex thin-walled components.

5.3.3 Bending

Bending is one of the common methods in sheet metal forming. The forming
process of complex parts is prone to defects such as springback, wrinkling, and crack-
ing due to the bending stress. This leads to serious constraints on the forming quality
and accuracy of complex parts. The most basic forms are V-shaped and U-shaped
bendings, as shown in Figure 13. The uneven deformation during the bending of
thin-walled pipes can lead to excessive springback and instability in tension and
compression states. Affecting factors of springback include thickness, elastic modu-
lus, hardening coefficient, die stroke, and strain-hardening exponent. Many bending
properties of fcc structured materials are significantly enhanced at cryogenic tem-
peratures. The springback angle becomes greater and bending cracks are suppressed.
This imposes higher requirements for the designing of springback compensation to
achieve the precise forming.

5.4 Mechanism of cryogenic forming for aluminum alloys

Due to a great stacking fault energy (SFE), the deformation of aluminum alloys
is mainly caused by dislocation movement. As shown in Figure 14, abundant
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Schematic diagram of cryogenic bending of sheets.
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Figure 14.
Microstructure evolution of aluminum alloys at room and cryogenic temperatures.

dislocations are generated in the crystal of aluminum alloys during the cryo-

genic deformation. Dislocation lines intertwine and polymerize with each other.
Likewise, many dislocation networks and cell-like structures are generated. Hence,
the cryogenic strengthening effect is markedly increased. In addition, cryogenic
temperature can promote uniform dislocation slips and intragranular aggregations.
It also leads to the avoidance of crack initiation and localized instability at grain
boundaries. The “avalanche effect” of dislocation substructures is suppressed.
Hence, the elongation of the cryogenic deformation is increased [19]. According to
the Mott hardening model in Eq. (1), the smaller the mean slip distance of disloca-
tions, the more likely the activation of a large number of dislocation substructures.
In return, the formation of dislocation cells and dislocation networks can be
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promoted. Macroscopic strain localization can be hindered. Hence, the strain-
hardening capacity of these alloys is enhanced.

D

where y; is the strain-hardening coefficient, b is the Burgers vector, 4, is the
mean slip distance, and G is the shear modulus.

5.5 Mechanism of cryogenic forming for austenitic steels

The martensitic transition is a nondiffusive transition that occurs in austenitic
steels during cryogenic deformations. Martensite formation is realized by a shear
mode, and the atoms at the interface between martensite and austenite are shared
and movable. The entire interface is maintained coherent by parent-phase shear
mode [20]. In addition, a series of substructures, such as dislocations, twins, and
stacking fault, can be induced by localized plastic deformation. Martensite trans-
formation is caused by chemical driving forces when the temperature is below the
onset of the phase transformation (Ms) [15]. As seen in Figure 15, the mechanical
driving force for the martensitic transformation is provided by the deformation
energy. The interfacial and strain energy of the new phase are provided by their
superposition during the cryogenic forming. It further results in greatly enhanced
properties of austenitic steels due to the high hardness and strength of the martens-
itic phase. Previous research by the author found that the cooperative strengthening
by dislocations and a’-martensitic transformation are more dominant during the
LN, deformation. As seen in Figure 16, the undulated work-hardening behavior
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Schematic diagram of thermodynamic conditions for martensitic transformation.
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Figure 16.
Microstructure evolution of ASS sheets at cryogenic temperatures [15].

occurs due to the preferentially promoted o-martensitic phases and decreased
austenite phases. Likewise, the distribution of martensite phase is inhomoge-
neous, accompanied by localized dense dislocations. Hence, the austenitic steels
are exhibited by a low elongation and undulated work-hardening during the LN,
deformation.

6. Cryogenic forming applications

Cryogenic forming of alloy sheets is a manufacturing process that is carried
out below room temperature or very low temperatures. Generally, the alloy sheets
should be precooled to an ultra-low temperature range for —150°C to —196°C viaa
coolant. And then the deep-cooled sheet is subjected to plastic deformation through
a die device in order to form complex-shaped components. Compared to conven-
tional hot forming processes, cryogenic forming has the following advantages: (1)
energy saving and environment friendly. Conventional hot forming requires a high
temperature or high pressure, while the cryogenic forming only requires coolants
for achieving temperature conditions. This method does not consume electricity
or avoids industrial waste gas; (2) high product quality and production efficiency.
The superior cooling effect can be quickly achieved by adjusting the flow rate of
the coolant. Therefore, it can achieve fast process efficiency and reduce production
cycles; (3) wide potential for applications. Cryogenic forming can be used for vari-
ous alloys and presents a good universality, and low cost for manufacturing indus-
tries, such as aerospace components, automotive parts, electronic product casings,
and furniture.

As shown in Figure 17, localized thinning, cracking, and microstructure
degradation of aerospace aluminum alloy components can be inhibited, and their
forming limit and process window can be expanded. Automotive parts usually
need complex processes, and low-temperature forming can make these complex
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Figure 17.
Typical aluminum alloy components via cryogenic formings: (a) Rocket tank [14]; (b) thin-walled components
[21]; (c) hollow box-shaped components [22].

components easier to form and greatly improve production efficiency. Electronic
product casings via cryogenic forming can produce exquisite casings with a signifi-
cant cryogenic lubrication effect and further ensure the performance and quality
of electronic products.

7. Conclusions

Low-temperature manufacture is a new revolution in manufacturing industries,
which can help reduce energy consumption, improve production efficiency and
product quality, and minimize environmental impact. With the advancement and
innovation of this technology, low-temperature manufacture will become increas-
ingly mature, and their applications will become more and more extensive. The main
conclusions are as follows:

1. Low-temperature cutting is a green cutting method for reducing the cutting
temperature, delaying the tool wear, reducing the surface roughness, and
increasing the surface hardness and residual compressive stress. However, the
current applications for this method are still deficient.

2. High-quality castings with fine grains, precise dimensions, and no smoke or
toxic gases can be achieved via low-temperature casting. However, applica-
tions of low-temperature casting is limited for its low production efficiency and
extended freezing times. There is still a lack of research on the mechanism of
low-temperature casting.
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3. Through the low-temperature treatment of steels, such as liquid nitrogen
from —120 to —196°C, the residual austenite of metals can be reduced, and the
hardness, wear resistance, and stability can be improved.

4.Most fcc metals can be significantly strengthened at cryogenic temperatures.
Further, the elongation and strain-hardening exponent at cryogenic tempera-
tures increase significantly, especially for aluminum alloys. Significant changes
in work hardening behaviors can also be caused by the cryogenic forming.
In the future, the manufacturing industry will increasingly focus on energy
conservation, environmental protection, and efficiency improvement. And
hence low-temperature technology will become a preferred choice for various
manufacturing industries.
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