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ABSTRACT: Refrigeration systems are among the major electricity-consuming equipment groups in residential, 

commercial, and industrial sectors. According to the IEA, the demand for space cooling continues to rise rapidly; 

in 2022 alone, electricity consumption for cooling increased by more than 5% compared with 2021, while indirect 

CO₂ emissions from cooling exceeded 1 Gt CO₂. In this context, improving the efficiency of refrigeration systems 

is of great importance in terms of energy, economics, and environmental sustainability [1]. 

This paper analyzes solutions for improving refrigeration system efficiency based on the thermodynamics of the 

vapor-compression cycle, including reducing condensing temperature, increasing evaporating temperature, 

improving heat transfer performance, optimizing compressor and fan control, applying electronic expansion 

valves, strengthening preventive maintenance and refrigerant leak management, as well as integrating waste heat 

recovery. The findings indicate that refrigeration system efficiency depends not only on the compressor itself, but 

also on the coordinated interaction of system design, control strategy, and operational maintenance [2]–[8]. 
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I. INTRODUCTION  

The efficiency of refrigeration systems directly affects electricity consumption, operating costs, and 

greenhouse gas emissions. The rapid growth in global cooling demand is placing significant pressure on power 

systems, especially during heat waves. According to the IEA, electricity demand for cooling has increased by an 

average of about 4% per year since 2000, and the number of residential air-conditioning units in operation 

exceeded 1.5 billion in 2022 [1]. Therefore, studying solutions to improve refrigeration system efficiency is an 

urgent requirement from both technical and environmental perspectives. 

In practice, refrigeration system efficiency should not be evaluated solely on the basis of the equipment’s 

rated COP. A system may have high-quality equipment, but if its heat exchangers are dirty, airflow is insufficient, 

refrigerant charge is low, or control is not optimized, it may still operate inefficiently. The U.S. Department of 

Energy emphasizes that neglecting the maintenance of filters, heat exchangers, fins, and refrigerant lines will lead 

to performance degradation and increased electricity consumption [2]. 

 

II. THEORETICAL BASIS AND SOLUTIONS FOR IMPROVING REFRIGERATION SYSTEM 

EFFICIENCY 

THEORETICAL BASIS 

In principle, a vapor-compression refrigeration system operates more efficiently when the temperature 

lift between the evaporating side and the condensing side is reduced. This means that, in order to improve the 

COP, it is necessary to lower the condensing temperature, raise the evaporating temperature, reduce heat transfer 

losses, and minimize unnecessary compression work. From a system perspective, energy-saving solutions should 

aim to reduce the compression ratio, enhance heat transfer performance, and match system capacity more closely 

to the actual load [3], [4]. 

In addition, the energy efficiency of refrigeration systems is also closely related to the refrigerant used 

and the level of refrigerant leakage. According to the IEA, refrigerant leakage contributes to both indirect and 

direct emissions, and many refrigerants have a global warming potential (GWP) thousands of times higher than 

that of CO₂ [1]. Therefore, improving system efficiency must go hand in hand with leak prevention and the 

selection of appropriate refrigerants. 

 

SOLUTIONS FOR IMPROVING REFRIGERATION SYSTEM EFFICIENCY 

Reducing Condensing Temperature and Applying Floating Head Pressure Control 

One of the most important solutions is to reduce the condensing temperature, because when the discharge 

pressure decreases, the compression work also decreases accordingly. A report from Lawrence Berkeley National 

Laboratory shows that floating head pressure control is a highly effective control strategy for reducing compressor 

energy consumption; the report also notes that the typical payback period for this measure can be less than one 
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year in many applications [3]. In addition, the Better Buildings Solution Center indicates that floating head-

pressure and suction-pressure control strategies can save approximately 4–13% of electricity consumption, with 

particularly strong performance in cooler climates and when supported by electronic expansion valves [4]. 

However, condensing pressure cannot be reduced arbitrarily. If the discharge pressure becomes too low, the 

system may encounter difficulties in liquid supply, defrost operation, or oil cooling. Therefore, this solution must 

be implemented together with an appropriate control strategy for the condenser, condenser fans, and expansion 

devices [3]. 

 

Increasing Evaporating Temperature and Optimizing Suction Pressure 

Increasing the evaporating temperature is a direct way to reduce the compression ratio and improve the 

COP. When the evaporating temperature increases, the compressor operates under a lighter load and the useful 

cooling capacity rises. In commercial refrigeration systems, floating suction pressure control is considered an 

effective measure similar to floating head pressure control, especially when combined with intelligent control and 

electronic expansion valves [4]. 

In practice, increasing the evaporating temperature requires minimizing the factors that cause 

unfavorable evaporator operation, such as dirty air filters, frost accumulation on the coil, low airflow, or an 

excessively large temperature difference setting. The DOE emphasizes that dirty filters reduce airflow, cause dirt 

to accumulate on the evaporator coil, and decrease the coil’s heat absorption capacity [2]. 

 

Improving the Heat Transfer Performance of the Evaporator and Condenser 

oor heat transfer is a common cause of increased electricity consumption. When the condenser or 

evaporator becomes covered with dust, thermal resistance increases; as a result, the condenser must operate at a 

higher temperature, while the evaporator must operate at a lower temperature, leading to a reduction in COP. The 

DOE recommends regular cleaning of heat exchangers, cleaning of fins, and maintaining proper airflow in order 

to preserve system efficiency [2]. 

EPA GreenChill also recommends regular cleaning of evaporators and condensers, inspection of fan 

blades, checking motor current, thermostat calibration, and removal of grass and debris around outdoor condensers 

to ensure efficient system operation [5]. 

 

Optimizing Compressors, Fans, and Variable Frequency Drives 

In many modern refrigeration systems, the load varies continuously over time. Therefore, the use of 

variable-speed or inverter-driven compressors and fans is an effective solution for matching system capacity to 

the actual load, instead of relying on on-off operation or fixed-speed operation under non-optimal conditions. 

Better Buildings highlights the role of intelligent control in refrigeration systems, in which floating pressure 

control, adaptive defrost, and part-load control strategies are important measures for reducing electricity 

consumption [4]. 

In essence, variable-speed control reduces the number of start-stop cycles, minimizes excess capacity 

under partial-load conditions, and improves temperature stability. However, maximum efficiency can only be 

achieved when there is proper coordination among the compressor, condenser fans, evaporator fans, and 

expansion valve, rather than by replacing or upgrading a single component alone [3], [4]. 

 

Application of Electronic Expansion Valves and Intelligent Control 

Electronic expansion valves provide more precise superheat control than conventional mechanical valves, 

thereby making better use of the evaporator’s heat transfer surface and allowing the system to respond more 

quickly to load variations. According to Better Buildings, the effectiveness of floating head-pressure and suction-

pressure control is often further enhanced when EEVs are used [4]. 

In addition, intelligent control also includes adaptive defrost, demand-based anti-sweat heater control, 

early fault detection, and continuous monitoring. These solutions help reduce auxiliary power consumption and 

limit prolonged system operation away from the optimal operating point [4], [5]. 

 

Enhancing Preventive Maintenance and Refrigerant Leak Control 

Preventive maintenance is one of the most cost-effective yet highly efficient solutions. The DOE 

confirms that regular maintenance is essential for the efficient operation of air-conditioning and refrigeration 

systems; when maintenance is neglected, system performance declines and electricity consumption increases [2]. 

EPA GreenChill also states that routine preventive inspections help reduce equipment wear, lower the risk of 

compressor failure, and maintain energy efficiency [5]. 

Refrigerant leak control has a dual significance: it helps maintain cycle efficiency while also reducing 

environmental impact. GreenChill reports that its program partners have refrigerant emission rates nearly 50% 

lower than the industry average estimated by the EPA, thanks to the adoption of better management practices and 
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technologies [5]. This demonstrates that leak management is an essential component of any strategy aimed at 

improving refrigeration system efficiency. 

 

Waste Heat Recovery and Optimization of Energy Integration 

In addition to reducing electricity consumption for the cooling process, the overall system efficiency can 

be improved by utilizing waste heat from the condenser. An ORNL report shows that the combination of heat 

recovery and floating head pressure control is more economically effective than applying either strategy alone; 

the overall energy cost savings were reported to be approximately 7–8% compared with the use of only one of the 

two strategies [8]. 

However, waste heat recovery must be properly integrated. If the condensing pressure is raised 

excessively solely for heat recovery purposes, compressor work may increase and cooling efficiency may decrease. 

Therefore, the optimal approach is to integrate the refrigeration system, the HVAC system, and the building’s 

overall energy management strategy [8]. 

 

Selection of Appropriate Refrigerants and Ensuring System Safety 

The selection of refrigerants is not only related to system performance but also to safety and 

environmental considerations. ASHRAE Standard 34 is the standard used for refrigerant designation and safety 

classification according to toxicity and flammability [6]. ASHRAE Standard 15 specifies the requirements for the 

design, installation, operation, and safety of refrigeration systems [7]. Therefore, when upgrading a system with 

new refrigerants or low-GWP refrigerants, it is necessary to evaluate thermodynamic performance, material 

compatibility, operating conditions, and fire and explosion safety simultaneously [6], [7]. 

 

III. RESULTS AND DISCUSSION 

From the above analysis, it can be seen that solutions for improving refrigeration system efficiency 

should be implemented according to a rational order of priority. The first step is to restore the system to proper 

operating condition through cleaning, leak inspection, control calibration, and ensuring adequate airflow and 

refrigerant flow. Only after that should more advanced control solutions be applied, such as floating head pressure, 

floating suction pressure, electronic expansion valves (EEVs), adaptive defrost, and variable frequency drives. 

Finally, larger investment measures may be considered, such as changing the system architecture, implementing 

heat recovery, or switching to alternative refrigerants [2]–[5], [8]. 

An important point is that performance should not be evaluated solely on the basis of rated COP. It is 

also necessary to consider seasonal electricity consumption, temperature stability, maintenance cost, operational 

reliability, refrigerant leak rate, and the level of safety compliance. Only through a system-level approach can the 

truly optimal solution be identified [1], [6], [7]. 

 

IV. CONCLUSION 

Improving refrigeration system efficiency is a process of overall optimization rather than merely 

changing a single component. The most effective solutions typically include reducing condensing temperature 

through floating head pressure control, increasing evaporating temperature by optimizing suction pressure, 

improving heat transfer in the condenser and evaporator, applying electronic expansion valves and intelligent 

control, strengthening preventive maintenance, controlling refrigerant leakage, and utilizing waste heat [2]–[5], 

[8]. 

In the context of sustainable development, the best technical solution is one that simultaneously achieves 

three objectives: energy savings, reduction of environmental emissions, and assurance of refrigeration system 

safety. This requires proper coordination among appropriate design, modern control strategies, standardized 

maintenance practices, and the selection of refrigerants in accordance with current safety regulations [1], [6], [7]. 
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