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Abstract: Building energy savings and occupant thermal comfort are the main issues in building
technology. As such, the development of energy-efficient heating, ventilation, and air-conditioning
(HVAC) systems and the control strategies of HVAC systems are emerging as important topics in
the HVAC industry. Variable refrigerant flow (VRF) systems have efficient energy performance,
so the use of VRF systems in buildings is increasing. However, most studies on VRF systems focus
on improving mechanical efficiency, with few studies on energy-efficient control while satisfying
the thermal comfort of occupants. The goal is to estimate the energy-saving potential of adjusting
the temperature set-points and dead-band (range) in VRF air-conditioned building. To do so,
we analyzed the influence of control strategies of a VRF system on human thermal comfort and
energy consumption using a simulation method. The results showed that energy consumption can be
reduced by 25.4% for predicted mean vote (PMV)-based control and 27.0% for the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) comfort range control compared
with the typical set-point temperature control of a VRF system. The indoor thermal environments
of the analyzed control strategies are controlled in the thermal comfort range, which is based on a
PMV at ±0.5. Compared with the typical set-point control, PMV and ASHRAE comfort range-based
control reduced the operation time of the compressor in the VRF system.

Keywords: variable refrigerant flow (VRF); extending temperature set-point; PMV comfort range;
ASHRAE comfort range; energy savings

1. Introduction

In 2018, about 40% of the total US energy consumption was consumed by the residential
and commercial sectors, which was mostly building-related [1]. As of 2018, heating, ventilation,
and air-conditioning (HVAC) energy demand constituted 30% of commercial and 39% of residential
building primary energy consumption by end use in the US [2]. In Europe, space heating and
cooling energy demand is around 64% in residential buildings and around 53% in commercial
buildings [3]. Increased building stock and reliance on the HVAC systems have led to a significant
increase in building energy usage in the world. Also, the growing demand for better thermal comfort
requirements of occupants has resulted in increased HVAC energy consumption [4]. Developing
energy-efficient HVAC systems is essential to preserve both consumers from increasing power rates
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and the adverse environmental effects of greenhouse gas emissions due to the use of energy-inefficient
HVAC appliances. There are several methods to implement efficient HVAC systems with the rapid
change of technology [5]. In addition, the development of HVAC system control that changes according
to environmental conditions will minimize the energy load of the building [6–10]. The combination of
the energy-efficient HVAC systems and the optimal control method for that system can achieve an
optimized balance between energy usage and thermal comfort [6].

Variable refrigerant flow (VRF) systems are known to have high energy efficiency among HVAC
system types for space heating and cooling in buildings. VRF systems were first introduced in Japan in
the 1980s, and they became popular in many countries. The technology of VRF systems gradually
expanded its market presence, reaching European markets in 1987 [11]. Currently, VRF systems have
become one of the most widely used systems in commercial buildings in the US [12]. The American
National Standards Institute (ANSI)/Air-Conditioning, Heating, and Refrigeration Institute (AHRI)
released a standard of performance rating for VRF systems in 2010, which encouraged a gradual
expansion of VRF systems in US markets [13].

In retrofit situations for HVAC systems, a VRF system can be an ideal application for ductless
systems because it can minimize additional ductwork compared to ducted systems [14]. The multi-split
VRF system consumes less energy than the typical air-conditioning systems such as constant air
volume (CAV), variable air volume (VAV), and fan-coil unit (FCU) plus fresh air in the cooling season.
Furthermore, since the VRF systems can be individually controlled or zone controlled, they provide
better thermal comfort compared to other typical systems [15]. VRF systems showed energy saving
of about 40–53% compared to the VAV systems depending on the set-point temperature value and
control mode [16,17].

Conventional air-conditioning systems are generally used as a controlled parameter of air
temperature, which is determined by design criteria at the design stage and has a specified range [18].
A VRF system can use electronic expansion valves (EEVs) and variable-speed drive (VSD) compressors
for precise control of the system [19]. The VSD compressor can evaluate the deviation between the load
and system capacity to linearly regulate the refrigerant flow rate so that it provides control flexibility
and accurate system capacity control [20]. The coefficient of performance (COP) of the multi-split VRF
system has a high part load performance, so it shows high efficiency in the space where the partial
load conditions occur [21–23]. Therefore, a method implemented with high energy efficiency is to
control the frequency changes of the compressor frequency according to the partial load. Park et al. [24]
analyzed the VRF system performance with variations in the operating frequency of the compressor
and cooling load. They proposed a system simulation program to analyze the relationship among the
COP and openings of EEVs and operation frequency. Choi et al. [25] explored the performance of an
inverter-driven VRF system by changing the EEV opening and compressor speed according to various
indoor loads. Lin et al. [26] proposed a feedback controller design for multi-evaporator air-conditioners
(MECAs) to control the variable-speed compressors and variable-opening expansion valves properly.
Wu et al. [27] proposed a control strategy and a dynamic model for MECAs. Compressor speed is
controlled by the suction pressure, and the opening of the individual expansion valve was adjusted
according to the change in room air temperature. The controller incorporates a self-tuning fuzzy
algorithm for automatic correction. Tu et al. [28] proposed the control strategy for digital scroll
compressor switching and developed a model to control compressor output capacity. The results
showed that the proposed control strategy was reliable and showed high control accuracy of the air
outlet temperature.

These studies [19–28] mainly focused on the control method of EEVs to set the refrigerant flow rate
to achieve an optimal refrigeration effect; they also focused on improving the efficiency of mechanical
factors for better energy performance. They did not study the energy-saving potential through more
energy efficient system operation such as adjusting the temperature set-points or deadband of the
VRF system.
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The behavior of building facility managers or occupants to increase building energy performance
based on efficient systems management is called human-based retrofits [29]. Action to improve energy
performance includes the use of optimal set-point temperatures of the HVAC system, dimming lighting
system, and the use of high-efficiency equipment. Recent studies have shown that savings of up to 20%
of total energy consumption in the building are achieved by adjusting the set-point temperature [30–32].

The set-point temperature of HVAC systems plays an important role in energy consumption
and human thermal comfort [33,34]. Many countries are proposing and implementing a method to
reduce the energy consumption of buildings by raising the set-point temperature during cooling.
The Japanese government launched the ‘Cool Biz’ campaign in 2005 [35], which set the minimum cooling
set-point temperature to at least 28 ◦C over in summer, and relaxed the dress code of occupants [36].
Similar campaigns such as ‘Cool Asia’ [37], ‘Cool UN (United Nations)’ [38], and ‘Cool Work’ [39]
campaigns followed. Despite the apparent success of these campaigns, some warned that increasing
the cooling set-point could adversely affect productivity and thermal comfort [40].

The main indicators used to estimate thermal comfort are the thermal comfort range (temperature
and humidity), predicted mean vote (PMV) [41], and actual thermal sensation vote. The PMV
index is most commonly used in studies as the control variable of an HVAC system for thermal
comfort [36,42–46]. The PMV index has been used as an objective variable to control optimal energy
consumption and thermal comfort using combined computational fluid dynamics (CFD) and an
artificial neural network (ANN) [47–49]. In addition to the PMV index, several studies have been
conducted to assess the control parameters of HVAC systems using dry bulb temperatures (DBT)
and relative humidity (RH) ranges in the comfort zone in Psychometric charts [50] and use of the
operative temperature (OT) [51]. This allowed them to determine the optimal temperature based
on the Fanger [41] and American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) comfort zone [52].

Many studies have proposed control strategies of air conditioning systems for thermal comfort
and energy saving through experiments and simulations. Most of them are conducted for the typical
centralized HVAC system, but the energy-efficient operation strategies for the VRF system have rarely
been studied. Unlike conventional air conditioning systems, the VRF system can be individually
applied and controlled to achieve each room condition. The possibility of individual control makes
this system more cost and energy efficient.

The motivation for this paper comes from the fact that the VRF system has more controllability
than the existing air-conditioning system. Various studies have shown that when occupants can
control the thermal environment, the tolerance for inconveniences increases and results in energy
saving [53,54]. However, conventional HVAC control, it is difficult to sense or input many variables
in real time control. The rapid development of Internet of Things (IoT) technology has made it very
easy to implement complex control logic. The goal of study is to evaluate the energy-saving potential
of adjusting the temperature set-points and deadband (range) based on the new control logic in a
VRF air-conditioned building. To do so, we analyzed the influence of control strategies used for
the VRF system on human thermal comfort and energy consumption by the simulation method.
The conventional predetermined set-point temperature control of VRF system was compared to the
extended temperature set-point control base on the existing thermal comfort index, PMV index, and
ASHRAE comfort zone. The indoor thermal environment was controlled such that the residents were
in a thermally comfortable range.

Therefore, this paper is presented with new perspectives and contributes to three main aspects.
First, this study provides researchers and experts, who are in the fields of building science and facility
management, with a better understanding of the energy saving potential of human-based retrofitting.
Second, focusing on the VRF system as an air-conditioning system fills the gap in the current literature.
Finally, this study analyzes the impact of the VRF system’s control strategy on human thermal comfort
and energy consumption.
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The paper is structured as follows. In Section 2, we describe the indoor temperature-control logic
of the VRF system, as well as applications of control logic in this study. Section 3 discusses the analysis
method, including simulation method and modeling. In Section 4, we present the energy-saving
performance, system operation characteristics, indoor temperature control, and occupant thermal
comfort and discussed their implications. Finally, Section 5 concludes the paper by summarizing the
main finding and suggesting ideas for future work.

2. Indoor Temperature Control Strategies

2.1. Set-Point Control

Set-point temperature control, which is the traditional control method, is a simple and highly
usable control method. Thus, it is used in many buildings with a VRF system. This control method
generally uses on/off control of a compressor in an outdoor unit. Already established comfort
benchmarks of ASHRAE 55-2017 [52], ‘Thermal Environment Conditions for Human Occupancy’,
recommend a summertime thermal comfort zone of 23–26 ◦C. In this study, the action of typical
set-point temperature control with a VRF system has a 26 ◦C set-point temperature for cooling and a
set-point temperature deadband that is set to range from –1 ◦C to +0.5 ◦C.

2.2. Predicted Mean Vote (PMV) Comfort Control

PMV comfort range control is based on the PMV comfort indicator [52,55]. The PMV value is
determined based on environmental factors such as DTB, RH, mean radiant temperature (MRT), and
air velocity. In this study, the individual factor was set to 1.1 met of activity level and 0.5 clo of clothing,
representing the summer condition in a classroom, which is assumed to be constant.

PMV comfort range control is modeled to repeat the on/off cycle of cooling, which satisfies the
comfort range by the partial load operation of the compressor as well as the set-point temperature
control model.

The dead-band of the PMV comfort range was set at −0.5 to +0.5, which is the thermally acceptable
range in the PMV scale. One cycle of the system is defined as on (cooling) and off, and the steps for the
cycle are shown in Figure 1. When the PMV of the indoors is +0.5 or higher, the compressor operates
and continues cooling until it reaches a PMV of −0.5. In the range where cooling is required, the
compressor performs the partial load operation according to the indoor condition. When the PMV
reaches a −0.5 value, the compressor and the indoor unit remain non-operational and in the off state
until the PMV of the indoors reaches a +0.5 value.
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Figure 2 shows the algorithm of PMV comfort range control. Depending on the range of the PMV,
the operation of the compressor is determined, and the compressor’s speed changes in the PMV level.
As shown in the algorithm, if the PMV range changes when the compressor is operating at high speed,
the compressor speed decreases.
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2.3. American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Comfort
Range Control

The graphic comfort zone method of the ASHRAE [52] suggests a thermal comfort range based
on OT and humidity. This method is limited to occupants with metabolic rates between 1.0–1.3 met
and clothing insulation 0.5–1.0 clo at an average airspeed of less than 0.2 m/s. There are two comfort
zones, summer comfort zone and winter comfort zone, based on the value of clothing insulation for
summer and winter.

The ASHRAE Graphic Comfort Zone is limited to the maximum humidity ratio value of 0.012 kg/kg’.
This comfort zone does not suggest the minimum humidity range. However, at low levels of indoor
humidity, negative health implications have appeared like “dry eyes” and “dry skin” [52]. Some studies
about Indoor air quality (IAQ) recommend a lower limit of 40% relative humidity [56–58]. Therefore,
the relative humidity range for a comfort zone in this study is controlled to be between 40% and 60%.

The comfort range of cooling in the ASHRAE comfort zone is defined as 24–27 ◦C of the indoor
OT, and RH is recommended between 40% and 60%. Two parameters, OT and wet bulb temperature
(WBT), are used to control the system. WBT, which can consider both the dry bulb temperature and
humidity, is used as a control variable because it is difficult for the relative humidity to reflect the
indoor actual humidity level. The control rage of the WBT was set from 16 ◦C to 20 ◦C considering the
OT and relative humidity of the comfort zone in this control method.

Figures 3 and 4 show the concept of one cycle and the algorithm in the ASHRAE comfort range
control, respectively. This control has two major steps for cooling control. One is the determination of
whether the cooling operation is performed according to the indoor OT range. The second is partial
load operation by the indoor WBT range under cooling. The VRF systems benefit from part load
conditions, and operation under these conditions can reduce a lot of energy. In the comfort range of
the OT, the compressor speed is gradually decreased to the temperature decrease of the WBT. In this
control scheme, the difference from the two previous control modes (set-point control and PMV comfort
range control) is that the indoor unit fan operates even when the cooling is off. The air blowing mode
is a control method for generating an air flow in the room by operating only the indoor fan without
operating the compressor, thereby maintaining the thermal comfort of the occupant for a long time.
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3. Methods

3.1. Field Measurement

A field measurement was conducted to investigate the energy saving performance and thermal
comfort of VRF system with the proposed control logic in the previous study. The analyzed space was
about 60 m2 occupied by 10 people (8 male and 2 female) and the experiment was conducted from 15 July
2018 to 15 August 2018. Two indoor units of VRF system were installed, each of which handles the thermal
load of the interior zone and perimeter zone. The VRF system was controlled by set-point temperature
control and PMV comfort range control. The variables necessary for calculating PMV are collected by
sensors. Air temperature and humidity sensors, air wind speed sensors, and globe temperature sensors
for MRT are installed for PMV control in this space. All data were recorded at 5-min intervals. Figure 5
shows the target space and the measurement sensor positions. In order to analyze the energy consumption
characteristics according to the indoor cooling operation mode under the same ambient temperature, the
set temperature control and PMV control were repeated on a daily basis.

A web-based survey program to investigate the occupants’ thermal sensing vote (TSV) and
comfort sensing vote (CSV) was developed (Figure 6). The survey was accomplished at 1 h intervals.
The survey program notified the occupant to express their thermal comfort with a pop-up menu
through their PC. The responses of the occupant were accumulated in a server computer.
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Figure 6. Web-based survey program.

Thermal sensations were informed on the ASHRAE 7-point scale [54]. Based on the scale
developed by Zhang, the thermal comfort scale was used [59]. The background questionnaire of
subjects was prepared before the experiment and dealt with demographic data, as well as situational
and psychological factors that could affect the thermal responses to the environment.

The clothing of the male subjects were 0.65 clo (men’s briefs, T-shirt, ankle-length socks,
short-sleeved shirt, overalls, shoes), and those of the female subjects were 0.55 clo (bra, panties,
T-shirt, stockings, shoes, skirt(thin), long-sleeve dress shirt). The clothing insulation was calculated
using clo data provided by ISO 7730 [56] and ASHRAE 55 [52]. The subject’s metabolic rate was 1.1 met
(sitting), which used data from ASHRAE 55.

Figure 7 shows the daily electric consumption of 26 ◦C set-point temperature control and the PMV
control for the day when the outdoor temperature condition was almost same in the field measurement
data. Accumulated electric usage showed a decrease of about 24% in PMV control comparison with
the set-point control. In the previous study, the PMV control confirmed the applicability of VRF system
control and showed that energy saving is possible. In Sections 3 and 4, we will evaluate the effect of
PMV control on VRF cooling energy demand during the summer season through simulation.
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Figure 7. Comparison of variable refrigerant flow (VRF) electric energy consumption (set-point control
and PMV control).

Figure 8 shows the survey results of occupants’ thermal comfort when the indoor thermal
environment was controlled by set-point temperature control and PMV control. In a case with a room
temperature of 26 ◦C (78.8 ◦F), about 53.1% of the occupants felt “comfortable” and 38.3% were “slightly
comfortable”. About 91.4% of all subjects reported that the thermal comfort level was acceptable.
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Figure 8. Survey results of the occupants’ thermal comfort (set-point control and PMV control).

However, in a case with the PMV control, “comfortable” and “slightly comfortable” were reported
at 40.5% and 46.2%, respectively, about 86.8% of all subjects felt that the thermal comfort level
was acceptable.

The field measurement results confirmed that the PMV base control of the VRF system proposed
in this study has the energy saving effect while not compromising the occupants’ thermal comfort.

3.2. Simulation

Energy simulations were carried out to analyze the thermal comfort and cooling energy demand
for the VRF system mentioned in Section 2. The performance of the VRF system was simulated in
TRNSYS for various control strategies [60]. The VRF system consists of an outdoor unit and several
indoor units. The VRF system maintains the zone air temperature at the set-point by changing the
refrigerant flow rate through a VSD compressor and EEVs. The components for implementing the VRF
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systems were all simulated in TRNSYS [61]. The VRF system simulation model was used to match a
real product’s performance at rated conditions and perform simulations for all the required operating
condition ranges to generate maps as input to the TRNSYS analyses. The TRNSYS simulations have
independent controls for each indoor terminal unit for turning the units on and off and altering the
indoor air flow rate to control the zone temperatures. Controls were set up in TRNSYS to automatically
switch the modes.

The simulation method was set up in this study as shown in Figure 9. According to the control
variable of the control strategies, the parameters of the target space are measured, and the operation
signal was sent to the outdoor unit for the demand of the partial load. The outdoor unit, which
receives the operating signal, evaluates the supply air temperature, humidity, and power consumption
depending on the performance curve of the VRF. The indoor unit uses the supply air temperature and
humidity ratio from the calculated cooling capacity in the outdoor unit and controls the air flow rate
from the fan signal of the control component.
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Figure 9. Schematic diagram of thermal performance of a system air conditioner and energy recovery
ventilator (ERV) by simulation.

An energy recovery ventilator (ERV) was added to the VRF system because school buildings
are legally required to be equipped with ventilation systems in Korea. The ventilation rate of the
conditioned space was modeled to use the same conditions in each case.

The target building is a classroom in a high school in Gimpo, South Korea. Figure 10 shows the
floor plans of the classroom. The number of occupants is 30 persons in the classroom, and this number
is based on the School Green Building Certification System in Korea [62]. For the PMV calculation, the
students were assumed to wear 0.5 clo of clothing and have a 1.1 met activity level. Occupancy and
system operation schedules were set to range from 9:00 to 17:20. The building construction of the target
building was modeled according to the energy saving design standards of buildings in Korea [63].
The simulation cases and conditions are presented in Tables 1 and 2, respectively.

The VRF system and the ERV system were installed in this classroom. The VRF system used
capacity according to the cooling load of the classroom, and the ERV system also considered the
ventilation requirement of classroom occupancy. Constant ventilation was applied in the occupancy
schedule. The system performance and specifications are shown in Table 3.
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Table 1. Summary of analyzed cases.

Cases
Case 1: Case 2: Case 3:

Set-Point Control PMV Comfort Range Control ASHRAE Comfort Range Control

Cooling Control Mode Variable Dry-Bulb
Temperature (DBT) PMV Operative Temperature (OT)

Wet-Bulb Temperature (WBT)

Range/Value 26 ◦C between −0.5 and +0.5 OT: 24–27 ◦

CWBT: 16–20 ◦C

Ventilation Energy Recovery Ventilator (ERV)

Table 2. Simulation conditions.

Weather Data TMY2 (Seoul, Korea)

Location Gimpo, Korea

Period July

Analysis space J high school classroom (Figure 7)—red rectangle area (67.24 m2)

Cooling set point
Case 1: 26 ◦C (DBT)

Case 2: between −0.5 and 0.5 (PMV)
Case 3: 26–27 ◦C (OT) and 16–20 ◦C (WBT)

Heat gain
Person (seated, light writing) Sensible heat: 65 W, Latent heat: 55 W

Lighting 10 W/m2

Equipment 140 W

System operation Schedule 09:00–17:20 (on), Another hour (off)

Table 3. VRF and ERV systems.

VRF system
Total cooling capacity 8.3 kW

Rated cooling coefficient of performance (COP) 3.8

Air flow rate/Power consumption 1260 CMH/35 W

ERV system
Power consumption 290 W

Heat exchange rate 71% (sensible), 44% (latent)

Air flow rate 800 CMH

4. Results and Discussion

Table 4 shows the energy consumption per unit area for a classroom using each control strategy
during July. The extension of the VRF system set-point temperature with a PMV comfort range
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(−0.5 ≤ PMV ≤ +0.5) and ASHRAE cooling comfort zone showed the energy savings about 25.4% for
the PMV comfort range control and 27.0% for the ASHRAE comfort range control in comparison
with the set-point temperature control. The energy consumptions of the VRF system during July
was 3.18 kWh/m2 for the set-point temperature control, 2.37 kWh/m2 for the PMV comfort range
control, and 2.32 kWh/m2 for the ASHRAE comfort range control. The energy recovery ventilator
(ERV) consumed the same energy in all controls because it operated on the same control schedule.

Table 4. Energy savings summary.

Control Mode
VRF System ERV

System
Total Energy and

Percentage of Energy
SavingCompressor Indoor Unit Fan Outdoor Unit Fan Sum Sum

(kWh/m2
·month) (kWh/m2

·month, %)

Set-point control 3.03 0.06 0.09 3.18 1.18 4.36 (-)
PMV comfort range control 2.25 0.05 0.07 2.37 1.18 3.55 (25.4%)

ASHRAE Comfort range control 2.16 0.10 0.07 2.32 1.18 3.50 (27.0%)

This stacked bar graph in Figure 11 shows the percentage of time used on operations, which are
compressor on (each compressor speed), compressor off, and the blowing mode of the indoor unit in
the VRF system. The results indicate that the compressor on set-point temperature control operates for
more time in the high-speed mode than the other controls. Since the outdoor fan of the VRF system
ran simultaneously with the compressor, it was proportional to the time of compressor operation in
each control. The energy consumption of an indoor fan in the ASHRAE comfort range control, which
had a blower mode, was about twice that of other controls. The compressor operation times were 68%
of the total time in the set-point temperature control, 54% in the PMV comfort range control, and 49%
in the ASHRAE comfort range control.Energies 2020, 13, x FOR PEER REVIEW 12 of 17 
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Figure 11. VRF system operation behavior (July).

Table 5 shows the dry-bulb temperature control behaviors of each control mode on 24 July. The
average outdoor temperature was 27 ◦C, and the relative humidity was 79.4% on 24 July, which
represents summer conditions in Korea. In the set-point temperature control mode, the indoor dry-bulb
temperature was controlled to an average of 25.7 ◦C, and the range was 25 ◦C to 26.8 ◦C. In the PMV
comfort range control mode, the average indoor temperature was 24.7 ◦C, and the range was 22.2 ◦C to
27.2 ◦C. In the case of the ASHRAE comfort range control mode, the average indoor temperature was
24.6 ◦C, and the range was 22.0 ◦C to 27.2 ◦C.
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Table 5. Indoor dry-bulb temperature control behavior (24 July).

Distribution
Set-Point Control PMV Comfort Range Control ASHRAE Comfort Range Control

(◦C)

Maximum 26.8 27.2 27.2
75th percentile 26.3 26.0 25.9

Median 25.7 24.7 24.6
25th percentile 25.4 23.4 23.1

Minimum 25.0 22.2 22.0

Figure 12 indicates the indoor air control behavior for one cycle of each control strategy in a
psychrometric chart. One cycle in each control means the on/off cycle of the compressor in the outdoor
unit. In the set-point temperature control, one cycle was 10 min, and the compressor operated for
7 min. The indoor operative temperature was maintained in the range of 26.6 ± 0.4 ◦C.
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Figure 12. Indoor air control behavior.

The PMV comfort range control and the ASHRAE comfort range control had a single cycle of
32 min and 36 min, respectively, and the compressor of both controls operated for about 19 min.
One cycle of the ASHRAE comfort range control extended the comfort period due to the blowing mode
in this control. In the PMV control, when the PMV exceeded +0.5 at about 26.7 ◦C (DBT) and 52% (RH),
cooling started. When the PMV fell below −0.5 at about 22.8 ◦C (DBT) and 48% (RH), the outdoor unit
stopped. ASHRAE comfort control also showed an expansion temperature range. The temperature
range was also extended from DBT of 22.3 ◦C and RH 48% (OT was 24 ◦C and WT was 16.8 ◦C) to DBT
27.2 ◦C and RH 58% (OT was 26.8 ◦C and WT 20.6 ◦C).

As shown in Figure 13, even though the indoor air temperature control range of the VRF system
was expanded by the PMV comfort range control and ASHRAE comfort zone control, all three control
modes satisfied the thermal comfort of residents with PMV between −0.5 and +0.5. The set-point
temperature control had a small variation range of PMV because the control variable was constant with
a narrow deadband. On the other hand, the PMV comfort range control and the ASHRAE comfort
range control showed relatively wide PMV changes.
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The results presented in this paper suggest that the current set-point temperature control of
the VRF system should be reconsidered. VRF systems are operated in individual or zonal control,
and this characteristic makes this system more cost and energy efficient. About 20% of the cooling
energy consumption can be avoided by properly extending the set-point temperature range without
compromising occupant thermal comfort. This evidence demonstrates the possibility of a human-based
retrofit that does not require additional cost.

The current set-point temperature control range is too narrow, and the indoor air temperature
was controlled in a range of 25.4 ◦C to 26.3 ◦C, with PMV ranging from 0.28 to 0.44. On the other
hand, when the cooling control range of the VRF was set according to the PMV comfort range or the
ASHRAE comfort zone, the indoor air temperature was in the range of 23.1 ◦C to 26 ◦C, and the PMV
expanded from −0.27 to +0.29.

Set-point temperature control was widely applied because of its simplicity and low cost. Sensing
the indoor air temperature is sufficient as a control element in this control method. However, the PMV
based control needs to sense or input more variables such as indoor thermal environmental factors
(DBT, RH, MRT, air velocity) and individual factors (metabolic rate, met; clothing, clo). Also, ASHRAE
comfort zone-based control was determined based on the OT and WBT, but the indoor DBT, MRT, and
RH should be measured. In conventional HVAC control, it is difficult to sense or input many variables
in real-time control. This is why PMV-based control and ASHRAE comfort zone-based control have
already been proposed but are difficult to use as actual control logic.

However, recent breakthroughs in Internet of Things (IoT) technology have made it possible to
implement complex logic very easily, which was previously difficult to implement in air-conditioning
control [64]. IoT can change the monitoring and control that are possible by collecting and analyzing
information data of the HVAC system. Acquisition of various information is not limited to heating,
cooling, ventilation, cooling, and refrigeration and enables overall energy efficiency and operating cost
management. The VRF system is a highly efficient technology and has been widely used in current
HVAC systems. It has become one of the main systems of commercial buildings in the world. Linking
the IoT to the VRF systems provides opportunities to improve energy efficiency and operational
performance by connecting it to other data sets. As future work, we plan to validate our findings of
this study through field measurements with an IoT-based control system in existing office buildings.

5. Conclusions

The goal of this study is to assess the energy-saving potential of adjusting the temperature
set-points and deadband (range) in a VRF air-conditioned building. The energy saving potential of the
control strategies of the VRF system without compromising human thermal comfort was analyzed
by simulation methods. The conventional predetermined set-point temperature control of the VRF



Energies 2020, 13, 2160 14 of 17

system was compared to the extended temperature set-point control based on the existing thermal
comfort index, PMV index, and ASHRAE comfort zone.

In the field measurement results, the electric consumption of VRF with the PMV control showed a
decrease of about 24% compared with the 26 ◦C set-point control. The results of occupants’ thermal
comfort showed that about 86.8% of all subjects felt an acceptable thermal comfort level which is
comfortable and slightly comfortable. The results of simulation showed that the PMV comfort range
control and ASHRAE comfort range control reduced the compressor operation time by 21% and
28%, respectively, and the total energy consumption by 25.4% and 27% compared to the set-point
temperature control of the VRF system.

All the control methods analyzed in this study showed that the indoor thermal environment
was controlled within a comfort range of PMV at ±0.5. The indoor temperature was controlled in
too narrow a range of 25.4 ◦C to 26.3 ◦C for the set-point temperature control. The resulting thermal
environment of PMV ranged from 0.28 to 0.44. The indoor temperature dead-band and resulting
PMV range was expanded for the PMV comfort range and the ASHRAE comfort zone control, and
the indoor air temperature was in the range of 23.1 ◦C to 26 ◦C, while the PMV expanded from −0.27
to +0.29. If we simply use the expanded temperature range for indoor air control from this result,
it will demonstrate the possibility of human-based energy saving potentials that do not require the
additional cost associated with a VRF system control. The findings presented in this paper can help
building operation managers to better understanding the energy saving potential of a human-based
retrofit of the VRF system that does not require additional cost. In addition, the proposed VRF control
logic in this study can be implemented in actual buildings equipped with a VRF system. The reason
why the control logic discussed in this study can be actually applied is that the proposed control
logic ensures the thermal comfort of the occupant. As future work, field measurements for energy
saving performance of the VRF system with the proposed control logic in this paper will be obtained
in existing office buildings.
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