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Abstract: The global automobile industry faces mounting pressure to develop air conditioning (AC) 
systems that align with stringent environmental regulations while enhancing vehicle efficiency. 
Traditional vapor compression refrigeration (VCR) systems are energy-intensive and contribute 
significantly to greenhouse gas emissions and increased fuel consumption. This paper reviews 
emerging technologies for automotive air conditioning, emphasizing sustainable alternatives 
categorized into active, passive, and hybrid systems. Novel developments in thermoelectric cooling, 
vapor absorption, solar-assisted systems, and hybrid designs are explored. Additionally, the review 
introduces a comparative analysis of these systems’ performance, focusing on energy consumption, 
coefficient of performance (COP), and environmental impact. By synthesizing recent research and 
proposing innovative frameworks, this study offers insights into optimizing sustainable AC 
technologies for both conventional and electric vehicles, ensuring enhanced passenger comfort and 
compliance with global environmental standards. 

Keywords: Automotive climate control systems; climate change; Air conditioning systems; GHG 
emissions 
 

1. Introduction 

The rapid growth of the automotive industry has made it a major contributor to greenhouse gas 
(GHG) emissions, intensifying global warming and climate change. Recent research indicates that 
annual global CO2 emissions have exceeded 43.2 gigatons, a staggering 20% increase compared to 
levels recorded in 2013 [1], [2]. Although some progress has been achieved in reducing transport-
related emissions through electrification, efficiency improvements, and biofuel integration, the 
sector’s reliance on fossil fuels remains significant. This dependency leads to 24% of CO2 emissions 
from fuel combustion being released directly into the atmosphere [3]. With nearly one billion vehicles 
currently in operation worldwide and projections estimating this figure will double by 2035, urgent 
interventions are necessary to mitigate the escalating environmental impact of this sector[4]. As 
global temperatures continue to rise, the demand for automotive air conditioning (AC) systems has 
increased substantially. These systems are essential for maintaining passenger comfort, particularly 
in regions experiencing extreme heat. However, traditional air conditioning systems are energy-
intensive, relying on vapor compression refrigeration (VCR) technology, which uses phase-changing 
refrigerants to absorb and expel heat. This approach, while effective, imposes significant energy 
demands on vehicles. In internal combustion engine (ICE) vehicles, this increased workload 
contributes to higher fuel consumption, whereas in electric vehicles (EVs), it drains battery power, 
reducing the overall driving range [5]. 
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Figure 1. Factors influence the automobile air conditioning system. 

For example, in the United States, approximately 7.1 billion liters of fuel are consumed annually 
to power vehicle AC systems, emphasizing their environmental and economic costs [6]. VCR systems 
also utilize refrigerants with high global warming potential (GWP), exacerbating their environmental 
impact. The widespread adoption of these systems has heightened the need for sustainable 
alternatives that reduce energy consumption and environmental degradation [7]. In response, the 
automotive industry is actively exploring innovative technologies aimed at enhancing the energy 
efficiency and environmental sustainability of AC systems. 

In the context of electric vehicles, energy-efficient air conditioning systems are particularly 
critical. Unlike ICE vehicles, which can utilize engine-generated heat, EVs rely exclusively on battery 
power to operate their AC systems. This dependency can significantly affect the driving range, with 
a substantial portion of the battery’s capacity being allocated to cooling demands [8]. Consequently, 
developing advanced AC technologies that optimize energy consumption without compromising 
comfort has become a top priority for researchers and manufacturers. 

To address these challenges, alternative solutions to traditional VCR systems have been 
proposed. These alternatives can be categorized into three primary groups: active, passive, and 
hybrid systems. Active systems include technologies like thermoelectric air conditioning, which 
employs the Peltier effect for cooling without the need for refrigerants  [9]. Passive systems, such as 
vapor absorption and adsorption technologies, utilize waste heat or renewable energy sources, 
offering a sustainable alternative to conventional methods are the[10]. Hybrid systems combine 
active and passive approaches, often incorporating renewable energy sources like solar power and 
advanced thermal storage solutions to improve overall efficiency [11]. The shift towards low-GWP 
refrigerants represents another significant development in the effort to enhance the environmental 
sustainability of automotive AC systems. Traditional refrigerants, such as hydrofluorocarbons 
(HFCs), contribute significantly to global warming when released into the atmosphere. In contrast, 
emerging alternatives like hydrofluoroolefins (HFOs) and natural refrigerants such as carbon dioxide 
(CO2) offer lower GWP values while maintaining cooling performance [12]. These advancements 
align with international regulatory initiatives, such as the Kigali Amendment to the Montreal 
Protocol, which aim to phase out high-GWP substances  [13]. Despite the promising potential of 
these technologies, several barriers hinder their widespread adoption. High development and 
production costs, coupled with the need for substantial infrastructural adjustments, pose significant 
challenges. Additionally, existing regulatory frameworks often favor established technologies, 
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creating further obstacles for innovative solutions. Collaborative efforts among policymakers, 
researchers, and industry stakeholders are essential to overcome these barriers and drive the 
adoption of sustainable AC technologies [14].  

This review provides a detailed analysis of recent advancements in sustainable automotive AC 
technologies, highlighting their advantages, limitations, and potential applications. By examining the 
interplay between these innovations and vehicle performance, the review seeks to identify pathways 
for reducing energy consumption and minimizing environmental impact. Particular attention is 
given to the role of active, passive, and hybrid systems in shaping the future of automotive air 
conditioning. By synthesizing current research, this review aims to contribute to the ongoing 
transition toward environmentally sustainable solutions, supporting global efforts to combat climate 
change. 

The subsequent sections delve into the working principles, energy sources, and technological 
advancements of automotive AC systems, categorizing them into active, passive, and hybrid 
approaches. This structured analysis provides a comprehensive understanding of the current 
landscape and the steps needed to foster sustainable innovation in the automotive sector. 

2. Working Principle of AAC System: 

The air conditioning system operates based on the principles of thermodynamic energy 
conversion and heat transfer. According to the first law of thermodynamics, energy cannot be created 
or destroyed it can only be transformed. This implies that the energy input, represented by the work 
performed during compression and the heat absorbed, is equal to the energy output, which consists 
of the heat rejected to the environment and the work done. The second law of thermodynamics states 
that heat naturally flows from a hotter body to a colder one. However, external work is required to 
transfer heat from a colder body to a hotter body [15]. As showed in Figure 2 the air conditioning 
system utilizes work performed by the compressor to transfer heat from the cooler interior of the 
cabin to the warmer external environment [16]. The automotive air conditioning system effectively 
cools the cabin through the continuous cycling of refrigerant in various states, absorbing heat from 
the interior and releasing it outside. This system employs a refrigerant fluid that circulates through 
the system, undergoing phase changes between gas and liquid. The refrigerant is compressed by an 
engine driven compressor, which increases its temperature and pressure before directing it to the 
condenser. In the condenser, the refrigerant releases heat to the outside air and condenses into a 
liquid state. Subsequently, the condensed liquid passes through an expansion valve, which reduces 
the pressure of the refrigerant, causing it to expand and cool rapidly. The cold, low pressure 
refrigerant then flows over the evaporator coil, where it absorbs heat from the cabin air, this cooled 
air is then circulated into the cabin by the vehicle's blower fan. This cycle not only lowers the air 
temperature but also reduces humidity, thereby enhancing passenger comfort [17]. 
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Figure 2. Automobile Air Conditioning System. 

3. Energy Sources for Powering the AAC system 

The AAC systems generally rely on the vehicle's engine power for operation. As shown in Figure 
3, several energy sources are used for this purpose, including fossil fuels [18], electrical energy [19], 
solar energy [20], vehicle waste recovered energy [21], and hydrogen and fuel cell energy [22]. Among 
these, fossil fuels are the most used due to their higher energy density compared to other alternatives. 

. 

Figure 3. Types of energy used for powering the automotive air conditioning system.  
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3.1. Fossil Energy 

Fossil fuels, such as coal, oil, and natural gas, were one of the earliest energy sources used to 
power engine driven air conditioning systems. Fossil fuels are employed in the AAC system through 
the fuel that powers vehicle engines, as the majority of vehicles operate on gasoline or diesel, both of 
which are derived from fossil fuels. Within the engine, the combustion of fuel facilitates the 
conversion of chemical energy into mechanical energy, which is essential for the operation of the 
engine. The air conditioning compressor is connected to the engine via a belt driven by the engine's 
crankshaft. The compressor compresses the refrigerant gas, initiating the refrigeration cycle. This 
process necessitates energy from the engine, which is powered by fossil fuels [23]. Despite their 
higher energy density, fossil fuels have significant environmental drawbacks, including greenhouse 
gas emissions and air pollution [24]. Additionally, fossil fuels are non renewable, meaning their 
supply is finite and will eventually be depleted, raising concerns about their long term sustainability 
and availability. These challenges can be addressed through various strategies, including the 
utilization of alternative refrigerants with lower global warming potential (GWP), the design of air 
conditioning systems that consume less energy to enhance energy efficiency, the adoption of hybrid 
and EVs, and the improvement of vehicle insulation to reduce the cooling load on the air conditioning 
system.  

3.2. Electric Energy   

Electric energy has gained increasing attention in AAC systems due to its lower environmental 
impact and the ability to store energy in rechargeable batteries. In electric vehicles, the air 
conditioning system is powered by the vehicle's battery rather than an internal combustion engine. 
The battery stores electrical energy, which is utilized to operate the components of the air 
conditioning system. EVs employ electric compressors instead of traditional belt driven compressors. 
The electric compressor directly converts electrical energy into mechanical energy to compress the 
refrigerant, in contrast to conventional systems. This entire process is driven by an electric motor 
rather than an engine, resulting in enhanced efficiency, particularly during prolonged idling or stop 
and go traffic, as the air conditioning system operates independently of the engine [25]. Many 
conventional vehicles have adopted battery powered AC compressors, allowing them to operate 
independently of the engine [26]. Leading automotive manufacturers, such as BMW and Ford, are 
developing EVs with AC systems powered by electric energy. However, these vehicles face 
challenges, particularly the weight of the energy storage systems, which can negatively affect vehicle 
performance and efficiency. Advances in battery technology are needed to improve the integration 
of electric energy in automotive applications that yield lighter and more energy dense batteries. [27]. 
Additionally, exploring ultra capacitors or hybrid energy storage systems can enhance battery 
performance. Furthermore, designing more compact and lightweight components, such as 
compressors and evaporators, will help minimize additional weight. 

3.3. Solar Energy 

Solar energy is a clean and sustainable energy source, and its use in automotive systems, 
particularly through solar photovoltaic technology, is the focus of ongoing research. 

Vehicles are increasingly equipped with solar panels mounted on the roof, which convert 
sunlight into electrical energy. This energy can be utilized to directly power the electric compressor 
of the air conditioning system. Additionally, the solar panels can charge the vehicle's main battery, 
providing a supplementary energy source that can be used to operate the air conditioning system 
when required [28]. Recent advancements show promise in integrating solar energy into vehicle 
propulsion and other systems. Researchers at Hong Kong Polytechnic University developed a solar 
powered AC system for a Coca Cola delivery truck and demonstrated its effectiveness for use in 
commercial vehicles [29]. This innovative system uses photovoltaic panels mounted on the truck's 
roof to collect solar energy, which is stored in a battery. The stored energy powers an electric motor 
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that drives a variable frequency driven (VFD) compressor, producing cool air. Notably, this system 
allows the AC to operate independently of the engine, making it ideal for delivery trucks that often 
idle during stops. Similarly, Lethwala and Garg et al. [30] installed a solarpowered AC system in a 
Maruti Suzuki Wagon R, further highlighting the potential of solar energy to enhance vehicle comfort 
and efficiency. These systems reduce fuel consumption by separating the compressor from the engine 
and powering it with solar energy. This decreases the engine's workload, improving fuel efficiency 
and lowering emissions. 

However, solar energy systems still face challenges, including the weight of energy storage 
components and low energy conversion efficiency, which limit their widespread adoption. 
Addressing these issues is crucial for broader use in the automotive sector. These problems can be 
mitigated by developing advanced battery technologies that yield lighter and more efficient batteries, 
thereby reducing weight while enhancing energy density. Additionally, the utilization of 
supercapacitors can provide rapid bursts of energy for air conditioning operations. 

3.4. Vehicle Waste Recovered Energy 

Automotive engines are inefficient power converters, losing over 70% of fuel energy during 
combustion [31]. To address this, researchers are exploring ways to capture and reuse this waste 
energy. In this system, waste heat energy is primarily utilized in a heat exchanger to preheat the 
coolant. The heat exchanger is designed to facilitate the transfer of heat between two fluids without 
allowing them to mix. In this context, one fluid serves as the waste heat source while the other is the 
refrigerant used in the air conditioning system. Waste heat is contained within the coolant loop, 
where heat from the engine is absorbed and circulated through the heat exchanger. This process 
enables the transfer of heat to the refrigerant within its loop. Consequently, the refrigerant is 
preheated before entering the compressor, thereby enhancing the overall efficiency of the air 
conditioning system [32]. Several AC systems are being developed that utilize engine waste heat as 
a power source. Boer et al. [33] designed an AC system that captures engine waste heat, which was 
successfully implemented in a Fiat Punto. Although effective, further research is needed to improve 
the system’s efficiency and reduce its size. The amount of recoverable waste energy also depends on 
various operating conditions, which must be optimized for better performance. 

3.5. Hydrogen and Fuel Cell Energy 

Hydrogen fuel cells generate energy, either thermal or electrical, by using compressed hydrogen. 
This technology has gained significant attention, particularly for its potential use in AAC systems. In 
this system, hydrogen fuel cells generate electricity through an electrochemical reaction between 
hydrogen and oxygen, producing direct current (DC) electricity. This generated electricity directly 
powers the electric compressor, facilitating the subsequent processes. The vehicle's control system 
regulates the power output from the fuel cell to the compressor and adjusts the compressor speed 
and cooling capacity based on cabin temperature and driver preferences. 

Wu et al. [34] developed a hydrogen fuel cell powered AC system for a Toyota Mirai simulation, 
showing its ability to modulate hydrogen consumption during real driving conditions. Despite its 
high energy density, which allows for significant energy storage, hydrogen fuel cell technology faces 
challenges, including system size, cost, and the lack of widespread hydrogen fueling infrastructure. 
As a result, fuel cell vehicles equipped with AC systems are currently limited to small scale 
commercialization, and further advancements in technology and infrastructure are necessary for 
broader market adoption.  

4. Recent Developments in cooling Techniques for AAC system 

Several alternative cooling techniques have been developed to meet the demand for more 
efficient and compact AC systems, in addition to traditional vapor compression refrigeration systems 
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as illustrated in Figure 4. These alternative techniques include work actuated (active), heat actuated 
(passive), and hybrid cooling techniques. 

 

Figure 4. Types of cooling techniques for automotive air conditioning systems. 

4.1. Work actuated (Active) cooling techniques 

These work actuated techniques utilize energy that is converted by compressors or pumps into 
mechanical work to drive the cooling process. Through the integration of different energy sources 
and advanced technologies, new types of AC systems have been developed. These techniques 
encompass vapor compression, air compression, and thermoelectric AC systems. 

4.1.1. Vapor Compression Refrigeration (VCR) system 

VCR is the most traditional and widely used refrigeration system. As shown in Figure 5, the 
VCR cycle consists of four main components: a compressor, a condenser, an expansion valve, and an 
evaporator. The cycle's pressure and temperature variations are responsible for the cooling effect. 
This system in the automotive air conditioning unit operates similarly to a standard refrigeration 
system, where the compressor is driven by engine power. The compressor compresses the refrigerant 
and directs it to the condenser, which facilitates the dissipation of heat from the refrigerant to the 
outside air. Subsequently, the expansion valve reduces the pressure of the refrigerant, causing it to 
expand and cool. The cooled refrigerant then passes to the evaporator, located within the cabin, 
where it absorbs heat from the air, thereby regulating the interior temperature [35]. Despite its high 
efficiency, the VCR system has environmental drawbacks, primarily due to its fuel consumption and 
the resulting greenhouse gas emissions [4]. Research has focused on improving the VCR system 
through various techniques such as control and monitoring management [36][37], dehumidification 
systems [38][39], and optimized system design [40]. These advancements aim to enhance energy 
efficiency and reduce fuel consumption in AAC systems. 
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Figure 5. Illustration of the Vapor Compression Refrigeration System. 

Control and Monitoring Management Techniques: This technique helps reduce energy and fuel 
consumption in AAC systems by optimizing system parameters based on ambient conditions. 
Maintaining cabin temperature with VCR systems can be challenging due to changing weather 
conditions. Effective control of system parameters, adapted to the environment, can reduce energy 
use. 

Luger et al. [41] proposed simulation driven optimization approaches for HVAC systems in 
passenger rail vehicles, offering strategies to optimize operating conditions. They employed Monte 
Carlo simulations to sample realistic HVAC operating conditions, thereby generating representative 
data to address the representative operation condition (ROC). Their methodology included multi 
dimensional signal characterization for enhanced analysis, along with commonly used verification 
and validation techniques such as sensitivity analysis and desk checking. Recognizing the limitations 
in system efficiency, recent research by Yin et al. has introduced innovative control strategies to 
enhance the energy savings and performance of vapor compression refrigeration (VCR) cycles [42]. 
The researchers developed a novel energy saving control approach that aims to maximize efficiency 
while meeting the required cooling demand. Through rigorous experimental validation, this control 
strategy was shown to deliver significant improvements in the overall efficiency and performance 
metrics of VCR systems. Building on this work, Yin et al. also presented a cascade energy saving 
control method for integrated vapor compression and refrigeration systems [43]. This approach 
features an outer control ring that adjusts the superheat degree setpoint based on the current 
refrigeration capacity requirements. Concurrently, the inner control ring employs model predictive 
control (MPC) techniques, with its two ends connected to a PI controller and the vapor compression 
hardware system, respectively. This integrated control architecture enables real time tracking of the 
system setpoint, leading to enhanced heat transfer efficiency. Subiantoro et al. [44] demonstrated that 
adjusting the vehicle's internal temperature to higher ranges (20°C–24°C) could save up to 22% of 
energy and increase the COP by 13%, without additional components [35]. Amri et al. [40] introduced 
a novel control system for metro vehicles, reducing energy consumption by 325 MWh through 
thermal simulations. The novel control system is predicated on a demand control strategy, which 
prioritizes responsiveness to the actual needs of passengers and prevailing environmental conditions 
rather than maintaining constant HVAC operation. This approach is facilitated through the 
integration of thermal modeling, data monitoring of CO2 levels, and assessments of energy efficiency. 
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Weng et al [45]. showed that an intelligent energy management system can optimize indoor 
temperature and humidity to save up to 28% of fuel and decrease compressor load, as seen in Table 
1. The system is designed to optimize energy utilization in vehicle air conditioning by continuously 
assessing real time heat load conditions. It minimizes energy consumption through effective heat 
load detection and employs a demand controlled strategy that operates the air conditioning system 
based on actual needs rather than fixed settings, thereby managing both temperature and humidity 
more efficiently. 

Table 1. Fuel consumption of a car with and without a smart control system. 

Car Control system Mileage (Km) Oil consumption (L) 
Specific fuel  
consumption 

(Km/L) 
Fuel economy (%) 

A 
Without smart control 

121.4 
9.5 12.78 

24.96 
With smart control 7.6 15.97 

B 
Without smart control 

122 
8.1 15.31 

20.90 
With smart control 6.7 18.51 

C 
Without smart control 

120.8 
9.1 12.75 

28.16 
With smart control 7.1 16.34 

Dehumidification System: Dehumidification is another method to improve AAC system 
efficiency by controlling temperature and humidity[18] [24]. Using desiccant systems in air 
conditioners converts humid air into dry air, reducing the overall energy consumption, as shown in 
Figure 6. Subramanyam et al. [46] demonstrated that an AAC system with a desiccant system reduces 
the supplied air dew point temperature by 5% and doubles the system's COP compared to traditional 
systems. Further tests showed that a desiccant system with an optimized wheel speed of 17.5 
rotations per hour maximized moisture removal and COP [47]. Nagaya et al. [39] achieved energy 
savings of up to 26.6% by adjusting the desiccant system's rotation speed up to 900 rpm. Despite these 
benefits, the system faces challenges such as low efficiency and added weight due to the water tank.  

 

Figure 6. Illustration of an AC system with a dehumidification system. 
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Future design improvements aim to address existing drawbacks by developing novel desiccant 
materials with enhanced absorption capacities and accelerated regeneration rates. Additionally, the 
exploration of hybrid systems that integrate desiccant technology with alternative dehumidification 
methods is proposed. The implementation of smart control algorithms that dynamically adjust the 
desiccant wheel speed and other operational parameters will further optimize performance. 
Moreover, the design of modular desiccant systems is recommended to facilitate easy scaling within 
advanced air conditioning systems without necessitating significant modifications. 

System Design Optimization: System design optimization can further enhance AAC efficiency 
by using energy efficient components, such as advanced heat exchangers and electronic expansion 
valves. Since AAC systems are installed in compact spaces, optimizing design for better performance 
and lower energy consumption is crucial. Mohamed et al. [48] compared different methods for 
reducing AAC energy consumption and found out that condenser cooling improved the system's 
COP by 22.5% and reduced fuel consumption. Chang et al. have developed a specialized HVAC 
system for electric vehicles, incorporating defogging and dehumidification functions. In air 
conditioning mode, the system achieved a cabin temperature of 15°C with a COP of 3.18. In heat 
pump mode, it increased the cabin temperature to 40°C with a COP of 3.3. Notably, the system 
surpassed the CNS dehumidification standard, achieving 1.47 L/kWh while heating the air to 40°C in 
the defog heat pump mode. This innovative HVAC solution demonstrates significant advancements 
in improving the comfort and efficiency of electric vehicle climate control systems [49]. Tang et al. 
investigated the thermal performance of a vapor compression refrigeration system, utilizing R134a 
in the primary circuit and an Al₂O₃ water based nanofluid in the secondary circuit, with a focus on 
dehumidification capabilities and energy efficiency [50]. The results show that the Total 
Dehumidification Capacity (TDC) decreases with increasing air temperature but increases with 
higher humidity, peaking at 6.62 kg/h at 80% relative humidity and 26°C. Notably, the PCPDC, 
representing energy efficiency, improves with higher humidity, reducing from 3383.48 kJ/kg at 38% 
humidity to 1286.5 kJ/kg at 80%. The researchers also identified an optimal airflow rate for 
maximizing dehumidification efficiency, which varies depending on the humidity level.Yu et al. [51] 
analyzed the performance of a microchannel heat exchanger and found improvements in heat 
transfer and airflow efficiency. The objective of the microchannel heat exchanger is to investigate and 
enhance the thermal performance characteristics of the air conditioning heat pump system. This focus 
is directed towards improving heat transfer efficiency by analyzing airflow dynamics and optimizing 
design parameters. Subiantoro et al. [44] introduced a methodology to evaluate the performance of 
air conditioning systems utilizing different refrigerants, specifically R134a and R1234yf. The thermal 
loads within the vehicle cabin were modeled based on factors such as solar radiation, body heat 
generated by passengers, and heat emanating from the car body with a 10°C temperature difference 
between the evaporator and condenser, increasing COP by 45% and reducing energy consumption 
by 30%. However, further research is needed for better heat exchanger designs. Kapoor et al. [52] 
evaluated the performance of reciprocating and scroll compressors, showing that scroll compressors 
improved COP by 18.8%–25.3%, reducing power consumption in AAC systems. The fuel and energy 
consumption of the AAC system can be reduced through system design optimization. However, the 
design should be lightweight and small without increasing the overall product cost. 

4.1.2. Air cycle refrigeration system 

Air cycle refrigeration (ACR) systems, also known as the R729 system, operate on the reverse 
Brayton cycle and are primarily used for cooling in aviation. These systems use air or other gases as 
the working fluid, circulating in a closed cycle without phase changes to produce the cooling effect. 
An illustration of the ACR systems design is shown in Figure 7. In the air cycle refrigeration system, 
ambient air is drawn into the compressor, where its pressure and temperature are increased before 
being directed to the condenser. In the condenser, the air releases heat to the external environment 
while maintaining high pressure. The air then passes through the expansion valve, where both 
pressure and temperature are rapidly reduced. Subsequently, the low pressure, low temperature air 
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enters the evaporator, which absorbs heat from the cabin air, thereby cooling the interior environment 
[53]. Air as a working fluid is abundant and is an environmentally friendly option with zero ozone 
depletion potential (ODP) and GWP. Additionally, ACR systems are lightweight and compact. 
Recent research indicates that air cycle refrigeration technology can greatly enhance fuel efficiency in 
AAC systems. Although commonly used in aircraft air conditioning, these systems have not been 
integrated into automobile AC systems due to the widespread synthetic refrigerant usage. However, 
recent studies have demonstrated potential for their application in automobile AC systems, 
particularly in light of environmental concerns related to synthetic refrigerants [41], [42], [43], [44].   

 

Figure 7. Illustration of the Air Cycle Refrigeration System. 

Shengjun et al. [54] found that the COP of ACR systems is influenced by factors such as pressure 
ratio and inlet temperature, with system performance relying heavily on the isentropic efficiency of 
the compressor and expander. Zhang et al. [55] implemented the ACR systems in Chinese trains, 
reporting a COP between 1 and 1.2, with supplied air temperatures of 1°C to 6°C. They highlighted 
the potential for improvement through more efficient components, like compressor expanders and 
heat exchangers. 

Yang et al. [56] conducted a comprehensive investigation into the thermodynamic performance 
of air refrigeration cycles in compartment air conditioning systems, examining both closed loop and 
open loop configurations. Result shows that the open loop high pressure cycles exhibited 
significantly higher coefficients of performance (COP) compared to the low pressure cycles. 
Furthermore, the recycling of condensed water was shown to improve the maximum COP by up to 
48.8%, highlighting the potential for enhanced energy efficiency. Notably, the system demonstrated 
effective performance under varying ambient conditions, such as high altitudes, while maintaining 
comfortable air pressure and temperature level.  

Spence et al. [57], [58] conducted a thermodynamic analysis of ACR systems for road transport, 
finding higher fuel consumption than VCR systems under full load. However, under partial load, air 
cycle systems reduced fuel consumption by up to 80%, with a 35% reduction in overall power 
consumption. 
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Efforts to utilize recovered exhaust energy for air cycle systems have also been explored. Foster 
et al. [59] developed and tested an air cycle system. The system used a turbocharger driven by the 
exhaust gas of an automobile achieving a peak COP of 0.73 for a cooling capacity of 1.5 tons, though 
overall efficiency was still low. Mahajan et al. [60] developed an air cycle system for truck cabin 
cooling, using a turbocharger to extract energy from exhaust gas, compress air, and cool it via a heat 
exchanger. Their system achieved a temperature reduction of 10°C to 15°C in the truck, showing that 
air cycle refrigeration can be implemented without sacrificing performance, energy efficiency, or fuel 
consumption 

While ACR systems offer environmental advantages, such as reducing ODP and GWP, 
challenges remain, including bulky and costly components like compressors and turbines. Ongoing 
research aims to optimize system performance through advanced turbomachinery and 
turbochargers, positioning air cycle systems as a viable alternative to VCR systems in the future. 

4.1.3. Thermoelectric System 

A thermoelectric air conditioning (TEAC) system works based on the Peltier effect, which 
requires electrical energy to function. This makes it an active, or work actuated, AC system. The only 
moving part in the system is a pump that circulates the working fluid. Figure 8. shows the basic 
layout of a TEAC system. In this system, a thermoelectric module comprises two semiconductors (p 
type and n type) connected electrically in series and thermally in parallel. When DC is applied to the 
module, electrons migrate from the n type semiconductor to the p type semiconductor, resulting in 
the establishment of a temperature differential. The cold side of the thermoelectric module absorbs 
heat from the surrounding environment, thereby cooling the surface and enabling it to extract heat 
from the cabin air. Conversely, the hot side of the thermoelectric module dissipates the absorbed heat 
to the environment via a fan that circulates air over a heat sink, thus perpetuating the cycle [61].  
While TEAC systems have a quick cooling response, their efficiency and overall performance depend 
on the temperature difference across the thermoelectric cooler. Due to increasing concerns about 
environmental impact and energy consumption, many studies have explored the use of TEAC 
systems in AAC systems [62], [63][64]. 

 

 

Figure 8. Illustration of the Thermoelectric air conditioning System. 

Yogesh et al. [65] and Patil et al. [66] explored the potential of a thermoelectric module system 
based on the Peltier effect as a replacement for the conventional car air conditioning system. The 
researchers integrated the thermoelectric system with the blower of a Maruti Suzuki Zen and 
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equipped it with a temperature controller. The experimental results demonstrated that the 
thermoelectric system was capable of reducing the ambient temperature by up to 7°C, without the 
need for compressors or refrigerants. This compact, quiet, and eco friendly alternative to traditional 
air conditioning systems proved to be a feasible solution, offering a promising approach to address 
the limitations of conventional car climate control technologies. Attar et al. [67], [68] conducted both 
experimental and analytical studies to optimize the design of  TEAAC systems. Their research found 
that the optimized TEAAC system achieved a COP 30% higher than that of conventional air 
conditioning systems. They also studied a counterflow air to TEAAC system and found that the 
experimental and predicted COP values differed by only about 4.5%. The system reached a COP of 
1.27 with a 400W power supply [69]. In another study, Chen et al. [70] designed and implemented a 
TEAC system for elevator cars. Compared to conventional AC systems, which typically weigh 
around 38kg, the new TEAC system weighed only 10kg. This system achieved a COP of 1.24 with a 
maximum cooling capacity of 324W. Given the concern over fuel and energy consumption in vehicles, 
researchers have increasingly focused on using waste exhaust energy. Thermoelectric generators 
(TEGs) have gained attention as a promising solution for reducing fuel use. Ran et al. conducted 
experiments to integrate TEGs with an air conditioning system [71]. They tested three scenarios: one 
with a standard AC system, one with a TEG added, and one where the AC system was powered by 
the TEG. Fuel consumption over a 100 km distance was 35.6 liters, 34.8 liters, and 34.28 liters, 
respectively. These results suggest that TEG systems can save up to 2.24% in fuel, and using TEG 
powered air conditioning can achieve up to 3.71% savings. 

Several car manufacturers have also developed air conditioning systems using TEAC 
technology. Amerigon Corporation introduced the Amerigon Peltier Modules Climate Control 
System (CCS), a thermoelectric AC system designed to cool and heat car seats, providing 
personalized climate control for the cabin [72]. Raut et al. [62] developed and tested a thermoelectric 
AC system in the Maruti Suzuki Zen, showing that while the system was feasible, improvements in 
COP and system size were needed [49]. 

The research shows that TEAC systems offer several advantages, including reducing 
dependence on harmful refrigerants. They can target specific areas for cooling rather than cooling the 
entire cabin and easily switch between cooling and heating modes. The compact design is another 
benefit, as TEAC systems have no moving parts. However, the COP of these systems is highly 
dependent on the temperature difference across the thermoelectric heat pump, meaning further 
research into advanced thermoelectric materials is needed to improve energy efficiency and reduce 
fuel consumption. 

4.2. Heat Actuated (Passive) AC System 

A heat actuated, or passive, air conditioning system utilizes thermal waste or surplus energy to 
drive the thermal compression of refrigerants. This system is distinguished by its lack of moving 
parts, except for the pump. Passive air conditioning (PAC) systems are categorized into four main 
types: vapor absorption systems [73], [74], vapor adsorption systems, ejector systems, and metal 
hybrid systems. Current research in this field highlights the potential of PAC systems as an effective 
solution for utilizing waste and excess heat. 

4.2.1. Vapor Absorption System  

Vapor absorption Refrigeration systems (VARS) are powered by thermal energy and, as shown 
in Figure 9, use an absorber and a generator instead of a compressor. This system comprises five main 
components: the absorber, generator, condenser, expansion valve, and evaporator. In this process, 
the refrigerant, commonly ammonia, enters the absorber in vapor form. The vapor is absorbed into a 
liquid absorbent, typically water, resulting in the formation of a concentrated solution. This 
concentrated solution is then pumped to the generator, where it is heated using an external heat 
source. Upon heating, the refrigerant vapor is released from the absorbent, leaving behind a weak 
solution. The vapor subsequently passes to the condenser, where it is cooled by air or water, 
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condensing back into liquid form while releasing heat to the external environment. The high pressure 
liquid then flows through the expansion valve, which reduces its pressure, leading to a rapid 
temperature drop. This low pressure, low temperature fluid then enters the evaporator, where it 
absorbs heat from the cabin air, thereby cooling the interior environment. The remaining absorbent 
solution returns to the absorber, allowing the cycle to repeat [75].  

VARS are primarily used in refrigerated trucks. These systems work by thermally compressing 
refrigerants through the absorption of a vapor fluid into a carrier fluid. In this process, the vapor fluid 
acts as the sorption material, and the carrier fluid serves as the refrigerant. However, they typically 
rely on refrigerants with a high GWP and consume significant amounts of fuel which is about 40% of 
the vehicle's total fuel consumption [8]. 

 

Figure 9. Illustration of the Vapor absorption air conditioning system. 

Tassou et al. [76] investigated alternative air conditioning systems for refrigerated trucks aimed 
at reducing energy and fuel consumption. They discussed several options, including sorption 
systems utilizing engine reject heat, air cycle refrigeration, and thermal energy storage. Their findings 
indicated that harsh operating conditions could reduce the COP to between 0.5 and 1, suggesting that 
conventional truck refrigeration systems are inefficient and environmentally detrimental.  In 
response, Venkatraman et al. [77] reviewed VARS powered by engine or fuel cell exhaust gases and 
concluded that reducing the system's size and weight, along with using microchannel heat 
exchangers, could improve performance. Although VARS generally have a low COP, they provide 
significant cooling capacity, and incorporating fuel cells into the system could further reduce fuel 
consumption. Pandya et al. [78] compared two solid oxide fuel cell configurations (the series and the 
parallel configurations) coupled with VARS to assess efficiency. They found that the parallel layout 
was more efficient, reducing fuel cell capacity requirements by 45 65% compared to the series layout, 
and cutting CO2 emissions by 5 30%. A substantial amount of thermal energy is lost through engine 
exhaust gases, which can serve as a valuable energy source for powering absorption air conditioning 
systems. Numerous studies have focused on designing systems that use exhaust gas for absorption 
air conditioning, with several prototypes undergoing testing. 

Wang et al. [79] developed and tested an ammonia water vapor absorption refrigeration system, 
which achieved a cooling capacity of 2 kW and cabin temperatures as low as 6°C. However, spatial 
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constraints posed challenges. Similarly, Shekhar et al. [80] simulated an ammonia water vapor 
absorption system for cooling truck cabins, but reported a low COP (0.3528 0.3113) despite sufficient 
exhaust heat to power the generator. 

Shah et al. [81] proposed a model using ammonia, water, and hydrogen for a one ton air 
conditioner. They found that exhaust gases provided enough thermal energy for the air conditioner 
across various engine speeds, but noted concerns about ammonia toxicity and the system's bulkiness. 
Multerer et al. [82] highlighted two primary concerns with using ammonia: its toxicity, which poses 
health risks if leaks occur in the passenger compartment, and inadequate power generation when 
engines become smaller and more efficient. AlQdah et al. [8] designed an absorption based AC 
system utilizing thermal energy from exhaust gases, achieving a COP of 0.85 1.04 and a cooling load 
of 1.37 TR. 

From these studies, it can be concluded that VARS using exhaust gases for thermal energy can 
enhance cooling capacity while reducing emissions, operating costs, and overall fuel and energy 
consumption. In comparison to conventional VCR systems, VARS offers several advantages: 

Economic benefits due to reduced manufacturing costs through high precision system 
components. 

Environmental advantages, as ammonia has minimal negative atmospheric effects. 
Lower energy consumption: VARS require less fuel compared to conventional VCR systems. 
However, applying VARS in automobiles still faces challenges, including large system size, low 

COP, and ammonia toxicity. Therefore, future research is needed to improve system performance by 
identifying more efficient absorbents/refrigerants and finding ways to reduce system size. 

4.2.2 Vapor Adsorption System 

The vapor adsorption system shows great potential in various practical applications, especially 
when combined with Vapor Absorption Refrigeration Systems. This system uses a combination of 
fluid and solid materials, where the solid acts like a sponge, absorbing and desorbing large amounts 
of refrigerant fluid. The system’s efficiency depends heavily on the choice of the solid fluid pair. 
Additionally, the system requires thermal energy in the adsorber to increase pressure through a 
process known as thermal compression. The cooling effect of this system is achieved in four distinct 
stages: pre heating, desorption, pre cooling, and adsorption [83], [84]. As shown in Figure 10.  the 
refrigerant vapor enters the adsorber, where it is adsorbed by a solid adsorbent. As the vapor is 
adsorbed, it extracts heat from the cabin air, resulting in a decrease in interior temperature. 
Concurrently, the adsorbent becomes saturated with the refrigerant, storing the absorbed heat. The 
adsorbent subsequently releases the adsorbed refrigerant vapor by applying heat in the desorber. 
This heat can originate from various sources, such as waste heat or an external heating element. The 
released refrigerant vapor then moves to the condenser, where it is cooled by air or water, 
transitioning back to a liquid state while releasing heat to the external environment. The liquid 
refrigerant then passes through the expansion valve, which reduces its pressure, leading to a rapid 
temperature drop. The low pressure, low temperature refrigerant subsequently enters the 
evaporator, where it absorbs heat from the cabin air, thereby cooling the interior once again. This 
cycle repeats as the adsorbent returns to the adsorber to absorb additional refrigerant vapor, thereby 
maintaining the cooling effect[85].  

A key advantage of this system is its ability to utilize waste heat from engines or other renewable 
energy sources, which drives the cooling process. Lim et al. [86] proposed an adsorption AC system 
powered by exhaust gas, reporting a COP of 0.19 and a specific cooling power of 396.6 W/kg. The 
cooling coil temperature ranged from 9.5°C to 14.7°C, while the cooled air temperature varied 
between 20.7°C and 25°C. Similarly, Jiangzhou et al. [87], [88] studied an adsorption AC system using 
engine exhaust gases and a zeolite water pair for locomotive driver cabins, finding a cooling capacity 
of 5 kW with an outlet air temperature of 18°C. They suggested that improvements in evaporator 
design could significantly boost system performance, particularly cooling capacity. 
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Figure 10. Illustration of the Vapor adsorption air conditioning system. 

In the TOPMACS project, Robert et al. [33] developed and tested an adsorption AC system 
installed in a Fiat Punto. They reported a COP of 0.3 to 0.5 under steady state conditions. The compact 
design allowed the system to fit into the engine bay, although its peak cooling power fell short of the 
required performance standards. In the context of EVs, Aceves et al. [14] analyzed an adsorption 
system to check if the system can be applicable for AC in EVs and found it to be 25% heavier and 
more space consuming than conventional vapor compression (VC) systems. With a low COP of 0.28, 
they recommended developing new absorbents to improve heat transfer efficiency. Abdullah et al. 
[42] explored the possibility of employing a solar powered adsorption system for the AAC system 
that demonstrated its capability to maintain comfort by regulating temperature in vehicles both while 
driving and parked.  

Activated carbon is commonly used as an adsorbent in many systems, in absorption air 
conditioning systems, activated carbon is employed as a sorbent to absorb water vapor, thereby 
facilitating both dehumidification and purification processes but its production can be expensive. As 
an alternative, oil palm shells can be used to create activated carbon. Abdullah et al. [90] applied this 
material in an adsorption system for automotive air conditioning, yielding a low COP of 0.5 to 0.8 
and limited cooling capacity due to the low latent heat of the adsorbate. 

Jiang et al. [91] proposed a sorption AC system to reduce electricity consumption in EVs, which 
resembled conventional vapor compression systems but with a sorption reactor replacing the 
compressor. The system used sorbents derived from natural graphite, reporting COP values from 
0.34 to 0.82 in winter and 0.19 to 0.42 in summer. They recommended integrating the battery cooling 
system with the sorption AC system to enhance energy efficiency. Lu et al. [92] assessed an 
adsorption AC system with a built in adsorber and cold storage, achieving a cooling power of 3.3 kW 
and a COP of 0.25, with increased cooling capacity through improved generation processes.  

An ideal AAC system should be compact and deliver optimal cooling. While using thermal 
energy from automobile exhaust gases is effective, it often increases the system’s weight and space 
requirements, complicating the design and implementation. Therefore, developing streamlined and 
efficient designs is crucial to overcoming these challenges. 

4.2.3 Ejector System 
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In AAC systems, the ejector system is a variation of the VCR system, using an ejector instead of 
a conventional compressor. This system operates with both high pressure and low pressure 
refrigerant circuits. The cycle, as illustrated in Figure 11. commences with the evaporator, where the 
refrigerant absorbs thermal energy from the vehicle's cabin, transforming it into low pressure vapor. 
This vapor subsequently advances to the ejector, where a high pressure fluid is injected to create a jet 
that generates a low pressure region, facilitating the extraction of additional refrigerant vapor from 
the evaporator. The injector synergistically combines the high pressure fluid with the low pressure 
vapor, resulting in a pressure drop that enhances the draw of further refrigerant vapor. The resultant 
lower pressure mixed vapor is then cooled and condensed back into a liquid state by expelling heat 
to the environment. Following this, the refrigerant traverses the expansion valve, where its pressure 
and temperature are substantially reduced. This process culminates in the cycle's repetition, with the 
low pressure, low temperature refrigerant returning to the evaporator [93]. 

Similar to the role of the compressor, the ejector maintains the flow and pressure of the 
refrigerant. However, compared to the VCR system, the ejector based air conditioning system faces 
challenges, such as a lower COP and reduced overall efficiency. These issues may be mitigated by 
integrating alternative energy sources like solar energy or waste heat from the vehicle [94], [95], [96]. 

 

Figure 11.  Illustration of the Ejector based Air conditioning system.  

Recently, ejector based air conditioning systems have gained attention due to their 
environmentally friendly characteristics and their ability to operate on low grade thermal energy. A 
notable advancement was made by Denso Corporation, which developed the first ejector based AAC 
system, reportedly reducing compressor power consumption by up to 25% [97]. Rahamathullah et al. 
[98] highlighted key developments and various applications of this technology. Their team developed 
two types of vehicular air conditioning systems utilizing ejectors: one employs an ejector with 
additional components to replace the conventional compressor, while the other uses the ejector to pre 
compress vapor, reducing overall compressor power consumption. Chen et al. [99] explored the 
feasibility of a two stage ejector cooling system for buses, finding it straightforward to implement, 
environmentally friendly, and independent of engine power. However, the system exhibited a low 
COP, ranging from 0.29 to 0.89. 
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To address the low COP and performance issues at high ambient temperatures, Aligolzadeh et 
al. [100] designed a multi ejector refrigeration system, showing an increase in seasonal COP by 
approximately 85%. Additionally, increasing the number of ejectors from one to two resulted in a 
COP improvement of about 47.2%. Javani et al. [101] examined a steam ejector system for AAC in 
hybrid EVs, reporting energetic and exergetic COP values of 0.48 and 0.15, respectively, along with a 
cooling effect of 7.23 kW. In conventional air conditioning systems, a significant amount of refrigerant 
is lost through the compressor shaft seal. In contrast, ejector based AC systems experience reduced 
refrigerant leakage. These systems also address several critical issues associated with traditional VCR 
systems, such as simplified design, lower fuel consumption, utilization of waste heat, and reduced 
CO2 emissions. However, larger ejector based AC systems tend to have lower COP values compared 
to VCR systems. Overcoming this challenge will require continued research and development in the 
field. 

4.2.4 Metal Hydride System 

The metal hydride cooling system leverages the heat generated from the chemical reaction 
between hydrogen and metal hydrides to produce a cooling effect without compressing the working 
fluid. This process requires a regeneration phase, which can be powered by waste heat from the 
engine or solar energy. Metal hydrides are alloys that absorb and release hydrogen in a reversible 
process. This reaction generates a significant amount of heat, which can be harnessed for waste heat 
recovery 

 
Figure 12.  Illustration of the Metal hydride based Air conditioning system.  

In this system, lanthanum nickel alloy (LaNi5) and magnesium nickel hydride (Mg2Ni) serve as 
solid materials that facilitate the absorption and release of hydrogen gas. As shown in Figure 12.  The 
cycle initiates in the evaporator, where the refrigerant, in the form of hydrogen gas, absorbs heat from 
the vehicle's cabin, resulting in a decrease in cabin temperature. As the hydrogen gas absorbs thermal 
energy, it is transferred to the metal hydride material, which undergoes a chemical reaction that 
allows it to absorb hydrogen while releasing heat. This process continues until the metal hydride 
reaches its saturation point with hydrogen. To regenerate the cooling effect, heat is applied to the 
metal hydride, prompting the release of the absorbed hydrogen gas, which returns to its gaseous state 
and is directed to the condenser. In the condenser, the contents are cooled, facilitating the 
transformation of the gas into liquid form and the expulsion of heat to the external environment. 
Subsequently, the high pressure liquid hydrogen passes through an expansion valve, resulting in a 
significant reduction in pressure and temperature. The low pressure hydrogen gas then returns to 
the evaporator, thereby completing the cycle [102], [103]. Recently, this technology has gained 
attention for its ability to utilize low grade energy sources while maintaining minimal environmental 
impact [102], [104], [105]. 

Linder et al. [106] studied the application of metal hydride systems for AAC, exploring two 
designs: a closed cooling system for waste heat utilization and an open cooling system for hydrogen 
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powered vehicles. Their results suggested that selecting specific alloys could improve the weight and 
volume constraints of the metal hydride components, though limitations still existed for the overall 
system. The specific cooling power of the system restricts its suitability for AAC applications. Qin et 
al. [107] developed a cooling system and introduced a novel hydride pair for AAC systems that 
utilizes two metal hydrides, LaNi16Mn2028Al13 and La18Y18Ni3Mn20, owing to their favorable 
thermodynamic properties and their capacity to efficiently absorb and release hydrogen. Their 
findings showed a COP of 0.26 and an average cooling power of 84.6 W at temperatures of 150°C, 
30°C, and 0°C. Mohan et al. [108] compared experimental and numerical data on metal hydride based 
air conditioning systems, finding that both sets of data followed similar trends. However, when 
dynamic properties were considered, the system showed reductions in COP and cooling capacity of 
19.1% and 42.4%, respectively. 

Kumar et al. [109] explored metal hydride cooling and heating systems for building applications, 
noting that maximum COP was achieved when both reactors absorbed and desorbed equal amounts 
of hydrogen. In another study, Linder et al. [110] introduced a system that utilizes the pressure 
differential of compressed hydrogen gas to produce energy, which could be applied to AAC systems 
through a sorption based approach using metal hydrides. Here the system uses a hydrogen pressure 
difference to drive cooling, where metal hydride adsorb hydrogen generating a cooling effect through 
endothermic reaction and release hydrogen during desorption enabling continuous cooling This 
system achieved a cooling effect of 900 W and was characterized by simplicity, with a setup weighing 
only 5 kg. They suggested that energy consumption could be reduced through design optimization, 
making it more suitable for AAC applications. Gopal et al. [111] analyzed a single stage metal hydride 
cooling system, the system absorbs heat during the endothermic reaction of metal hydrides with 
hydrogen, providing cooling. It releases heat during the exothermic desorption phase, influenced by 
operating temperatures. They conclude that costs could be reduced by optimizing parameters such 
as thickness, heat transfer coefficient, and effective thermal conductivity. However, the system had a 
low COP ranging from 0.40 to 0.50. Integration of an internal heat recovery system could improve 
the COP but at an increased cost. 

Metal hydrides are attracting considerable interest for AAC applications due to their ability to 
utilize waste thermal energy, environmental friendliness, and compactness. Additionally, a wide 
range of operating temperatures can be achieved by using different alloy combinations, enhancing 
system efficiency and reducing energy consumption. However, further research is needed to address 
specific cooling power relative to weight and to optimize bed structure, as these factors pose 
significant challenges to the implementation of metal hydride systems in air conditioning 
applications. 

4.3 Hybrid Air Conditioning System 

Hybrid AC systems combine both active and passive components to minimize energy and fuel 
consumption. These systems typically draw power from DC batteries or solar photovoltaic (PV) 
panels, and in some cases, employ thermal energy storage (TES) systems [112], as illustrated in Figure 
13. In recent years, EVs have become a promising alternative to conventional vehicles due to their 
lower energy consumption and reduced emissions. During hot summer months, cabin temperatures 
can rise significantly, making an effective AC system essential for comfort. However, traditional AC 
systems in EVs consume large amounts of energy, highlighting the need for alternative, sustainable 
energy sources. Solar energy, harnessed through solar PV panels, offers a viable solution for energy 
generation in these systems. 
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   Figure 13.  Illustration of the Hybrid Air conditioning system. 

Mei et al. [113] studied the performance and energy consumption of a solar assisted 
thermoelectric based AAC system. Their results showed that the system, powered by solar energy, 
provided a cooling effect of 4.01 kW with a COP of 0.433. However, the limited power generated by 
the PV panels suggested a potential 2% improvement in COP. Pang et al. [114] conducted a feasibility 
study on an AAC system using solar PV panels, concluding that a minimum cooling capacity of 1500 
W is necessary to maintain stable cabin temperatures, with a drop from 26°C to 6°C within one hour. 
In recent years, the automotive sector has focused on improving the energy efficiency of AC systems, 
as these improvements can significantly reduce fuel consumption. One strategy to minimize energy 
use is reducing maximum temperatures and thermal loads. TES systems can effectively lower both 
cabin temperatures and thermal loads by storing thermal energy during hot conditions and releasing 
it when the temperatures drop, alleviating the strain on the AAC system. 

Jha et al. [115] investigated the use of TES in an AAC system with a fin and tube heat exchanger 
filled with phase change material (PCM). They compared the air temperature at the vents with and 
without TES, finding that peak average temperatures were 2.5°C and 2.8°C, respectively. Similarly, 
Sood et. al. [116] conducted a numerical study on PCM to maintain cabin thermal comfort, 
demonstrating that PCM integration could reduce temperatures by 6°C. Wang et al. [117] developed 
an AAC system integrated with TES, designed to store thermal energy while the EV battery is charged 
from the grid and releases the energy during vehicle operation. Their findings showed that a 0.64 kW 
PCM heat exchanger could increase the driving range by 20% in winter conditions.   

 

   Figure 14.  Illustration of Air conditioning management system.   
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EVs becoming more popular due to their lower environmental impact. Electric vehicles 
predominantly utilize batteries as their power source. During the processes of charging and 
discharging, these batteries generate heat, which can lead to thermal degradation. To mitigate such 
damage, an effective thermal management system is essential. This system regulates the battery 
temperature, preventing overheating during alternating current (AC) operation through mechanisms 
of heat dissipation and active cooling strategies. It continuously monitors and adjusts the cooling 
processes to ensure optimal performance and safety. A schematic representation of this system is 
presented by Zhang et. al. in Figure 14. [19]. Jiang et al. [118] developed a model for integrating 
battery thermal management with the AC system, reporting a temperature differential of 2.5°C 
between the battery pack and the maximum temperature. They concluded that branching the cooling 
system from the vehicle’s primary AC system, supported by an expansion valve, could improve 
battery thermal management performance.  

5. Conclusions 

This review provides a comprehensive examination of various air conditioning system including 
active, passive and hybrid design in addition to their application in the automobile sector. As the 
demand for sustainable solutions grows, particularly with the rise of electric vehicles it is imperative 
to explore innovative approaches to vehicle air conditioning that minimize energy consumption and 
reduce environmental impact. 

Current AAC systems are significant consumers of energy accounting for approximately 6% of 
the global energy used by cars. This consumption can escalate to as much as 40% in hot climates and 
congested traffic [3]. Therefore, the development of alternative AC systems is not only beneficial but 
essential. Active AC system is very effective however often rely on refrigerants with higher GWP 
raising concerns about their environmental impact. Conversely, passive AC system demonstrates 
superior energy efficiency and environmental friendliness making them a compelling choice for 
future vehicle design [119], [120]. 

Hybrid AC systems represent a promising frontier combining the benefits of both active and 
passive technologies. These systems can optimize energy use while providing effective climate 
control of vehicles. However, the complexity of their integrated design and the need for advanced 
control systems present challenges that require further research and innovation. 

Future research must prioritize the development of eco friendly refrigerants with low GWP to 
mitigate the negative environmental effects associated with traditional refrigerants. Additionally, 
enhancing the efficiency of both active and passive systems through improved thermal management 
and innovative engineering solutions will be crucial. Establishing regulatory frameworks to measure 
and control energy consumption and emissions from AC systems will also play a vital role in 
promoting sustainable practices within the automotive industry.  

Here, Table 2. summarizes the key characteristics and comparisons of various air conditioning 
systems and Table 3. Shows the relative evaluation of all the AAC systems described in this review 
on a 5 point scale across several criteria [121]. 

Table 2. Comparison of Alternative Air Conditioning Systems. 

System Description Advantages Challenges Prospects for R&D 

1. Vapor 
Compression 
Refrigeration 

 

Traditional 
refrigeration system 

consists of a 
compressor, 

condenser, expansion, 
valve, and evaporator. 

 
Operates by 

compressing a 

High efficiency and 
effective cooling. 

 
Establish technology 
along with extensive 

infrastructure. 
 

High negative impact 
on the environment 
from refrigerant and 

fuel consumption. 
 

GHG emissions cause 
climate change. 

 

Enhance efficiency 
through the use of 
intelligent control 

systems. 
 

Development of Eco-
friendly refrigerant. 
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refrigerant that 
absorbs and releases 

heat during phase 
change. 

 

Reliable performance 
under different 

conditions. 

Potential integration 
with renewable energy 

sources. 

2. Air Cycle 
Refrigeration 

Operates on reverse 
Brayton cycle using air 

as a working fluid. 
 

Circulate air in a close 
cycle without phase 
change to provide 

cooling. 

Environmentally 
friendly with zero 

ODP and GWP 
 

Lightweight and 
compact design. 

 
Abundant air as the 

working fluid. 

Bulky components like 
compressor and 

turbine. 
 

Limited integration in 
automobile 

applications due to 
reliance on synthetic 

refrigerants. 

Optimizing 
component design. 

 
Potential for 

integration into the 
automobile system. 

 
Increasing interest due 

to environmental 
regulation. 

3. Thermoelectric 
Refrigeration System 

Operates on the Peltier 
effect where electric 

energy creates a 
temperature difference 
across thermodynamic 

modules. 
 

No moving parts 
except a pump. 

Quick cooling 
response 

 
Compact design and 

easy to intricate. 
 

No harmful refrigerant 
is needed. 

 
Able to cool targeted 

areas. 

Efficiency highly 
depends on the 

temperature difference 
on the cooling module. 

 
Limited cooling 

capacity for larger 
spaces. 

Research for advanced 
materials to improve 

efficiency. 
 

Potential for use on 
EVs. 

4. Vapor Absorption 
Refrigerant  

Powered by thermal 
energy. 

 
Uses an absorber and 
generator instead of a 

compressor. 
 

Typically utilize 
ammonia as their 

refrigerant. 

Lower energy 
consumption 

compared to VCR. 
 

Lower atmospheric 
effects from ammonia. 

Large system size and 
weight. 

 
Low COP 

 
Ammonia toxicity 

poses safety concerns. 

Research aimed at 
optimizing absorbent 

 
Efforts to reduce size 

and weight. 

5. Vapor Adsorption 
System 

Combined solid 
absorbent with 

refrigerant. 
 

Use thermal energy for 
cooling. 

Able to utilize waste 
heat for operation. 

 
Environmentally 

friendly. 
 

High weight and space 
requirements. 

 
Complexity in design 
and implementation. 

Development of 
efficient design to 

practical application. 
 

Interest in integrating 
with renewable 

energy. 

6. Ejector system 

Variation of VCR 
system that uses 

ejectors to maintain 
refrigerant flow 

instead of 
conventional 
compressors. 

Reduce refrigerant 
leakage compared to 

traditional 
compressors. 

 
Simplified design and 

operation. 
 

Utilizes waste heat. 

COP and efficiency are 
lower compared to 

VCR. 
 

Larger systems may 
face operational 

challenges. 

Research for improved 
efficiency and 
performance. 
Potential for 

application in a hybrid 
system. 

 
Exploring new 

material for ejectors. 
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7. Metal Hydride 

Utilize heat generated 
from the chemical 
reaction between 

hydrogen and metal 
hydride to produce 

cooling without 
compressing the 
working fluid. 

Utilize low-grade 
waste thermal energy. 

 
Environmentally 

friendly with 
minimum emission. 

 
Compact system 

design 

Low cooling power 
relative to weight. 

 
Optimization of bed 
structure is needed. 

Research into 
improving cooling 

capacity and 
efficiency. 

 
Potential integration 
with hydrogen fuel 

technology. 

8. Hybrid Air 
Condition System 

Combines both active 
electric and passive 

thermal storage 
components. 

 
Often powered by 
batteries or solar 

energy. 

Reduce energy and 
fuel consumption. 

 
Sustainable approach 
for electric vehicles. 

 
Capable of managing 

cabin temperature. 

Complexity in energy 
management and 

system integration. 
 

Reliance on external 
energy sources. 

Promising for future 
vehicle design. 

 
Specially for EV 

absorption 
 

Research into 
optimizing energy 

management systems. 
 

Potential for 
integration with smart 

grid technologies. 

Table 3. Comparison of Alternative Automobile Air Conditioning System on a 5 point scale [121]. 

Automobile AC System 
Method 

Development 
Phase COP Eco-Friendly 

Weight & 
Size Complexity 

VCR system using control and 
monitoring management 

system 
5 5 2 4 4 

VCR system using 
dehumidification system 5 5 2 4 4 

VCR system using system 
design optimization 5 5 2 4.5 4 

Air cycle refrigeration system 5 1 5 1 3 
Thermoelectric system 4 1 5 3 4 

Vapor absorption system 2 1 5 2 2 
Vapor adsorption system 2 1 5 2 3 

Ejector system 3 1 5 3 3 
Metal hydride system 2 1 5 2 3 

Hybrid system 4 2 4 2 3 
Note:      

 For the Development phase, COP, and Eco-Friendliness: 5 - High, 4 - High to Moderate, 3 - Moderate, 2 - Low 
to Moderate, 1 - Low. 

 For Weight & Size, and Complexity: 5 - High, 4 - Moderate, 3 - Low to Moderate, 2 - Low, 1 - Very Low. 
 Here, the 

tables illustrate the trade offs between different AC systems, emphasizing the need for ongoing 
innovation and research. By understanding these trade offs manufacturers can make informed 
decisions that align with sustainability goals while meeting consumers' demands for comfort and 
efficiency.  

Automobile industry standards and regulations often favor established air conditioning systems 
over emerging innovative technologies. Factors such as lower development phase, efficiency, and 
size/weight compliance pose challenges for the adoption of alternative systems. Eco friendliness, 
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though advantageous for some innovations, may not be sufficiently incentivized by current 
regulations. The increased complexity of novel approaches also makes it difficult to meet reliability 
and cost effectiveness requirements. Overcoming these barriers will likely require regulatory updates 
and closer collaboration between policymakers, researchers, and industry stakeholders [122]. 

The advancement of air conditioning systems in vehicles plays a vital role in tackling the 
pressing issues of climate change and energy efficiency. As the automotive industry shifts towards 
more sustainable practices, it is essential to adopt innovative AC technologies that minimize energy 
consumption and environmental impact. by exploring and implementing eco friendly refrigerants 
and optimizing system designs manufacturers can significantly enhance the overall efficiency of 
vehicle climate control systems. This commitment not only meets consumer demand for comfort but 
also aligns with global sustainability goals contributing to a cleaner and more energy efficient 
transportation sector. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

AAC  Automotive air conditioning 
AC Air condition  
ACR Air cycle refrigeration 
CCS Climate Control System 
PAC  Passive air conditioning 
PCM  Phase change material 
PV Photovoltaic 
ROC  Representative operation condition 
COP  Coefficient of performance 
DC  Direct current 
EVs  Electric vehicles  
GHG  Greenhouse gas 
TEAC Thermoelectric air conditioning 
TEGs  Thermoelectric generators 
TES  Thermal energy storage 
VARS  Vapor absorption Refrigeration system 
GWP  Global warming potential 
HVAC  Heating, ventilation, and air conditioning 
ODP  Ozone depletion potential 
VC Vapor compression 
VCR  Vapor compression refrigeration 
VFD  Variable frequency driven 
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