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Abstract: Despite the serious threat of global warming caused by carbon emissions, commercial refrigeration
systems that generate cooling are unable to adjust their usage time. Therefore, it is essential to enhance the
energy efficiency of refrigeration systems themselves. Recently developed refrigeration systems offer
improved energy consumption efficiency, as they utilize inverter-type outdoor units that can communicate
with indoor units. However, traditional legacy refrigeration systems still suffer from poor energy efficiency
because the existing indoor units cannot communicate with inverter-type outdoor units. Hence, this paper
introduces a heuristic energy efficiency improvement algorithm for commercial refrigeration systems using
legacy indoor units when an inverter-type outdoor unit is installed. In particular, to reduce the computational
complexity of the process of selecting the optimal temperature difference and target low-pressure variables
that can enhance energy efficiency, the algorithm employs the Monte Carlo method. Finally, the performance
of the proposed heuristic energy efficiency improvement algorithm was evaluated in a laboratory environment
to confirm its applicability.

Keywords: compressor; heuristics; inverter; outdoor unit; refrigeration system

1. Introduction

Recently, the United Nations announced that the global average temperature from June to
August 2023 was 16.77°C, the highest recorded since the beginning of meteorological observations in
1940, and further warned that the era of global warming is over and the era of global degradation has
arrived. Phoenix, Arizona, in the western United States, has set a record the same year for the longest
period of extreme heat with temperatures exceeding 43°C for 31 consecutive days, and China's San
Baohyang broke its all-time high temperature of 52.2°C. With climate change becoming increasingly
evident given these temperature extremes, countries around the world are working together to
achieve carbon neutrality by reducing carbon emissions, the main culprit in global degradation. [1,
2] Carbon neutrality means that carbon dioxide absorption is balanced with carbon dioxide emissions
generated by companies or individuals, making actual carbon dioxide emissions "zero”. To the end,
195 countries participated in the 2015 United Nations Climate Change Conference to try to reduce
carbon emissions through the Paris Agreement. Representative ways to reduce carbon include
reducing carbon emissions and reducing the consumption of goods and energy made from carbon
resources, such as fossil fuels. [3~7]
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Global companies with high carbon emissions are making efforts to reduce their emissions by
installing carbon reduction devices or purchasing carbon emission allowances from other companies.
[8] Apart from the efforts of high carbon-emitting companies, there is a need to produce goods and
energy with lower carbon emissions and to consume them more efficiently. [9] In particular, not
consuming the energy at all and improving energy efficiency are important. Not consuming energy
requires certain choices in this era of extreme climate change. In general, increasing energy efficiency
may be more realistic, working toward reduced energy use.

During the coronavirus 2019 (COVID-19) pandemic, electric energy usage decreased worldwide
but now appears to be on the rise again. [10] According to data from the Korea Electric Power
Corporation (KEPCO), as shown in Figure 1, South Korea's electricity usage increased by 4.74%, from
509,270 million kWh in 2020 to 533,431 million kWh in 2021, and then by 2.72% to 547,933 million
kWh in 2022. This annual average electricity usage growth rate significantly surpasses that from 2017
to 2022 (1.57%). The increased electricity usage since the COVID-19 pandemic is primarily due to by
coal-fired power plants, which emit a substantial amount of carbon, as opposed to carbon-neutral
alternative energy sources. Thus, efforts to reduce the use of electrical energy by increasing
alternative energy production are urgently needed.
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Figure 1. Korea’s average annual electricity consumption.

Devices that generate heat using electricity, such as heating systems in office buildings, can
reduce electricity usage through adjustment of their operating hours based on the situation. In
contrast, devices that generate cold, such as air conditioners and refrigerators, have limitations in
terms of reducing electricity usage through adjustment of their operating hours. The recent climate
conditions, i.e., frequent abnormally high temperatures, make it difficult to reduce refrigeration
system usage because of the risk of spoilage of food stored in refrigerators. For a refrigeration system
that generates cold air, usage time cannot be adjusted, unlike a device that generates heat; thus, it is
necessary to increase the energy efficiency of the refrigeration system itself. Recently developed
refrigeration systems offer improved energy consumption efficiency by using an inverter-type
outdoor unit that can transmit and receive information from the indoor unit through communication.
Newly developed refrigeration systems offer improved energy efficiency through the use of an
inverter-type outdoor unit; however, existing refrigeration systems still have low energy efficiency
issues due to the lack of communication with the indoor unit, even if a new inverter-type outdoor
unit is installed. Numerous studies are underway to improve the energy efficiency of integrated
systems, including commercial refrigeration systems.

Chiou et al. introduced a fuzzy temperature control method for multi-unit room air conditioners
to improve energy efficiency; [11] however, the energy efficiency of refrigeration systems was not
addressed. Jasmin et al. (2013) investigated domestic refrigerators’ energy consumption; [12] the
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operating condition variables (ambient temperature, thermostat setting position, and heat load) that
affect the energy consumption of the refrigerators were evaluated; their results revealed differences
in the absence of information on the indoor unit. Ali et al. (2020) studied the single-phase induction
motor drive of a refrigerator compressor; [13] they developed an algorithm to improve the energy
efficiency of cooling systems through modeling and analysis of commercial refrigeration systems.
Kassai et al. (2019) considered optimizing the energy consumption of the direct-current refrigerators
used in commercial freezers; [14] they concluded that 62.4% energy savings could be achieved using
a proportional-integral-derivative controller. However, the indoor unit was not addressed. Antonio
et al. (2020) sought to reduce energy costs by introducing a photovoltaic self-consumption system to
industrial refrigeration/refrigeration; [15] despite the potential reduction in power consumption
through self-consumption of energy, the approach was limited by the requirement for additional
devices for implementation in conventional commercial refrigeration systems.

Here, we developed an algorithm to increase the energy efficiency of refrigeration systems that
use an inverter-type outdoor unit that does not communicate with the indoor unit of an old
refrigeration system. In particular, the algorithm uses the Monte Carlo method to reduce the
calculations required when selecting the optimal set temperature difference and target low pressure
variable. Finally, the performance of the proposed heuristic energy efficiency improvement algorithm
was evaluated in a laboratory environment to confirm its applicability.

This paper consists of five sections. Section 2 describes general and commercial refrigeration
systems. Section 3 introduces the heuristic control algorithm. Section 4 presents the applicability
verification results. Conclusions and future research plans are summarized in Section 5.

2. Commercial refrigeration systems

In general, refrigeration systems have the same temperature control method but are divided into
indoor and commercial refrigeration systems depending on the space and purpose of installation. A
commercial refrigeration system controls the temperature inside a commercial refrigerator,
consisting of an indoor unit that absorbs heat and lowers the temperature and an outdoor unit that
emits the absorbed heat. [16] The temperature of a commercial refrigeration system is controlled via
changes in the state of the refrigerant using an evaporator, condenser, and compressor. The
refrigerant lowers the internal temperature of a commercial refrigerator due to the latent heat it
absorbs when it evaporates while passing through the evaporator. As the refrigerant passes through
the condenser, it loses heat and remains in a high-temperature, high-pressure gaseous state. The high-
temperature, high-pressure refrigerant gas that passes through the compressor also passes through
the condenser, releases latent heat to the outdoors, and finally passes through the expansion valve
before being transferred back to the evaporator.

Here, we assumed that the indoor unit is installed with an expansion valve through which
refrigerant flows in and performs the function of internal storage, while the outdoor unit releases the
latent heat of the refrigerant through the process of evaporation-compression-condensation.
Commercial refrigeration systems often have large capacities or consist of multiple built-in systems;
as such, they are installed with separate indoor and outdoor units.

Figure 2 shows the structure of the operation cycle of a typical commercial refrigeration system.
First, when a commercial refrigeration system is running, the thermostatic expansion value (TXV)
system of the indoor unit opens, allowing refrigerant to flow in from the outdoor unit. When the
current temperature of the indoor unit reaches the temperature set in the indoor unit, the TXV system
closes and the outdoor unit stops operating. The pressure of the refrigerant coming out of the indoor
unit is measured at the position of sensor 1 (a low-pressure gauge sensor), and the compressor
operates and moves to the outdoor unit. The temperature of the refrigerant moving to the outdoor
unit is confirmed using the temperature difference between sensor number 4 (the condenser
temperature gauge sensor) and sensor number 5 (the air temperature sensor). Sensor number 2 (the
intake temperature sensor) and sensor number 3 (discharge temp sensor) are used to analyze the
direct correlation between the indoor and outdoor units by measuring the intake temperature of the
refrigerant.
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Figure 2. Refrigeration system operation sequence.

In a commercial refrigeration system, the outdoor unit, which releases the absorbed latent heat
to the outside, also performs important functions. In contrast to the indoor unit, which absorbs heat
and lowers the temperature, the outdoor unit is controlled by stopping the operation of the outdoor
unit when the indoor unit reaches the set target temperature, and by receiving status information for
the indoor unit through communication and comparing it to the target temperature to stop the
operation. The method of operating according to the target temperature without information about
the indoor unit involves repetition of the operation for a certain period of time depending on the
power status (on/off). In particular, when the refrigeration load of the indoor unit fluctuates,
considerable energy is consumed through intermittent operation, in which the outdoor unit repeats
the operation over very short time periods. On the other hand, the method of receiving and
controlling the status information of the indoor unit based on communication shows excellent control
performance by reaching the target temperature relatively quickly. Outdoor units that receive and
control information from indoor units through communication are classified as inverter-type outdoor
units and are used in many commercial refrigeration systems. Compared to existing outdoor units,
inverter-type outdoor units can control the temperature in proportion to the refrigeration load of the
indoor unit. Moreover, the time to reach the target temperature is short, so it has excellent energy
consumption efficiency. Figure 3 shows the structure of a typical commercial refrigeration system. In
commercial refrigeration systems, multiple indoor units are often installed with one outdoor unit,
and information from the indoor units is shared with the outdoor unit through communication.
Additionally, multiple indoor units exchange refrigerant through a refrigerant pipe and discharge
generated water through a pump pipe.
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Figure 3. Typical commercial refrigeration system configuration.
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3. Heuristic Energy Efficiency Improvement Algorithm

A commercial refrigeration system uses multiple indoor units to communicate and provide
information to an inverter-type outdoor unit and operates using temperature difference (TD;), current
low pressure (LPi), and outside air temperature as variables. The set temperature difference refers to
the difference between the temperature set by the indoor unit and the temperature inside the indoor
unit. The larger the set temperature difference, the faster the operating frequency of the inverter-type
outdoor unit. Low pressure refers to the pressure measured at the gas valve at the evaporator outlet
in the indoor unit, and is the standard for an inverter-type outdoor unit to perform on/off operation.
Outdoor temperature is a factor that affects the release of latent heat from the refrigerant in the
condenser of the inverter-type outdoor unit and also has a seasonal effect. In other words, the energy
efficiency of an inverter-type outdoor unit in an environment where it cannot receive information
from the indoor unit can be improved if the final set temperature difference (TD) and final target low
pressure (LP) are properly established.

The proposed energy efficiency improvement algorithm divides the operation of the inverter-
type outdoor unit into search and operation sections and changes the set temperature difference and
target low pressure in the search section to determine the values that achieve the highest performance.
Once the set temperature difference and target low pressure are determined, the inverter type
outdoor unit operates at that value during the operation section. Based on expert consultation with
commercial refrigeration system manufacturers, the temperature, as shown in Figure 4, is divided
into six levels (0-5°C), and the target pressure is divided into 10 levels (spanning 212-507 kPa). In
our proposed approach, the Monte Carlo method was employed, effectively dividing the process into
nine segments to reduce the computational workload.
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Figure 4. Control section setting considering TD and LP.

Figure 5 shows the heuristic energy efficiency improvement algorithm for a commercial
refrigeration system without indoor unit information. First, the search section and operation section
of the inverter-type outdoor unit is set to 0, and the set temperature difference (IDj) and current low
pressure (LPi) are checked. Here, the set temperature difference is an arbitrary value between 0 and
5°C. The target low pressure is set to 1 of 10 values measured from an inverter-type outdoor unit. The
Monte Carlo method is then used to calculate the performance index value (Pij) of any coordinate of
the first to ninth groups. The group with the highest performance index value is selected. Here, the
performance index can be calculated as follows:

F (1t 6

where Wk and Hi represent the power consumption and heat absorption in the k-th operation,
respectively, and Wi and Hka represent the power consumption and heat absorption in the k+1-th
operation, respectively for comparison. a refers to the coefficient that determines the ratio of power
consumption and heat absorption, and is set to 0.3 in this study. The first performance index value is
set to 1 because there is no comparison target. The performance index value then changes in the
second operation. A performance index value > 1 indicates better performance. The highest
performance index value represents the group with the best performance. Power consumption and
heat absorption were calculated with reference to Reference 16.
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Figure 5. Heuristic energy efficiency improvement algorithm flowchart.

Once the group with the highest performance index value is selected, the coordinate value with
the highest performance index value in the selected group is identified. The search section ends when
the highest performance index value (Pmax) is selected within the selected group. Next, the inverter-
type outdoor unit operates during the operation section with the selected target temperature
difference and target low pressure value. If the operation section time of the inverter-type outdoor
unit exceeds the value obtained by subtracting the search section time from the total operation time,
the inverter-type outdoor unit initializes the search section time again and the process is repeated.

4. Performance evaluation

The performance evaluation of our proposed energy efficiency improvement algorithm for a
commercial refrigeration system without indoor unit information was conducted in a laboratory-
scale environment consisting of three indoor units and one inverter-type outdoor unit, as shown in
Figure 6(a). The indoor unit consisted of a 3-ft lunch case, a 12-ft lunch case, and a walk-in cooler
(Figure 6(b)). One inverter-type outdoor unit was equipped with L company's 5 HP LSC-V0990A9
inverter condensing unit (CDUs), as shown in Figure 6(c). Temperature sensors that measure indoor
temperature were installed at the top of the 3-ft and 12-ft lunch cases and at the top of the walk-in
cooler. The LGMV program provided by L Company was used to monitor the commercial
refrigeration system performance evaluation environment, and information such as set temperature,
set temperature difference, target low pressure, and power consumption was collected and stored in
real time.
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Figure 6. Commercial refrigeration system experimental test-bed structure.

The experiment was conducted at the end of August in a laboratory at Pusan National University
(Busan, South Korea), and performance was evaluated continuously over a 3-day period, starting and
ending in the afternoon. The average outdoor temperature for the 3-day experiment ranged from
31.1° + 0.42° to 23.1° + 0.46°, and the average humidity was 71.6% + 0.12%. The average indoor
temperature was 24.2° + 0.29°, and the humidity was 77.7% + 0.46%. The experiment was conducted
three times. In the first experiment, power consumption was measured in an experimental
environment, in which the inverter-type outdoor unit was operated for 24 h in a random manner set
by the manufacturer, without information about the indoor unit. In the second experiment, the power
consumption was measured while the inverter-type outdoor unit to which the proposed algorithm
was applied was operated for 24 h according to the algorithm, without information from the indoor
unit. In the second experiment, the performance index values were calculated for all coordinates and
consumption was measured while operating for 24 h according to the selected set temperature
difference and target low pressure. The third experiment was conducted to confirm the performance
of the Monte Carlo method in the proposed algorithm.

Figure 7 shows the performance evaluation results of the proposed heuristic energy efficiency
improvement algorithm. In the absence of information about the indoor unit, it was confirmed that
the inverter-type outdoor unit operated 24 h a day in a random manner set by the manufacturer, with
an average energy consumption of 4,168 KJ per hour. It was also confirmed that the inverter-type
outdoor unit to which the proposed algorithm was applied in the absence of indoor unit information
was operated 24 h a day according to the algorithm and consumed an average of 3,296 KJ per hour.
Furthermore, the inverter-type outdoor unit to which the proposed algorithm was applied exhibited
reduced power consumption (by 26.5%) compared to the inverter-type outdoor unit that is normally
operated without indoor unit information. This is because the inverter-type outdoor unit to which
the proposed algorithm is applied finds the optimal set temperature difference and target low
pressure through the search period. This occurs even without indoor unit information; thus, power
consumption is lower than that of a general inverter-type outdoor unit.
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Figure 7. Experimental results of heuristic energy efficiency improvement algorithm without indoor
in-formation.

In the proposed algorithm without information on the indoor unit, it was confirmed that the
inverter-type outdoor unit that did not use the Monte Carlo method was operated for 24 h, and the
average energy consumption was 3,828 KJ per hour. In comparison, the inverter-type outdoor unit to
which the proposed algorithm was applied consumed an average of 3,296 K] per hour when operated
24 h a day. Thus, applying the algorithm including the Monte Carlo method, the energy consumption
of the inverter-type outdoor unit was reduced by 11.6% compared to the algorithm excluding the
Monte Carlo method. Applying the algorithm using the Monte Carlo method consumed more energy
because the inverter-type outdoor unit operated more during the process of finding the optimal set
temperature difference and target low pressure. In other words, it was confirmed that the method of
finding the set temperature difference and target low pressure in the absence of indoor unit
information, and the method of reducing the calculation requirements to find the set temperature
difference and target low pressure using the Monte Carlo approach, can reduce the power
consumption of the inverter-type outdoor unit.

5. Conclusion

This paper introduces a heuristic energy efficiency improvement algorithm for commercial
refrigeration systems when installing an inverter-type outdoor unit that does not communicate with
the indoor unit of old refrigeration systems. In particular, the algorithm for increasing energy
efficiency proposed in this paper uses the Monte Carlo method to improve energy efficiency by
reducing the amount of calculations when selecting the optimal set temperature difference and target
low pressure. Based on our performance evaluation of the heuristic energy efficiency improvement
algorithm, we conclude the following.

First, a commercial refrigeration system using an inverter-type outdoor unit that can receive
information from the indoor unit has higher energy efficiency compared to existing refrigeration
systems. It was confirmed that the inverter-type outdoor unit shows superior energy efficiency
because it controls the refrigerant based on information on the indoor heat load through
communication with the indoor unit.

Second, the algorithm optimizes the set temperature difference and target low pressure,
resulting in an improvement in the energy efficiency of the commercial refrigeration system that
could not receive information from the indoor unit. Application of the proposed algorithm provided
excellent energy efficiency, even though information about the indoor unit could not be obtained
because it set the set temperature difference and target low pressure for optimal performance while
reducing the calculation speed using the Monte Carlo method. Notably, because the performance of
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the proposed algorithm was evaluated in a laboratory environment rather than a perfectly controlled
chamber, the reliability of the evaluation results is limited.

More research is needed to identify evaluation items that can more accurately determine the
variable values of the proposed algorithm. Lastly, additional research is needed to more effectively
segment variable values.
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