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In the context of the global economy, the burgeoning energy resource scarcity necessitates 

a rigorous examination of energy redistribution, market uncertainties, and the escalating 

costs of energy resources. This study is predicated on the hypothesis that refrigeration 

systems harbor substantial potential for energy savings. The aim is to provide a robust 

justification for the intensive utilization of thermal energy generated by low-temperature 

systems as a means to curtail energy resource consumption. Employing qualitative 

information gathering methods alongside thermodynamic analysis, this research delineates 

the potential of thermal energy harnessed from low-temperature carbon dioxide systems. 

The findings are juxtaposed with those of conventional freon-based cooling systems, 

encompassing aspects like economic metrics, energy expenditures, technical attributes, and 

the quantity of heat at varying temperature levels that can be effectively harnessed. The 

research culminates in the deduction that the adoption of carbon dioxide refrigeration 

systems in lieu of freon-based ones not only considerably mitigates the environmental 

impact by phasing out the usage of ozone-depleting substances with a markedly higher 

global warming potential, but also substantially amplifies the temperature potential and the 

quantity of heat generated by low-temperature systems for beneficial applications. This 

study thereby underscores the dual benefits of environmental conservation and enhanced 

energy efficiency through the strategic deployment of carbon dioxide in refrigeration 

systems. 
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1. INTRODUCTION

The imperative of conserving energy resources and 

adopting a prudent approach towards non-renewable energy 

sources has been a longstanding concern. This issue has gained 

renewed urgency in light of the escalating energy scarcity, 

coupled with the rising uncertainty in global political and 

economic landscapes, as well as food instability [1, 2]. 

Consequently, the exploration of alternative methods for 

energy acquisition, reproduction, and conservation is 

increasingly paramount. Industrial production trends [3], 

amidst the growing uncertainties in the global economy [4], 

underscore the necessity to innovate in enhancing the energy 

efficiency of refrigeration systems. In the domain of food 

production [5], which accounts for a considerable proportion 

of energy consumption [6], it is critical to augment energy 

efficiency without compromising cooling capacities. 

The evolution of low-temperature technologies has been 

instrumental in defining contemporary living standards and 

quality of life [7]. These technologies are vital in the food 

supply chain, as extensively documented in academic 

literature. Remarkably, 25% of generated electricity is 

required to operate the cooling system drives [8], highlighting 

the significance of these technologies in energy consumption. 

In the context of soaring energy resource costs [9, 10] and 

occasional shortages [11], enhancing the energy efficiency of 

low-temperature systems has become a pressing necessity. 

Manufacturers of contemporary low-temperature cooling 

systems are confronted with two fundamental challenges in 

their development. Firstly, the recycling of heat poses a 

significant question. Cooling systems, while being major 

consumers of electrical energy, are also substantial producers 

of thermal energy. This is because the energy they consume is 

utilized in the heat exchange process, transferring heat from 

the cooled object to the environment, thereby maintaining a 

temperature in the cooled object lower than the ambient [12]. 

Secondly, the environmental impact of cooling systems must 

be addressed. The heat released into the environment during 

cooling operations has adverse effects on global ecology. This 

has led to an intensified focus on reducing the ecological 

footprint [13-15] of refrigeration systems, culminating in the 

prohibition of several thermodynamically efficient 

refrigerants due to their environmental implications. 

2. LITERATURE REVIEW

A myriad of technical solutions has been explored to curtail 
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energy consumption in refrigeration systems [16]. These 

include the implementation of electronic temperature control 

valves, enabling precise regulation of refrigerant supply to the 

evaporation system in response to external conditions, and 

adaptive regulation of condensation pressure based on ambient 

temperature. Additionally, the frequency control of 

compressor performance has been employed. It has been 

observed that a reduction in condensation temperature by 1°C 

in ammonia refrigeration units results in a 4% decrease in 

energy consumption, and a 2% decrease in freon units. The 

application of frequency control not only circumvents 

additional energy costs associated with compressor shaft 

acceleration but also prolongs motor life and ensures a step-

less power consumption. 

Further, the beneficial utilization of condensation heat, 

based on design capabilities, presents significant potential in 

augmenting the energy efficiency of cooling systems [17-19]. 

The development of artificial cold production technologies 

using carbon dioxide refrigeration systems is also gaining 

traction [20]. In the realm of refrigeration system design, the 

selection of energy-efficient refrigerants is pivotal [21]. 

Carbon dioxide, in particular, has emerged as a promising 

refrigerant [22], distinguished markedly from traditional 

freons and ammonia used in low-temperature systems by its 

unique thermodynamic properties. These include considerably 

higher operating pressures, ranging from 10 to 40 atmospheres 

on the low-pressure side and up to 120 atmospheres on the 

high-pressure side, a high triple point temperature of -56℃, 

and a low critical point temperature of 31℃. Carbon dioxide's 

exceptional thermodynamic characteristics render it an 

effective refrigerant [23]. However, the utilization of carbon 

dioxide as a refrigerant necessitates specialized technical 

solutions. Despite these challenges, contemporary technology 

facilitates the production of efficient carbon dioxide cooling 

systems [24]. 

Currently, carbon dioxide systems are more costly, being 

15-20% more expensive than equivalent freon systems. 

However, replacing freon systems with carbon dioxide ones 

can reduce energy consumption by 15-20% in cascade cycle 

refrigeration machines employing a freon/CO2 scheme and by 

up to 30% in transcritical carbon dioxide cooling systems [25]. 

Therefore, while the initial investment in carbon dioxide 

cooling systems is higher, they offer reduced energy 

consumption compared to freon refrigeration machines. The 

payback period for the introduction of carbon dioxide systems, 

based solely on electricity savings, ranges from 6 to 8 years 

[26]. Nonetheless, the production and distribution of carbon 

dioxide refrigeration systems face challenges due to the 

additional manufacturing costs and financial implications of 

integrating these systems into production. Therefore, efforts 

are being made to increase consumer interest, particularly in 

the context of sustainable development goals, by emphasizing 

constructive features and ease of implementation and 

operation. 

In summary, while the potential for reducing energy 

consumption in low-temperature systems is well-established, 

these technologies are nearing their energetic zenith, with 

limited scope for further thermodynamic intensification [13]. 

Hence, a dual approach is needed, encompassing both 

administrative and legislative changes [14] and the 

development of constructive capabilities to facilitate the 

introduction of efficient low-temperature systems [15]. 

The aim of this study is to substantiate the necessity of 

harnessing thermal energy produced by low-temperature 

systems to minimize energy resource consumption. This study 

is structured into five sections: Introduction, Methods, Results, 

Discussion, and Conclusion. 

 

 

3. METHODS 

 

To achieve this goal, we chose a mixed research strategy 

based on the use of qualitative methods of analysis (document 

analysis) and quantitative methods of information collection 

(we determined the amount of heat of various temperature 

levels as a result of thermodynamic analysis of low-

temperature cycles in the operation of cooling systems on 

R134a and R744). The study took place in 2022. 

In the first stage, we collected statistical data on the energy 

market available from open sources in recent years (2020-

2021) including statistical reports [27, 28], analytical materials 

explaining the fluctuations in the global energy market [29-32], 

and data on the current cost of energy resources in retrospect 

[33]. We also used materials characterizing the possibilities of 

modern methods of reducing energy costs during the operation 

of low-temperature systems [12, 16, 20], works on the 

technical characteristics of carbon dioxide, its features and 

differences from other refrigerating agents [21-23], and 

technical features of the low-temperature carbon dioxide 

systems [13, 15, 24-26]. We also analyzed works on the 

methods of beneficial use of low-potential heat produced by 

low-temperature systems [17-19, 34]. 

The potential possible use of thermal energy produced by 

low-temperature systems and, as a rule, discharged into the 

environment was determined based on the temperature level 

of the heat produced, as well as from the analysis of the 

possibility of beneficial use of this heat to save energy 

resources. For this purpose, at the second stage of our study, 

we used the means of thermodynamic analysis of low-

temperature cycles in the operation of cooling systems on 

R134a and R744, designed to obtain the -10℃ temperature 

level of the low-temperature source (LTS) and +40℃ at the 

high-temperature source (HTS). Based on thermodynamic 

analysis, we determined the amount of heat of various 

temperature levels that can be beneficially used. 

Thermodynamic analysis was performed at boiling 

temperatures of the refrigerating agent in the temperature 

range from -30℃ to +10℃. The condensation temperature for 

R134a was +40℃, and, since the corresponding temperature 

level for carbon dioxide exceeds the critical temperature, the 

final temperature in the gas cooler for R744 was also assumed 

to be +40℃. The final pressure for R744 was assumed to be 

90 bar. The condensation pressure for R134a corresponds to 

the saturation pressure at a temperature of +40℃ (10.2 bar). 

We conducted a comparative analysis of vapor compression 

refrigeration machines based on Bock piston compressors. For 

a refrigeration machine using R134a freon, an HG12P/110-4 

compressor was used. For the carbon dioxide refrigeration 

machine (R744), the HGX24/110-4 ML CO2 T compressor 

was used. The choice of compressors was determined by the 

correspondence of their geometric characteristics. Both 

compressors have a volumetric capacity of 9.4 m3/hour. 

However, since the absolute values of the performance 

characteristics of the refrigeration machines differ 

significantly due to significant differences in the 

thermodynamic properties of these refrigerants, comparisons 

of efficiencies were made based on specific values. 

Monitoring and recording of the measured parameters – 
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pressure and temperature – were carried out thermographically 

and barographically using a measuring complex made from 

components from the OVEN company (Russia). The basis of 

the measuring complex was the TRM138 meter regulator with 

RS-485. Temperatures were measured with Chromel-Copel 

thermoelectric converters DTP L 254-07.80/5000/0.5K. The 

pressure was measured and recorded using membrane pressure 

sensors PD100-DI0.016-115-0.5. 

In the third stage, the obtained data were analyzed using the 

comparative method for refrigerating machines of equal 

cooling capacity with one of the most common refrigerating 

agents R134a (freons) and R744 (carbon dioxide) as 

refrigerating agents. 

 

 

4. RESULTS 

 

4.1 Results of thermodynamic analysis 

 

Based on thermodynamic analysis, we determined the 

maximum possible temperature levels that could be obtained 

during the operation of cooling systems on R134a and R744 

(Figure 1). These temperatures correspond to the discharge 

temperature in the compressor during single-stage 

compression. 
 

Based on the thermodynamic analysis, the specific heat of 

condensation R134a and the specific heat removed in the gas 

cooler R744 (Figure 2) were determined in the boiling point 

range of refrigerants from -30℃ to +10℃ at a +40℃ 

temperature in the condenser/gas cooler. 

We calculated the maximum possible useful thermal power 

for a 200kW refrigerating machine for a temperature level of 

50℃ (Figure 3(a)) and 60℃ (Figure 3(b)), in the boiling point 

range of refrigerating agents from -30℃ to +10℃ at a +40℃ 

temperature in the condenser/gas cooler, with refrigerating 

agents R134a and R744. 

Based on the received thermal power, we determined the 

maximum possible amount of heat that a cooling system with 

a cooling capacity of 200 kW could produce for temperatures 

of 50℃ (Figure 4(a)) and 60℃ (Figure 4(b)), in the boiling 

point range of refrigerants from -30℃ to +10℃ at a +40℃ 

temperature in the condenser/gas cooler, with refrigerating 

agents R134a and R744 for 30 days. 

Besides, the maximum possible share of useful thermal 

power was determined for the temperature level of 50℃ 

(Figure 5(a)) and 60℃ (Figure 5(b)) during the utilization of 

condensation heat for R134a and the utilization of heat 

removed in the gas cooler for R744 in the boiling point range 

of refrigerants from -30℃ to +10℃ at the +40℃ temperature 

in the condenser/gas cooler. 

    
Figure 1. Discharge temperature comparison                                   Figure 2. Specific heat analysis                            

 

        
(a) 50℃                                                                       (b) 60℃                                                  

 

Figure 3. Maximum thermal power - R744 vs. R134a 
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(a) 50℃                                                                       (b) 60℃                                                   

 

Figure 4. Heat production - R744 vs. R134a 

 

        
(a) 50℃                                                                     (b) 60℃                                                   

 

Figure 5. Heat utilization efficiency 

 

4.2 Interpretation of the obtained results 

 

Based on the obtained results, we can draw the following 

conclusions. The carbon dioxide low-temperature cycle, in 

comparison with the freon cycle, has a much greater potential 

for beneficial utilization of heat both in terms of temperature 

level and the amount of heat released [35]. In our study, this is 

confirmed that Low-temperature thermodynamic cycles for 

R744 and R134a are presented in comparison. These cycles 

are built in the same temperature ranges. They are built by the 

boiling point of refrigerating agents -10℃ and by the 

condensation temperature (for R134a) and the final 

temperature of the refrigerant in the gas cooler (for R744). 

These cycles have distinctive features: the freon cycle is 

subcritical, and the carbon dioxide cycle is transcritical. Since 

carbon dioxide has a sufficiently low critical temperature, tcr= 

31.1℃, and the temperature at the outlet of the gas cooler is 

assumed to be 40℃, only the cooling process will take place 

in the gas cooler, condensation of carbon dioxide, when heat 

is removed from it, will be impossible, the phase transition to 

a liquid state will occur only during throttling (process 3-4) 

with a decrease in pressure and temperature [36]. Besides that, 

in this process, only part of the carbon dioxide will pass into 

the liquid phase (less than half of the flow passing through the 

throttle device). 

It follows from Figure 1 that the carbon dioxide cycle has a 

much greater potential for the utilization of heat generated by 

the refrigerating machine. 

The maximum possible discharge temperature for R134a is 

60C; this is in the most extreme version of the temperature 

range under consideration (-30℃ boiling point, and 40℃ 

condensation temperature) [37]. The temperature level of heat 

produced by the carbon dioxide cooling system is much higher: 

from 75℃ with a boiling point of +10℃ to a temperature of 

122℃ with the boiling point of the refrigerating agent at -30℃ 

(Figure 1). 

If any heat carrier is heated with the energy produced by the 

refrigerating machine, then 40% of the heat can be disposed of 

in the gas cooler of a carbon dioxide refrigerating machine 

when the coolant is heated to 60℃ and up to 60% of the heat 

when the coolant is heated to 50℃. While in a cooling system 

with R134a as a refrigerating agent operating under the same 

conditions as a carbon dioxide machine, it is generally 

impossible to obtain a coolant with a temperature of 60℃, and 

only about 3% of the condensation heat can be used to obtain 

a coolant with a temperature of 50℃ [38]. 
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The amount of heat removed in the condenser (for 

R134a)/gas cooler (for R744) at a temperature of 40℃ is also 

significantly higher for carbon dioxide (Figure 2) [39]. 

The maximum possible thermal power produced by a 

refrigerating machine with a cooling capacity of 200 kW using 

R744 as a refrigerating agent significantly exceeds the thermal 

power of a refrigerating machine using R134a as a 

refrigerating agent (Figure 3). For the temperature level of the 

produced heat of 50℃, the carbon dioxide refrigerating 

machine can produce from 156 to 280 kW of heat in the boiling 

temperature range from +10℃ to -30℃, respectively (Figure 

3(a)). For a temperature level of 60℃, a refrigerating machine 

with R134a as a refrigerating agent cannot produce thermal 

energy at all, while a refrigerating machine using R744 as a 

refrigerating agent can produce from 78 to 213 kW of heat in 

the boiling point range of the refrigerating agent from +10℃ 

to -30℃, respectively (Figure 3(b)) [40]. 

The amount of heat produced by a low-temperature cooling 

system with a capacity of 200 kW using R134a as a 

refrigerating agent in comparison with R744 for 30 days, 

depending on the boiling point of the refrigerating agent, is 

shown in Figure 4. Figure 4(a) shows graphs of useful thermal 

energy with a temperature level of 50℃. A low-temperature 

system with carbon dioxide as a refrigerating agent in the 

boiling temperature range from +10℃ to -30℃ and the final 

temperature of the refrigerating agent at the outlet of the gas 

cooler 40℃ can produce from 96 to 137 Gcal of thermal 

energy. In contrast, the low-temperature system on R134a can 

produce only from 1.7 to 11 Gcal of heat [41]. 

 

 

5. DISCUSSION 

 

The average cost of thermal energy in the Russian 

Federation as of 2022 is 2,429.74 rubles per 1 Gcal [42]. 

Considering the average cost of thermal energy, a low-

temperature system using R134a as a refrigerating agent is 

capable of producing heat energy in one month with a 

temperature level of 50℃ with a cost from 4 to 27 thousand 

rubles. A low-temperature system with R744 as a refrigerating 

agent in the same temperature range costs from 235 to 421 

thousand rubles. 

Figure 4(b) shows a graph of the maximum possible amount 

of heat that a low-temperature carbon dioxide system can 

produce during a month. Depending on the boiling point, this 

amount of heat will range from 48 Gcal at t0=10℃ to 132 Gcal 

at t0=-30℃. On average in Russia, this amount of thermal 

energy will cost from 117 to 320 thousand rubles. 

Figure 5 shows graphs of the share of thermal energy 

relative to its total amount, which may be useful to use at 

temperatures of 50℃ (Figure 5(a)) and 60℃ (Figure 5(b)). 

A low-temperature system with R134a as a refrigerating 

agent is not capable of producing heat with a temperature level 

of 60℃ in the considered temperature ranges of its operation. 

The heat with a temperature level of 50℃ produced by the 

same low-temperature system is a very small fraction of the 

total amount of thermal energy generated during operation 

(from 1 to 6%). Thus, the use of useful heat recovery systems 

for low-temperature freon systems has low profitability. 

Accordingly, the heat produced in large quantities by such 

systems is difficult to use. 

Low-temperature carbon dioxide systems make it possible 

to use beneficially from 48 to 66% (in the considered operating 

temperature range of the refrigerating machine) of the heat 

with a temperature potential of 50℃. For the beneficial use of 

heat with a temperature level of 60℃, obtained in a 

refrigerating machine with R744 as a working fluid, from 24 

to 50% of the heat produced by it will be available in the same 

operating temperature range of the refrigerating machine. 

In addition to saving energy resources directly related to the 

production of artificial cold, the large-scale replacement of a 

significant number of freon refrigerating machines with 

carbon dioxide will significantly reduce the environmental 

burden resulting from man-made processes. Carbon dioxide 

replacing freons does not have a destructive effect on the 

ozone layer of the Earth. In addition, carbon dioxide has 

significantly less global warming potential. Thus, R744, once 

in the atmosphere, has more than 1,400 times less impact on 

the Earth's climate compared to R134a. 

Due to the environmental concerns associated with CFCs 

and HCFCs, these compounds have been or are being phased 

out under international agreements like the Montreal Protocol. 

Even HFCs, because of their high GWP, are seeing 

phasedowns under amendments to the same protocol [43]. 

Since CO2 does not have ozone-depleting properties and has a 

low GWP as a refrigerant, it is not subject to these phase-out 

regulations. 

In conclusion, while CO2 does have its challenges as a 

refrigerant (such as high operating pressures), from an 

environmental perspective, it offers significant advantages 

over Freon. Notably, CO2 does not deplete the ozone layer, has 

a lower GWP when compared to many HFCs, and is not 

subject to the international phase-out regulations that apply to 

ozone-depleting substances. 

 

 

6. CONCLUSION 
 

The development and implementation of industrial carbon 

dioxide R744 cold generation systems can significantly reduce 

the level of electricity consumed by refrigeration systems. 

Besides that, the beneficial use of heat generated by 

refrigerating machines can significantly reduce the 

consumption of thermal energy resources. 

Apart from that, the utilization of carbon dioxide in 

industrial emissions is a serious task facing global industrial 

production. Thus, the utilization of carbon dioxide R744 as a 

working substance of low-temperature systems can partially 

solve this problem. The production of refrigerating agents is 

also a significant process in terms of energy intensity. The 

replacement of freons in cold generation technologies will also 

contribute to the release of a significant number of energy 

capacities. 

The use of carbon dioxide R744 is limited by the cost of 

electricity and environmental regulations in the region where 

it is used. Further research may be aimed at comparative 

studies of other refrigerants in refrigeration systems. 
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