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Abstract: This paper reviews the theoretical and experimental researches on Argon Power Cycle (APC)
engines. Hydrogen-fueled APC is an innovative power system for a high efficiency and zero emissions,
which employs argon rather than nitrogen as a diluent. Due to the large specific heat ratio of argon, the
thermodynamic efficiency of APC engines is significantly higher compared to conventional internal
combustion engines. However, APC engines face the challenge of knock inhibition, especially when using
hydrogen as a fuel. Therefore, this paper summarizes the strategies and technologies to suppress the knock
of hydrogen-fueled APC engines, including using alternative fuels with greater anti-knock capacity, lean
combustion, and water injection. Furthermore, some guidance opinions are also provided for reference
about the development and industrialization of APC engines, such as ultra-lean combustion, which uses
pistons with thermal insulation coatings, employing low-friction lubricants, and developing efficient multi-
component membrane separation system for argon separation.
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1. Introduction

The target of peak carbon emissions and carbon neutrality has become the primary direction for the
transportation and power industries in many countries. To achieve this target, China's internal combustion
engine (ICE) industry has accordingly proposed the goals of the high efficiency, the low carbon, and near
zero emissions. Meanwhile, the development of innovative power systems and the application of carbon-
neutral fuels are recommended [1].

Argon Power Cycle (APC) is a novel power system for a higher efficiency and zero emissions [2]. In
APC, the working substance is the argon (Ar), the oxide is oxygen, and the fuel is not limited. Ar is selected
because it is the third rich gas, being of 0.93% in the atmosphere, much richer compared with other noble
gases [3]. Figure 1 illustrates the principle of APC with hydrogen as the fuel. The higher specific heat ratio of
Ar (1.67) than N, (1.40) is the critical factor in achieving high efficiency. When hydrogen is employed as
fuel, the theoretical combustion products of APC engine are only the argon and the water, with zero NO, and
zero carbon emissions [4].

https://www.sciltp.com/journals/ijamm
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Figure 1. The principle of Argon Power Cycle (APC) with hydrogen as the fuel.

In previous studies, the APC engine has experimentally realized an indicated thermal efficiency of close
to 50% by spark ignition (SI) [5] and compression ignition (CI) [6] with H, as the fuel. The researchers
introduced APC into the ICE for different reasons [7—10]. De Boer et al. [5] employed Ar as a diluent to
improve the combustion process of hydrogen-fueled ICEs and found that Ar provided significant efficiency
improvements when the Ar molar ratio (AR) in the Ar-O, mixture was above 75%. Ikegami et al. [6] used Ar
to achieve a higher in-cylinder temperature for the CI of H,. Later researchers pointed out that the increase in
efficiency was mainly caused by the high specific heat ratio of Ar, which can be predicted by thermodynamic
theories [11-13].

Despite the great potential of high efficiency and zero emissions, the SI H,-fueled APC engine faces the
challenge of knocking [14]. Due to the higher in-cylinder temperature and pressure, the knock of the
hydrogen-fueled APC engine is more serious than the normal hydrogen-fueled engine. To suppress the knock,
some approaches and technologies have been studied, including increasing the AR [15], lean combustion
[16], using the alternative fuels CH, [17, 18] and isooctane, lowering the intake temperature [19,20], and
water injection [21]. Prior to the hydrogen era, low carbon fuels, such as CH,, are also available for APC
engines. However, an effective carbon capture and recovery device is necessary for zero-emissions.

Another challenge of APC is the closed cycle of Ar. Unlike the air, the Ar cannot be supplied
unlimitedly. Therefore, the Ar should be effectively separated and recycled. Kuroki et al.[11] designed and
tested a closed cycling system for a hydrogen-fueled APC engine. Since the impurity is thought to be only
steam, the cycling system consists mainly of a condenser. In Kuroki’s study, this closed cycling system ran
successfully for 40 min. However, the accumulation of CO, was also observed, which was blamed on the
combustion of lubricant oil. Therefore, a CO, separator is needed in an argon closed-cycle system. An
efficient multi-component membrane separation system may be a feasible solution for argon separation
[22,23].

Even so, the APC has its unique value and a great application prospect [24,25]. Theoretically, ICE
belongs to the heat engine, which is a machine to convert heat into work and can fundamentally be described
by thermodynamic theories. For an Otto cycle, the compression ratio and the specific heat ratio are two
determinate parameters for efficiency. APC technology is a feasible method to raise the specific heat ratio of
the working substance to the physical limit. Therefore, the APC engine, together with the high compression
ratio, is a promising concept for reaching the thermodynamic limit of ICE.

This paper presents a review of the APC-related researches, including theoretical and experimental
studies. Firstly, a novel theoretical analysis method that can be widely applied to the performance prediction
of various power cycle systems is presented in detail. Besides, the effects of crucial parameters on both
efficiency improvement and knock suppression in APC engines are summarized. Finally, this paper provides
guidance opinions for further research of APC engines.
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2. Research Status
2.1. Theoretical Analysis

The theoretical analysis enables a great evaluation of engine performance boundaries, especially for new
combustion concepts with novel thermodynamic cycles. It includes the thermodynamic and chemical kinetic
analysis. The results of the theoretical analysis can provide a helpful reference for subsequent prototype
design and experimental studies.

Engine in-cylinder temperature and pressure directly affect the efficiency and the anti-knock capability,
which are affected by the diluent type. Therefore, the temperature and pressure at the end of compression and
combustion are calculated with N,, Ar, and CO, as diluents. The results show that the temperature and
pressure are in the order of Ar, N,, and CO, from high to low [13]. This phenomenon is because Ar has the
highest specific heat ratio, while CO, has the lowest specific heat ratio. The study also indicated that
decreasing the molar ratio of the fuel in the mixture can reduce the combustion temperature and pressure,
thus increasing the compression ratio of the APC engine.

Efficiency is an important evaluation indicator for ICEs. In theoretical analysis, the efficiency
calculation method should be applied to various power systems; namely, the method needs to be universal.
Nevertheless, the real engine processes are complicated for theoretical calculation. Therefore, it is necessary
to simplify the real engine processes and specify the different losses in each step of the energy transfer
process. Decoupling efficiency allows for a better analysis of losses. Therefore, Professor Bengt Johansson
[26] proposed Equation (1) to describe the relationships between various efficiencies of ICE:

N grake =1 Combustion” n Thei‘modynamic. n GasExchange "N Mechanical ( 1 )

where 7, refers to brake thermal efficiency, 7 ,,ui0n Tef€rs to combustion efficiency, refers to

M thermodynamic
thermodynamic efficiency, 7, g tefers to gas exchange efficiency and 7,0 umca refers tz) mechanical
efficiency. In a conventional ICE, 7¢,puion M Gasrchanger @094 Nasechanicar @€ usually higher than 90%, while
N thermodymamic 15 the lowest and has a limit of about 50—60%. Therefore, in the theoretical analysis, the focus
should be on 77, 04mamic- Meanwhile, to maintain the universality of the calculation results, the heat transfer
loss and time 108S i 7 4;,,,00mamic @7€ DOt considered in the theoretical analysis. Equation (2) is a common and

universal method for calculating # ..modmamic:

7]0[!0: 1 - -1 (2)

87
where 7, 18 the Otto cycle efficiency, y is the specific heat ratio, and ¢ is the compression ratio. Equation (2)
clearly reveals the effects of y and ¢ on 7,,,, but its calculation results are far from the real 7,00 mamic 1N
engines. Thus, exploring a new calculation method to narrow the large gap between the theoretical and
experimental values is significant.

In exploring the 7 70,modmamic POUNdary of the hydrogen-fueled APC engine, Jin et al. [16] proposed an
enhanced Otto cycle by combining the traditional Otto cycle with chemical equilibrium. Following this,
Wang et al. [27] broadened it to the Miller cycle and named it the modified Miller cycle. Since the essences
of these two models are the same, this paper refers to this model as the variable specific heat ratio Otto/Miller
cycle (VKO/VKM). Figure 2 shows the calculation processes of VKO (1-2-3-40-1) and VKM (1-2-3-4M-
IM). In the VKO and VKM, Process 2—3 is a constant-volume adiabatic combustion process instead of a
constant-volume heating process in the traditional Otto/Miller cycle. Other processes are reasonable
simplifications of the engine cycle, so they have not been changed compared to the traditional Otto and
Miller cycle. The State 4M, . is the limiting boundary of VKM.
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Figure 2. Diagram of the variable specific heat ratio Otto/Miller cycle. Reprinted with permission from [27].

Compared with the traditional Otto and Miller cycle, in the VKO and VKM, the effects of changing
composition and a temperature-dependent specific heat ratio are considered. Thus, the thermodynamic
efficiencies of VKO (#,,,) and VKM (#,,,,) are lower than those of the traditional Otto/Miller cycle, but are
still the upper limits of the efficiency of real engines. The #,,, and 7, are calculated by Equations (3) and
(4), respectively:

Uy—Uyo

’7 VKO = LHV (3 )
u,—u
Mygm™= LT\;M 4)

where u,, u,,, and u,, are the specific internal energies at each state in Figure 2, and LHV is the lower
heating value of the mixture composition at State 1.

In a specific condition, the experimental values of 7 ,,,04mm. accounted for 65% and 70% of 7,,, and
Nyxos Tespectively [13,27]. As an upper limit of the efficiency prediction, a high proportion means a smaller
gap and, therefore, more precise. Furthermore, chemical equilibrium is governed by the second law of
thermodynamics. Thus, the calculation results of VKO and VKM still keep the universality of the
thermodynamic calculation.

Figure 3 demonstrates the #,,,, boundaries of hydrogen-fueled APC engines with AR from 71% to 99%
and compression ratio between 5—19. The 7,, in Figure 3 is the #,,,, in this paper. At a specific condition of
compression ratio = 7 and AR = 91%, the #,4,, of hydrogen-fueled APC engine reaches 70%. In comparison,
at the same compression ratio of 7, the #,,,, of a conventional hydrogen-fueled engine with air is only 52%,
reducing by about 26% than APC engines [27].

o~ o.max nm] (%)
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Figure 3. Thermodynamic efficiency boundaries of hydrogen-fueled APC engines. Reprinted with permission
from [27].
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To visualize the effects of main parameters or technologies on the performance of the hydrogen-fueled
APC engine, an innovative four-quadrant diagram was presented [16] as Figure 4. In this figure, a specific
reference point of compression ratio = 9 is first established. Each line presents one changed parameter.
Studied parameters include the molar ratio of argon ratio in the mixture, replacing H, with CH, or NH,,
excess oxygen ratio (1), and the molar ratio of H,O in the Ar-O,-H,O mixture. The vertical axis indicates the
difference in thermodynamic efficiencies between each point and the reference point. And 7—7,, in the
horizontal axis represents the ratio of the ignition delay time (an evaluation indicator of anti-knock property).
The results indicated that increasing argon ratio and A can simultaneously increase the efficiency and ignition
delay time. The alternative fuels CH, and NH, have a greater anti-knock capacity than H,. Nevertheless, if
CH, and NH, are used as fuels, C and N will be introduced into the combustion products of APC, which
makes argon separation more difficult. Adding water can raise the ignition delay time, thus may suppress the
knock. However, it also leads to a significant reduction in efficiency. For example, with a compression ratio
of 9.0 and an argon ratio of 95%, when the molar ratio of H,O increases from 0 to 20%, the efficiency
decreases from 70.2% to 64.4%. To balance the efficiency and power density of the hydrogen-fueled APC
engine, a similar four-quadrant diagram method was also used by Wang et al. [27] and the results indicated
that the optimal range of the ratio between the expansion ratio and the compression ratio was 1.5-2.0.
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Figure 4. A comprehensive evaluation of the efficiency improvement and anti-knock capability of some potential
methods. Reprinted with permission from [16]. (DR: dilution ratio, namely AR in this paper; NR: the molar ratio of
NH,; in the NH,-H, mixture; WR: the molar ratio of H,O in the Ar-O, mixture).

2.2. Efficiencies

Table 1 summarizes the publicly available information on typical APC prototypes. In Table 1, the
highest indicated thermal efficiencies of H,-fueled and CH,-fueled APC engines were obtained by Manuel
Cech et al. [28] and Jin et al. [29], respectively. The highest indicated thermal efficiency of 55% is achieved
at compression ratio of 15.5 with direct hydrogen injection. According to Figure 3, the thermodynamic
efficiency boundary of hydrogen-fueled APC is roughly 70—80% in the range of operating conditions of the

real APC engine. Therefore, the indicated thermal efficiency of hydrogen-fueled APC engines still has a great
potential for improvement.
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Studies have shown that the highest indicated thermal efficiency of hydrogen engines in air is often
obtained at a speed close to 5000 r/min, and the highest brake thermal efficiency tends to be achieved at 2000—
3000 r/min, as a result of the competition between heat transfer losses and mechanical losses [30].Thus, in
the subsequent research, it is necessary to increase the speed of APC engines and explore the optimal speed
range.

Based on Equation (1), the 7,,,, can be decoupled. Kuroki et al. [11] found that when 4 was greater than
1.2, the 7 cppusion 0f APC engines could be close to 100%. Killingsworth et al. [12] indicated that the heat
transfer loss at the same compression ratio is greater in the argon-oxygen atmosphere than in air. Through
theoretical studies, Liu et al. [32] also demonstrated that the heat transfer losses rise with the promotion of the
compression ratio. Ikegami et al. [6] pointed out that the mechanical losses of APC engines are larger than
conventional engines due to the higher in-cylinder pressure. As shown in Figure 5a, with a compression ratio
of 16 and a BMEP (Brake mean effective pressure) of 0.4 MPa, peak pressures in argon-oxygen mixture and
air are 8.2 MPa and 6.8 MPa, respectively. At the same compression ratio and BMEP, by replacing the air
with argon-oxygen mixture, the indicated thermal efficiency increases by 22%, while the brake thermal
efficiency grows by less than 4%. The high mechanical losses in the argon-oxygen mixture results in a lower
gain in brake thermal efficiency than the indicated thermal efficiency.
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Figure 5. Main performances of a CI hydrogen engine in argon-oxygen mixture and air. Reprinted with
permission from [6].

For the APC engine, the 7 ¢,puii0n @04 7 Gusxenange ar€ €asily close to 100%. The larger heat transfer loss
and the lower 7, i 1iMit the improvement of the indicated thermal efficiency and the brake thermal
efficiency, respectively. Because of the high in-cylinder temperature and pressure, the heat transfer efficiency
(the ratio between the indicated thermal efficiency and 7,,.0mamc) 18 usually less than 80%, and the
mechanical efficiency is much lower than 90% [13]. Increasing the engine speed may reduce the heat transfer
loss while leading to an increase in mechanical loss. Using pistons with thermal insulation coating materials
[33—-35] and employing low-friction lubricants [36—38] may be feasible ways to reduce these losses.
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2.3. Knock and Compression Ratio

The APC engine takes advantage of the high specific heat ratio of argon to improve efficiency.
However, the high specific heat ratio also raises the in-cylinder temperature and pressure, thus promoting the
knock [39]. In Table 1, due to the limitation of knock, the compression ratios of SI hydrogen-fueled APC
engines are generally lower than 10. De Boer et al. [5] tested the compression ratios of 5.5 to 12 and obtained
the highest indicated thermal efficiency at 7. Killingsworth et al. [12] studied a range of compression ratios
from 4.5 to 7 and achieved a maximum indicated thermal efficiency of 44.1% at 5.5. By water direct injection
in the late exhaust stroke to inhibit the knock, Jin et al. [21] achieved the normal operation at a compression
ratio of 9.6. Based on the published data, the compression ratio of 9.6 is the highest in the SI hydrogen-fueled
APC engine without knocking.

Killingsworth et al. [12] analyzed the effects of increasing compression ratio on the indicated thermal
efficiency and the cyclic variation of indicated mean effective pressure (IMEP) in different atmospheres. In
Figure 6, under the argon-oxygen atmosphere, the indicated thermal efficiency increases with the growths of
compression ratio from 4.5 to 5.5; as the compression ratio continues to rise to 6.5, the indicated thermal
efficiency remains stable; however, when the compression ratio is elevated to 7, the indicated thermal
efficiency decreases sharply, and the engine cannot maintain the normal operation due to knocking. In
contrast, under the air atmosphere, even if the compression ratio increases to 17, the engine can still run
normally, and the indicated thermal efficiency is relatively insensitive to the change in compression ratio.

& 46 5.0
\;: ak AIZ(AI'+02+H2) 45| Ar:(Ar+02+H2)
g nl —o—  84% 40t T w%
2 sl —o—  86% S st o 6%
5 ——  88% <30 8%
g 38F —w— air >§25_ arr
236r S 20f
E 34 - 1 5 -
<

32F a
._‘-s’ 1.0
5 30 1 1 1 1 1 1 1 1 1 1 1 1 1 0-5 1 1 1 1 1 1

4 56 7 8 910111213 14151617 18 4 6 8 10 12 14 16 18
Compression ratio Compression ratio
(a) Indicated thermal efficiency (b) Cyclic variation of indicated mean effective pressure
(IMEP)

Figure 6. Effects of compression ratio on the indicated thermal efficiency and cyclic variation in air and argon-
oxygen atmosphere. Reprinted with permission from [12].

Knocking can promote the cyclic variation of APC engines. As shown in Figure 6, when the
compression ratio is lower than 6, the cyclic variation of indicated mean effective pressure (COVy,) is
smaller in argon-oxygen atmosphere than in air. However, as the compression ratio increases, the COVyp
under argon-oxygen atmosphere continues to increase and will exceed that of air atmosphere. Figure 6 also
shows that the COV,,,;, under air atmosphere can remain stable over a wide range of compression ratios. In
contrast, under the argon-oxygen atmosphere, the COV ., is more sensitive to the change in compression
ratio. In both atmospheres, the cyclic variation is below the stability threshold of 5% and could be less than
2% in some conditions.

In addition, the knock can also delay the combustion phase. Figure 7 demonstrates that with a compression
ratio of 7, the CAS50 exceeds 40 and 30°CA ATDC at argon ratio of 84% and 86%, respectively. Even when the
compression ratio is reduced to 4.5, the CAS50 generally exceeds 10° CA ATDC at all operating conditions.
Heywood et al. [40] concluded that the CA50 at the highest efficiency point ranged from 5 to 7°CA ATDC.
Manuel Cech et al. [28] indicated that the optimal CA50 range in terms of efficiency is 4.5-6°CA ATDC and 6—
8°CA ATDC in Ar-O, and air atmosphere, respectively. Therefore, the serve knock of the hydrogen-fueled APC
engine may overly delay the ignition time and prevent the full efficiency potential of APC [12].
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Figure 7. Effects of compression ratio on the combustion phase of APC engines with the different argon
ratios in argon-oxygen-hydrogen mixture. Reprinted with permission from [12].

2.4. Knock Inhibition Strategies
2.4.1. Using Alternative Fuels

H, is generally considered to have a great anti-knock capacity in air environment of combustion
engines, with a Research Octane Number (RON) of 120 to 140 [40]. Studies by Ford have shown that the
compression ratio of hydrogen engines can reach 15.3 even in the mode of port injection [30].

However, the anti-knock capacity of a fuel is related to the test method or standard. Depending on
different test methods, Verhelst et al. [41] concluded that the RON of H, may be distributed in the range of 88
to 130. Moreover, if the standard of Motor Octane Number (MON) is used, the MON of H, may be lower
than 60. RON and MON are not the only criteria for anti-knock capacity. For example, with the mass
application of natural gas, it has been found that the RON and MON traditionally applied to the gasoline are
not applicable to gaseous fuels. Thus, the concept of Methane Number (MN) is introduced. In the MN
criterion, CH, and H, are chosen as the reference fuels, with the CH, set to 100 MN due to its high anti-knock
capacity and the H, set to 0 MN due to its low anti-knock capacity.

Therefore, the replacement of H, by natural gas is expected as a potential approach to suppress knock
and thus improve the efficiency of APC engines. In a port injection CFR engine, De Boer et al. [5] and
Killingsworth et al. [12] obtained the highest indicated thermal efficiency with H, as fuel and spark ignition
at compression ratios of 7 and 5.5, respectively. By replacing H, with natural gas, Shi et al. [17] achieved a
higher compression ratio of 12.5 in all three modes: spark ignition, homogeneous charge compression
ignition (HCCI), and spark-assisted compression ignition (SACI). In these three modes, the highest indicated
thermal efficiency of 43% was obtained in SACI mode at 4 = 2.0 and argon ratio of 85%. Meanwhile, the
IMEP at the highest efficiency is 0.43 MPa.

In addition, Mohammed et al. [31] also studied the use of isooctane as an alternative fuel. The inlet
pressure is set at 0.1 MPa, the speed is 600 r/min, and the HCCI mode is used. By adjusting the compression
ratio, the CA50 is controlled at the compression top dead center (TDC). When the inlet gas composition is the
argon-oxygen mixture with an argon ratio of 80%, the compression ratio could reach 8.8. As a comparison,
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when the inlet gas composition is the air, or the mixture of N,:O, is 80:20, the compression ratio could arrive
at 15. Meanwhile, under the argon-oxygen and air atmosphere, the indicated thermal efficiencies are about
40% and 42%, respectively. This study indicates that the compression ratio range for APC engine operation
can be expanded by employing isooctane as the fuel.

2.4.2. Lean Combustion

The essence of lean combustion is to reduce the proportion of fuel in the mixture. Lean combustion can
reduce the combustion temperature and pressure, thus suppressing the knock and reducing the heat transfer loss.

The high specific heat ratio of argon facilitates a higher in-cylinder temperature and pressure, thus
expanding the flammable range of the fuel. Therefore, in APC engines, the 4 boundary is higher than that of
conventional engines. Based on a CH,-SI APC engine, Shi et al. [17] experimentally verified that argon has a
broadening effect on the boundary of 1. The results indicated that at a compression ratio of 12.5, the 4
boundary of CH, is expanded from 1.5 to 3.3 by replacing N, with argon [17]. With the increase of 4, the
spark-ignition time and the combustion phase are advanced, and the peak pressure is closer to TDC. It means
that the CA50 can be controlled in the optimal range by adjusting 4. In a CH,-CI APC engine, Aznar et al. [42,
43] also found that increasing 1 can optimize the CA50 and time loss, thereby improving the efficiency.

H, has a wider flammable range than CH, [44], leading to a greater range in 4. In a PI-SI-APC hydrogen
engine, the highest indicated thermal efficiency of 50.32% is obtained at A of 2.6 [21]. Nevertheless, when
using CH, as the fuel, although with a higher CR of 12.5, the boundary of 4 is 2.11 [29]. A theoretical study
also indicated that when the A is larger than 3, the effect of increasing 4 on knock suppression and efficiency
improvement is not significant [16]. Therefore, to find the optimal range of A, further experimental studies
should be performed on the APC engine.

Moreover, for the APC engine, the growth of argon ratio can also reduce the fuel percentage in the
mixture. Therefore, increasing argon ratio is also a potential approach to suppress knocking and improve
efficiency.

2.4.3. Water Injection

Water injection can inhibit knocking through its dilution and cooling effects [45,46]. Usually, water
injection is divided into a port injection or in-cylinder direct injection. According to Figure 4, premixing
water with the initial mixture can increase the ignition delay time and suppress the knock. However, it also
reduces the thermodynamic efficiency. For a four-stroke engine, the cycle work is mainly determined by the
compression and expansion processes. Therefore, to reduce the negative impact of water injection on the
efficiency, Jin et al. [21] proposed directly injecting water into the cylinder during the late exhaust stroke. By
this measure, the compression ratio of the H,-SI APC engine is broadened from 6.5 (the maximum
compression ratio of engine operation in Killingsworth’s study [12]) to 9.6, and the highest indicated thermal
efficiency of 50.32% is achieved. Meanwhile, the study also found that delaying the water injection time has
a slight effect on the combustion phase and combustion duration.

2.4.4. Sub-zero Intake Temperature

The lower intake temperature reduces the in-cylinder temperature and pressure, thereby suppressing
knocking and promoting compression ratio. Based on a CFR engine, Elkhazraji et al. [19] studied the anti-
knock effect of lowing intake temperatures in an HCCI CH,-fueled APC engine. The results indicated that the
sub-zero intake temperature enables the engine to run at a higher compression ratio. For example, at 4 of 4,
when the intake temperature reduces from 40 °C to —6 °C, the compression ratio can be elevated from 13.2 to
15.1. However, the cooled charge causes more pumping losses, thus reducing the 7,z hang- Meanwhile, the
reduced in-cylinder temperature deteriorates the combustion process, which leads to a decrease in #,,pussion-
Thus, despite the reduced heat transfer losses, the indicated thermal efficiency decreased by 7%.

3. Conclusions and Perspectives

This paper presents a review on future high-efficiency and zero-emission APC engines. Researches on
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the efficiency improvement and the knock inhibition are summarized. In addition, a novel thermodynamic
analysis method suitable for exploring the performance boundaries of power systems is recommended. The
main conclusions and perspectives are as follows:

(1) APC engines offer a high potential for efficiency improvement compared to conventional engines.
Due to the high specific heat ratio of argon, APC engines can reach thermodynamic efficiency of 70—
80%, while that of conventional gasoline or diesel engines is between 50% and 60%.

(2) Knocking limits the increase of compression ratio and efficiency in APC engines, especially when
H, is used as the fuel. The use of alternative fuels with a greater anti-knock capacity (such as CH,),
lean combustion, and water injection have been shown to be viable approaches for knocking
suppression in APC engines.

(3) Because of the higher in-cylinder temperature and pressure generated by the argon, methods to
reduce the heat transfer loss and mechanical loss should also be considered. Increasing the rotational
speed to 2000—3000 r/min, implementing ultra-lean combustion (4 > 4), using pistons with thermal
insulation coatings, and employing low-friction lubricants are worth trying.

(4) The realization of a closed cycle of argon is a prerequisite for the industrialization of APC engines.
Nevertheless, even with hydrogen-fueled APC engines, the accumulation of CO, is still observed in
the exhaust due to the combustion of lubricant oil. Therefore, to achieve the zero emissions, it is
necessary to develop efficient argon separation and carbon capture systems suitable for vehicles,
especially when using carbon-based fuels (such as CH,). A multi-component membrane separation
system may be a feasible solution.

(5) The large amount of water produced by H, combustion significantly promotes lubricant
emulsification. The effects of water on lubricant emulsification should be further studied and a
special lubricant should be applied in the APC engines.
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