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Variable refrigerant flow (VRF) systems autonomously operate using built-in sensors regulated by remote settings
and indoor unit intake temperatures. However, in larger spaces with multiple indoor and outdoor units,
autonomous VRF systems lack the benefits of an integrated system, such as balanced load distribution, coordi-
nated operation, and efficient ventilation. To overcome these challenges, the authors developed a “switchless
VRF system” designed for small to medium-sized buildings. This system improves comfort and energy efficiency
by eliminating extensive control mechanisms and switches, ensuring uniform performance and greater energy
saving. We performed detailed demonstration experiments to evaluate the system’s effectiveness across four key
functions (pre-cooling and pre-heating, human sensing HVAC control, outdoor unit rotation control, and indoor
unit fan power reduction functions). In the first control, the VRF system demonstrated significant energy effi-
ciency, achieving 18 % energy saving in summer pre-cooling. In the second, the human-detection ventilation
control effectively modulated the ventilation volume by real-time monitoring of the number of occupants,
resulting in approximately 35 % energy saving. In the third, the rotational control strategy enhanced the average
COP of the outdoor units by 17.7 %. In the fourth, a reduction in indoor-unit fan power led to an overall power
consumption decrease of 8.6 % by ceasing fan operation when the thermostat was deactivated. This innovation
addresses the modern needs of building management and energy conservation, making it a viable option for
enhancing HVAC operations.

1. Introduction in small and medium-sized buildings often do not have central moni-

toring systems such as advanced building energy management systems

The global deployment of cooling systems is on the rise, with pro-
jections indicating that the number of installed units will triple by 2050
[1]. Therefore, energy conservation in air conditioners is important to
achieve carbon neutrality in the future. In particular, energy conserva-
tion in air conditioners is essential in commercial buildings, where air
conditioners account for a large percentage of energy. In commercial
buildings, central air conditioning systems have traditionally been the
mainstream setup. In recent years, however, variable refrigerant flow
(VRF) has been used worldwide, especially in Asia, owing to its
simplicity of design and construction, and ease of maintenance and
management. In addition, large, modern buildings with central air
conditioning systems are increasingly using wireless sensor networks
(WSNs) to effectively monitor the indoor environment and manage air
conditioning equipment [2-5]. However, VRF systems commonly used

* Corresponding author at: Campus Sustainability Office, Osaka University.
E-mail address: suzuki.toshihiro.cso@osaka-u.ac.jp (T. Suzuki).
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for cost reasons. This is partially because of the fact that VRFs are
packaged equipment and that there is little information available from
equipment manufacturers.

In this milieu, many researchers are still working to realize VRF
systems with excellent energy performance in the operational phase,
through research on advancement of elemental components of VRF
[6,7], advancement of VRF systems [8,9], control methods of VRF
[10,11], VRF energy performance evaluation (including comparison
with other systems) [12,13], and VRF fault prediction and detection
[14,15]. In the field of energy simulation, represented by EnergyPlus,
research on simulation models of VRF [16,17] and analysis of VRF
simulation results [18,19] are also ongoing. However, these are basic
studies for further evolution of VRFs as stand-alone devices, and no
study has demonstrated the effects of advanced control using external
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Fig. 1. System configuration.

sensors on already installed VRFs.

We believe that minimizing VRF energy loss through energy man-
agement and operating as a system through coordinated and cooperative
control with ambient indoor units and ventilation systems will be
important to make VRF more compatible with the carbon neutral era
and achieve higher performance operation. Research on control
methods that consider VRF as a system includes studies on model pre-
dictive control (MPC) of ventilation and air conditioning [20,21], which
aims to achieve both thermal comfort and energy saving. Control
methods have also been studied [22], including integration with hu-
midity control devices, rather than using simple setpoint temperature
control. Furthermore, a control method for determining the number of
outdoor units to operate in response to load fluctuations while main-
taining a uniform indoor environment during operation of a large space
consisting of multiple outdoor unit systems [23] has also been studied.
These studies suggest that coordinated control of VRF and other HVAC

equipment, including ventilation equipment, can provide more energy-
efficient operation than operating each equipment independently.

In addition, research in terms of coordination control or cooperative
control of HVAC systems includes studies on air supply fan/damper
operation in rooftop units (RTUs) and automatic sequence control for
automatic selection of air supply fan/damper operation and operation
mode (energy saving, heating/cooling, ventilation) in RTUs [24].
Research on practical model-based control for ON/OFF staging of mul-
tiple RTUs [25] and coordinated control to permanently reduce over-
sizing challenges in HVAC systems consisting of multiple RTUs [26] is
also being conducted. However, there are no empirical studies on the
latest VRFs, which are generally prevalent, especially in Asia.

The VRF system that we studied traditionally functions as a closed
system facilitated by the manufacturer, with both indoor and outdoor
units optimally controlled based on user settings (cooling/heating and
temperature) via remote control and inlet temperature sensors on the
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Table 1
Command summary.

Command Function Function

name
Get unit GetUnitInfo Acquiring indoor unit and outdoor unit
information information individually, or all unit
information collectively.
Set Indoor unit SetluStatus Setting indoor unit operation mode (e.g.,

operation start/stop and set temperature).
Table 2
Parameters for indoor unit.
Unit Item Content
Indoor Unit-ID Unique ID assigned to each device
—Unit  Attribute Name Installed unit name
Address Address
Unit Status Normal/ Unit error/
status Communication error
Error Error code
On/Off Status On/ Off/ Unknown
Operation Mode Cooling/ Heating/ Fan/ Dry/
Automatic
Suction One decimal place (—50.0 °C-100.0
temperature °C)
Setpoint One decimal place (15.0 °C-35.0
temperature °C)
Flow rate Low/ Middle/ High
P Flow direction 5 directions + Swing
eout R
t

0‘;‘00111
1

TC

Fig. 3. CR model used in analysis.

indoor units.

It has been found that system operation via remote control operation
can lead to energy loss due to suboptimal temperature settings (e.g.,
excessively high or low temperature settings and failure to turn off

equipment at appropriate times). Furthermore, VRF equipment is
selected based on the maximum load expected in the room in which it is
installed, but this maximum load only occurs for a limited number of
hours per year. As a result, the equipment has been found to operate for
many hours at a low load factor, which reduces the efficiency of the
equipment [27].

In this study, a system was developed that operates both indoor and
outdoor units based on the properties of room air (e.g., temperature,
humidity, air velocity, and human flow). These properties are measured
using external sensors. By optimizing the type, number, and placement
of sensors, it is feasible to design a VRF system that operates indepen-
dent of remote control.

The system comprises a cost-effective VRF setup equipped with
wireless sensors and an edge server running on a Linux platform. The
integration of wireless sensors allows for the addition of various sensors
at subsequent stages. The edge server is responsible for collecting sensor
data, performing calculations, and transmitting signals via HTTP to the
air conditioner controller. The system is designed to be simple,
economical, and adaptable. We demonstrate that the system can main-
tain comfortable and automatic energy-efficient operation through four
types of control, eliminating the need for manual intervention with a
remote control.

The controls include pre-cooling and pre-heating based on outdoor
and indoor temperatures, air conditioning output capacity, and power
consumption; human detection ventilation control that integrates
image-type human flow sensors with indoor units; a rotational control
strategy for outdoor units to enhance efficiency in areas with low de-
mand; and a fan power reduction control that ceases the operation of all
indoor VRF units once the set temperature is achieved. The findings of
remote-control-free VRF system testing are presented and discussed. We
present a highly important technology that contributes to the wide-
spread adoption of smart buildings.

2. Methods
The study was conducted in five stages:

(1) Definition of switchless control and determination of functional
specifications.

(2) Design and development of a switchless control system, including
hardware and data flow.

(3) Design and implementation of system functions.

(4) Preparation of the target classroom for the demonstration
experiment and design of the experiment, including the number
and location of sensors.

(5) Analysis and interpretation of the results.
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Fig. 5. Pre-cooling and pre-heating functions.
The following sections provide detailed descriptions of these stages. (2) Maintaining a comfortable indoor environment by eliminating
manual control by individual users.
(3) Managing energy consumption on a per-occupant basis.
2.1. Definition of switchless control for VRF system
A switchless air-conditioning system comprises sensors that measure

A switchless air-conditioning system is a fully automated system that
operates without manual switch intervention. It intelligently adjusts the
environmental conditions (e.g., temperature, humidity, and airflow)
based on anticipated movements and changes within the space, thereby
creating a smart space that is both energy-efficient and comfortable.

The objectives of such a system are as follows:

(1) Ensuring minimal energy consumption during operation.

environmental properties (sensing functions) and software that controls
air-conditioning and ventilation (actuator functions) based on sensor
data. These sensors can detect a variety of spatial and environmental
factors, including temperature, humidity, wind speed, atmospheric
pressure, COs level, illumination, odor, dust, human presence, and the
status of openings (open/closed).

Actuator functions encompass settings typically adjustable via an air
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conditioner remote control (on/off, mode selection such as cooling,
heating, dry or blast, temperature control, air volume, and air direction
with options of fixed or swing). Additionally, the settings applicable to
the ventilation system are included. The system enables air conditioning
control based on indoor and outdoor temperature and humidity data, as
well as air conditioning and ventilation control informed by human
detection and CO,, level.

2.2. System configuration and dataflow

The configuration of the switchless air-conditioning system is illus-
trated in Fig. 1, which collects sensor data, performs calculations, and
transmits signals via HTTP to an air-conditioning controller. The system
utilizes environmental sensors equipped with solar power, eliminating
the need for external power or wiring, and forms a wireless sensor
network.

The system architecture is illustrated in Fig. 2, which is organized
into four tiers (1)-(4). This hierarchical structure facilitates the addition
of hardware and software components. The functions can be modified,
and thresholds adjusted based on the specific requirements of the
building.

Wireless sensors in the system harvest energy from environmental
sources such as motion, light, and temperature to power their wireless
communications. Sensor data are acquired through receivers and pro-
cessed by edge servers, which also serve as IoT gateways. These servers
perform adjustments on the collected sensor data. The control software
employs the open-source programming tool Node-RED, which allows for
easy expansion and helps reduce development costs. The processed data
are then transmitted from the edge server to the central controller of the
air conditioner.

To alter the operational state of the indoor units and ventilators,
which function as actuators, the edge server sends control variables to
the central controller via HTTP, based on the processed data. This
interaction involves generating and sending request and response
commands. Specifically, an HTTP request is made using the GET
method, and responses are received in XML format. The basic format of
the request command is as follows:

http://<IP address of central controller>/WebService/<Optional
command>.

Communication between the wireless sensor and Node-RED is
facilitated by the IPC-in node of Node-RED, which receives input from
Linux domain sockets and converts it into data or events, and the JSON
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node, which formats sensor data into JSON for processing by Node-RED.
For communication between the edge server and the PC used for data
analysis, the websocket-out node is employed on the sender’s side and
the websocket-in node on the receiver’s side. Additionally, a file node on
the PC is utilized to create arbitrary management files.

Two command requests can be set for the central controller: equip-
ment information acquisition and indoor unit operation settings, as
outlined in Table 1. The equipment information acquisition command
allows for the retrieval of data specified in Table 2 for indoor units and
the acquisition of performance coefficients and capacity values for
outdoor units. This command primarily assesses the status of indoor

Energy & Buildings 331 (2025) 115379
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Fig. 11. Control flow of fan power reduction function.

units. The indoor unit operation setting command is crucial for utilizing
an indoor unit as an actuator, enabling switchless control through a
combination of these methods.

2.3. Switchless control function

This section details the four switchless air conditioning control
functions developed:

2.3.1. Pre-cooling and pre-heating function

This function is designed to minimize energy consumption by
calculating the thermal resistance (R) and thermal capacity (C) of a
room using the air conditioner’s equipment status and external sensors
(temperature and humidity). It then determines the optimal start time
(Ts) for air conditioning and the appropriate air conditioning output
capacity (Prate), which varies for cooling and heating, based on these
sensor values.

In the CR model, which draws from thermal circuit theory, the heat
balance is analogous to an electrical circuit with components including a
thermal resistor and capacitor, as illustrated in Fig. 3. A diagram of the
heat balance in the CR model is illustrated in Fig. 4(a). The model can be
simplified by neglecting internal heat generation and other factors when
the air conditioning is off, expressed with the following equation:

da:oom _ 7(9;oom _ 9(:“[)‘

C
dt R ’

@

where, t represents time index and 9°*" and 62" denote room temper-
ature and outside temperature at time t, respectively. Assuming the
outside temperature remains nearly constant, the equation simplifies to

Htoom _ gttmt — (%oom _ 9811[) eE_I;_ (2)

The C-R values were estimated using the least-squares method
considering the data obtained when air conditioning was not in use for
two consecutive hours.

The values of C and R were then calculated separately based on the
changes in outdoor and room temperatures during the first 2 h of air
conditioning operation and the amount of heat processed by the air
conditioning system during this time. This analysis is depicted in Fig. 4

(b).
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First, the energy consumed to achieve the set temperature was esti-
mated for scenarios where the air conditioner operated at 40 %, 70 %,
and 100 % of its maximum capacity. After identifying the capacity that
consumed the least energy among these conditions, the time needed to
reach the set temperature at this optimal capacity was calculated, and
the pre-cooling start time was established. A flow diagram of this process
is illustrated in Fig. 5. This approach minimizes energy consumption by
adjusting the start time and air-conditioning capacity according to the
thermal characteristics of the room and the outdoor temperature on the
day. The moment when the set temperature was achieved marked the
beginning of the class (conducted in lecture rooms).

2.3.2. Human sensing HVAC control function

This system also includes a function to detect the presence or absence
of people, aiming to minimize ventilation and enhance energy efficiency
by reducing the ventilation load. To ascertain whether people were
present, two methods were evaluated: monitoring changes in CO

human flow sensor. The control flows for these methods are depicted
in Figs. 6 and 7. This feature was specifically implemented to conserve
energy in ventilation systems during classes.

2.3.3. Outdoor unit rotation control function

Generally, a VRF system displays the performance characteristics
illustrated in Fig. 8 under constant outdoor temperatures (as per the
National Research and Development Agency, Building Research Insti-
tute, and Energy Consumption Calculation Program for Buildings
(Nonhousing Version)).

Fig. 8 indicates that peak efficiency was achieved at a load factor of
approximately 0.5, and efficiency significantly decreased at extremely
low load factors, particularly below 0.2. In scenarios involving a living
room with multiple indoor units connected to several outdoor systems
(as depicted in Fig. 9), each indoor unit manages the load for its desig-
nated zone. However, during periods of low demand, frequent cycling of
the thermo-on/off occurs, leading to inefficient operation. Additionally,
the selection of indoor and outdoor units with capacities larger than
necessary contributes to this inefficiency. To enhance efficiency, a
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control strategy that involves rotating the operation of outdoor units was
implemented. This rotation control function allows for high COP oper-
ation while maintaining uniform indoor conditions by alternating load
processing and air blowing operations across the systems. The control
flow for this strategy is illustrated in Fig. 10.

2.3.4. Indoor unit fan power reduction function

The fan of the indoor unit in the VRF system was programmed to
remain operational even when the thermostat was deactivated. This
operational mode was necessitated by the room temperature being
monitored via a temperature sensor located within the indoor unit,
which prevented the fan from being turned off. Consequently, a separate
sensor was installed to measure the room temperature, enabling control
over the fan power of the indoor unit during periods when the ther-
mostat was off. This control mechanism is depicted in Fig. 11.

2.4. Lecture room and sensor layout for demonstration

The experiment was conducted in two university lecture rooms.
Lecture Room 1, detailed in Fig. 12, measures 10 m x 12.5 m with a
ceiling height of 2.8 m. It is equipped with four indoor units, each having
a cooling capacity of 8.0 kW, spaced approximately equidistantly. Each
set of four indoor units is served by one outdoor unit. The wall behind
the teaching platform, which lacks windows, faces the exterior. The
right wall, as viewed from the platform, also faces the exterior and in-
cludes windows, while the left wall adjoins an unconditioned corridor.
The wall opposite the platform abuts another air-conditioned room. The
placement of temperature and humidity sensors within this room is
illustrated in Fig. 13, with sensor positions marked by circles. The sensor
distribution is color-coded: green for one sensor at 2.8 m, red for two
sensors at 0.7 and 2.8 m, and blue for five sensors at heights of 0.1, 0.6,
1.1, 1.7, and 2.8 m.

Lecture Room 2 is outlined in Fig. 14, with dimensions of 19 m x 7.5

m and a ceiling height of 2.6 m. It contains 16 indoor units, each with a
cooling capacity of either 3.2 or 4.0 kW, installed at regular intervals.
The left wall, which includes a window, faces the outdoor. Adjacent to
the right wall is a corridor, and the remaining walls are contiguous with
other rooms. The locations of the temperature and humidity sensors in
this room are shown in Fig. 15, with sensor types indicated by colored
circles: orange for temperature and humidity sensors, green for CO,
sensors, and blue for image-based human flow sensors capable of
counting people. The outcomes of the experiments conducted in these
lecture rooms are summarized in Table 3.

3. Results and discussion

Here, we discuss the outcomes of automated air-conditioning oper-
ations using the VRF system.

3.1. Results of pre-cooling and pre-heating operation

A pre-cooling operation adhering to a predefined cooling schedule
was conducted in lecture room 1 from July 20, 2021, to July 27, 2021.
The experiments were carried out under three different energy con-
sumption limits: no limit, 40 % limit, and 70 % limit. The duration from
the commencement of operation at 05:00 to the point when the set
temperature was achieved, along with the energy consumption and peak
energy consumption, was analyzed. The load factor, rated energy con-
sumption ratio, room temperature, and outdoor air temperature for the
three scenarios are depicted in Figs. 16, 17, and 18.

In the scenario with no limit (Fig. 16), the rated energy consumption
ratio reached 120 % of the peak value shortly after the operation
commenced. Subsequently, the load factor decreased gradually as the
room temperature dropped, achieving a set temperature of 23 °C at
05:47. In the 70 % limit scenario (Fig. 17), the cooling capacity was
approximately 80 % because the energy consumption ratio was
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Table 3
Tests carried out in lecture rooms.
Function Experiment Location
Pre-cooling and pre-heating Pre-cooling and pre- Lecture room 1
heating
Winter pre-heating Lecture room 2
Human detection ventilation Winter heating Lecture room 2
control

Rotation control

Summer cooling

Reduction of fan power Winter heating

Lecture room 2
Lecture room 2
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restricted to 70 % from the start. After about 25 min of operation at 80
%, the load ratio decreased as the room temperature neared the set
temperature, which was maintained at 05:48. In the 40 % limit scenario
(Fig. 18), the energy consumption ratio was consistently held at 40 %
from the start until the set temperature was reached at 05:59. At around
05:45, when the outdoor air temperature was higher, the energy con-
sumption ratio remained at 40 %, but the load factor decreased by
approximately 6 % owing to the reduced efficiency of the air
conditioner.

The results of these tests are summarized in Table 4. The no control
and 70 % limit conditions consumed 18 % more power than the 40 %
limit condition, with the 40 % condition consuming the least amount of
power. The COP was also the highest for the 40 % limit condition, as
expected.

The pre-heating operation test during the heating season was con-
ducted from December 14, 2021 to February 3, 2022. The results of
these tests, in which the outdoor air temperatures were similar, are
shown in Table 5. For similar outdoor temperature conditions, the pre-
heating time was in the order of 40 % limit >70 % limit > no control.
The heating time for the 40 % limit was approximately twice that of the
no control. The highest energy consumption was observed in the no-
control condition among these three cases. The uncontrolled condition
resulted in a 21 % increase in energy consumption compared to the 40 %
limit condition. The 40 % limit condition resulted in the lowest energy
consumption during the pre-heating operation condition as well as the
pre-cooling operation condition.

The pre-heating control logic was implemented in lecture room 2 on
the edge server from February 26-27, 2023 during the winter pre-
heating operation. The results are presented in Fig. 19. The class was
scheduled to start at 08:50, which was set as the target time for initiating
the pre-heating control. According to the CR calculations, the pre-
heating operation commenced automatically at 07:45, 1 h and 5 min
before the class began, with an energy consumption limit of 40 %. In
contrast, without the pre-heating control, the heating system activated
automatically 30 min before the class based on a scheduled control. The
total energy consumption was evaluated from the start of the operation
until 10:00. With the pre-heating control, energy consumption was 8.2
kWh, compared to 9.2 kWh without control, reflecting an 11 % reduc-
tion in energy usage. Additionally, energy efficiency improved, and the
indoor temperature was higher than that in the scenario without control.
The outdoor temperatures on the days compared were similar from early
morning until 10:00.

3.2. Results of human detection ventilation control

The effectiveness of the ventilation control was assessed in the same
lecture room from January 19, 2022 to January 26, 2022 using the
methods described above. The findings are illustrated in Figs. 20, 21,
and 22. Without ventilation control (Fig. 20), the four ventilation

Load factor =Rated power consumption ratio
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Fig. 16. Changes in load factor without control.
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Table 4
Pre-cooling operation results. (COP:
outdoor temperature).
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Fig. 17. Changes in load factor for 70 % limit.
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Fig. 18. Changes in load factor for 40 % limit.

Energy Date  COP  Electrical Pre-cooling time AOT

consumption [-] energy [m] [°C]

ratio [kWh]

No control 7/ 3.24 4.6(1.18%) 47 25.1
23

70 % 7/ 3.75  4.6(1.18%) 48 26.0
24

40 % 7/ 4.48 3.9 (1.00%) 59 25.9
25

*Percentage with 40% as 1.0.

Table 5
Pre-heating operation results. (COP:
outdoor temperature).

coefficient of performance; AOT: average

Energy Date COP  Electrical Pre-heating time AOT

consumption [-1 energy [m] [°C]

ratio [kWh]

No control (trial 2/3 2.67 5.8 (1.21%) 38 4.0

2)

70 % (trial 1) 12/ 3.16  5.0(1.04%) 46 4.0
15

40 % (trial 1) 12/ 3.19 4.8(1.00%) 77 4.0
14

(*Percentage with 40% as 1.0).
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devices operated continuously, generating a total airflow of 2000 CMH.
According to the Japanese standard, the required ventilation volume per
person is 30 CMH. With a maximum occupancy of approximately 25
people (as indicated by the green line in the diagram, measured using an
image-type human flow sensor), a ventilation volume of 750 CMH
would suffice. The maximum CO- concentration reached 650 ppm (red
line in the diagram), suggesting excessive ventilation.

With ventilation control (Fig. 21), the CO3 concentration (red line)
increased as the number of occupants (green line) grew, starting around
10:30 when the class began. The number of operational ventilation units
adjusted accordingly but with a delay, leading to a peak COy concen-
tration of 1000 ppm around 11:30. The subsequent increase in ventila-
tion volume helped reduce CO, level. A similar adjustment occurred
around 15:00. These controls facilitated energy-efficient ventilation
management.

In the experiment involving an image-based human flow sensor for
ventilation control (refer to Fig. 22), the number of ventilation units was
adjusted by one unit in response to each increase or decrease in the
number of people, demonstrating a direct correlation with changes in
CO4, level. This method exhibited a faster control response compared to
CO5, control.

The average outdoor air temperature during the experimental period
is comparatively plotted with the total energy consumption of the air
conditioning and ventilation systems under different conditions in
Fig. 23. The data indicate that both CO5 control and human detection
control methods reduced electrical energy consumption by approxi-
mately 35 % compared to the baseline.

3.3. Result of outdoor unit rotation control

During the period from September 12 to 29, 2022, rotational control
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Fig. 21. Results obtained with CO, control.
of the outdoor unit was tested in demonstration lecture room 2. Fig. 24 between 0.1 and 0.2, as the compressor operated primarily in the start/
illustrates the relationship between the load factor and COP of the stop region. Furthermore, when the compressor was thermally acti-
southern system during this period, with additional details provided in vated, it operated at the lowest frequency, resulting in an average

Table 6. In the absence of control, the load factor consistently ranged evaporation temperature of 8.4 °C and a low COP of 3.15, as depicted on

12
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Fig. 23. Comparison of three types of ventilation control.

the left side of Fig. 25.

Conversely, with the implementation of rotational control, both
systems were active for 30 min/h. Although the load factor depicted in
Fig. 24 remained between 0.1 and 0.2, which is similar to the scenario
without control, the actual operational load factor effectively doubled to
approximately 0.2 to 0.4 for those 30 min. Consequently, as shown on
the right side of Fig. 25, the COP improved to 3.71, corresponding with

I-34

! -32 _
Without control | g
. -30 E
= 5
I |-
4 [ - 28 g
o [ 5
S 3 - -2 C
- e = g
2 - 24 g

1 - 22

0 - 20

0.0 0.2 04 0.6 0.8 1.0
Load factor

an increase in evaporation temperature to 10.7 °C, marking an
enhancement of 17.7 %.

In one of the outdoor unit systems, fan operation was controlled
rotationally, raising concerns about a potential increase in room tem-
perature on the thermo-off side. To investigate this aspect, we examined
the temperature history of a room with and without rotational control
(Figs. 26 and 27; sensor positions labelled as A2 in Fig. 15). The results
depicted in Fig. 26, without rotational control, exhibited minimal tem-
perature fluctuations at each sensor location. Conversely, Fig. 27, with
rotational control, exhibited temperature variations of approximately
0.5 °C in a 1-h cycle because of the 30-min airflow operation time.
Despite these fluctuations, it was confirmed that the indoor temperature
generally remained around 24 °C, consistent with the scenario without
rotational control.

3.4. Results of fan power reduction control

Fig. 28 illustrates the operation times for thermo-on and thermo-off
of the indoor units from January to December 2023 in demonstration
lecture room 2. The thermo-off time constituted 67.6 % of the total
operating time, indicating prolonged periods of inactivity. Table 7 de-
tails the power consumption of both outdoor and indoor units during
this period. Despite the indoor unit being a low-power cassette-type, it

Table 6
COP and load factor results.

COP (-) Load factor (—) Evaporation temp. (°C)
No rotation 3.15 0.13 8.4
With rotation 3.71 0.12 10.7
(17.7 %up)
- 34
.|I|| .

k=
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5 5 -30 §
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: = £
_ 4 = -28 g
E3 = g
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Fig. 24. COP with and without rotation control (hourly average value).
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Fig. 27. Indoor temperature (with rotation).

accounted for 9.9 % of the total power consumption. Thus, reducing the
fan power during thermo-off could potentially decrease power con-
sumption by 9.9 % x 67.6 % = 6.7 %.

Fig. 29 presents the results of a demonstration conducted from
February 28 to March 11, 2024, alternating between settings with and
those without rotational control. Comparing March 7 and 8, which had
similar outdoor temperatures (indicated with a red dotted line in the
figure), the thermo-on times were roughly equivalent. However, the fan
operation time during thermo-off was reduced by 81.1 %. The power

14

consumptions during this period are listed in Table 8. The fan power of
the indoor unit, which originally constituted 18.9 % of the total power
consumption, was reduced to 8.6 % through this control. Additionally,
by stopping the indoor unit fan, fine heating (*) was minimized, and the
power consumption of the outdoor unit was simultaneously reduced,
achieving an overall reduction of 26.5 %.

(* Operation to suppress refrigerant accumulation in indoor units).
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Fig. 28. Indoor unit thermo-on and thermo-off operation time.

Table 7

Annual power consumption.
Classification Power consumption [kWh] Percentage
Outdoor unit 8493.9 90.1 %
Indoor unit 937.5 9.9 %

4. Conclusion

In this study, a switchless VRF system was developed and evaluated
based on four key functionalities:

1. During the initial pre-cooling and pre-heating operations, the VRF
system demonstrated significant energy efficiency, achieving 18 %
energy savings in summer pre-cooling. In winter pre-heating, it
accomplished 21 % energy savings.

2. The human-detection ventilation control effectively modulated the
ventilation volume by real-time monitoring of the number of occu-
pants, resulting in approximately 35 % energy savings without
compromising thermal comfort.

4. A reduction in indoor-unit fan power led to an overall power con-
sumption decrease of 8.6 % by ceasing fan operation when the
thermostat was deactivated.

The findings confirm that the switchless control VRF system effec-
tively maintains comfort while reducing energy consumption. Previ-
ously, operation was conducted using remote controls installed in each
room, which often resulted in improper operation. However, by utilizing
the method presented in this study, it is possible to prevent such
improper operation while efficiently achieving the desired indoor
environment. Furthermore, this method can be applied even when
various air-conditioning layouts and sensor placements are freely
modified. This system will become a highly important technology in
accelerating the smart building transformation of small and medium-
sized buildings.

Table 8
Power Consumption.

Classification Mar. 7 Mar. 8
3. The rotatlo.nal control stratfegy enhan.ced the average COP of the Outdoor unit power consumption (kWh] 154 127
outdoor units by 17.7 %. This was achieved by operating one of the Indoor unit power consumption [KWh] 35 1.2
outdoor units in the fan mode during periods of low demand, (Indoor power/total power) (18.9 %) (8.6 %)
whereas the other remained in the cooling mode. total amount [kWh] 18.9 13.9
Reduction ratio - 26.5 %
150 20
Thermo-on time %)
125 Thermo-off time <
= 15 ¢
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Fig. 29. Results of fan power reduction control.
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