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Abstract: This paper developed an algorithm that controls the supply air temperature in the variable
refrigerant flow (VRF), outdoor air processing unit (OAP) system, according to indoor and outdoor
temperature and humidity, and verified the effects after applying the algorithm to real buildings.
The VRF-OAP system refers to a heating, ventilation, and air conditioning (HVAC) system to
complement a ventilation function, which is not provided in the VRF system. It is a system that
supplies air indoors by heat treatment of outdoor air through the OAP, as a number of indoor units
and OAPs are connected to the outdoor unit in the VRF system simultaneously. This paper conducted
experiments with regard to changes in efficiency and the cooling capabilities of each unit and system
according to supply air temperature in the OAP using a multicalorimeter. Based on these results,
an algorithm that controlled the temperature of the supply air in the OAP was developed considering
indoor and outdoor temperatures and humidity. The algorithm was applied in the test building to
verify the effects of energy reduction and the effects on indoor temperature and humidity. Loads were
changed by adjusting the number of conditioned rooms to verify the effect of the algorithm according
to various load conditions. In the field test results, the energy reduction effect was approximately
15-17% at a 100% load, and 4-20% at a 75% load. However, no significant effects were shown at a
50% load. The indoor temperature and humidity reached a comfortable level.

Keywords: variable refrigerant system (VRF); outdoor air processing unit (OAP); control algorithm;
experiment; field test; energy savings

1. Introduction

The variable refrigerant flow (VRF) system was developed in Japan in 1982 [1], and entered the
heating, ventilation, and air conditioning (HVAC) market in Europe in 1987 [2]. Currently, the VRF
system market has expanded to China, South Korea, United States, Brazil, Turkey, and India.
The market continues to grow, numbering 1.3 million units in 2014 and its market value has reached
US $9.7 billion. The Building Services Research and Information Association (BSRIA) reported that the
compound annual growth rate of the VRF system market from 2013 to 2018 will be 11%, and seems to
show a substantial growth rate [3].

The VRF system consists of a single outdoor unit and multiple indoor units. The main components
of the outdoor unit are a compressor and a condenser, and those of the indoor unit are evaporators and
expansion valves. The outdoor unit and each of the indoor units are connected with the refrigerant
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pipe, and a refrigerant that is not harmful to the human body, such as R410a, is supplied to the indoor
unit directly, thereby processing the indoor heat load at the heat exchanger inside the indoor unit.
The VREF system varies the refrigerant flow rate using a variable speed compressor(s) in the outdoor
unit, and the electronic expansion valves (EEVs) located in each indoor unit. The system meets the
space cooling or heating load requirements by maintaining the zone air temperature at the set-point.
The ability to control the refrigerant mass flow rate, according to the cooling and/or heating load
enables the use of many indoor units with differing capacities in conjunction with one single outdoor
unit. This unlocks the possibility of having individualized comfort control, simultaneous heating and
cooling in different zones, and heat recovery from one zone to another. It may also lead to more efficient
operations during part-load conditions [4]. However, regions where the VRF system has been adopted,
including the USA, lack the recognition of the benefits of the energy efficiency in the VRF system.
Furthermore, additional ventilation equipment is needed in existing VRF systems to complement the
ventilation function, and various solutions need to be developed to overcome functional limitations
of the VRF system, such as lack of solutions concerning optimal control and integration with other
equipment [5,6].

Numerous researchers have studied the energy efficiency of the VRF system for many years.
Several performance evaluation methods have been proposed for VRF systems: methods using
performance indices, such as energy efficiency ratio (EER), coefficient of performance (COP),
and seasonal energy efficiency ratio (SEER) [7,8], using the measured operational data in field tests [2,9],
using simulation which is available to evaluate at the same boundary conditions, such as outdoor air
condition and internal heating [10-14].The performance evaluations through the above methods
reported that the VRF system had energy reduction effects of 40% to 60% compared to that of
existing central HVAC systems, although there were some difference depending on operational
method of the HVAC systems, buildings, and climate. In addition, studies have been conducted on
solutions of efficient operation of the VRF system in actual buildings, in which refrigerant evaporation
temperature (cooling) and high pressure (heating) were controlled according to load at partial load
conditions, thereby reducing the needed energy while maintaining a comfortable indoor thermal
environment [15,16].

The ventilation solutions in buildings where VRF systems were installed were as follows:
Park et al. proposed energy recovery ventilation (ERV) and a dedicated outdoor air system (DOAS) [17],
and Aynur et al. conducted evaluations on indoor thermal environments and energy consumption,
while adopting the heat pump desiccant (HPD) [18-20]. Zhu et al. introduced a new combination of
for HVAC system, as roof top unit (RTU) was used as the OAP in the VRF system, and proposed and
evaluated control strategies, energy performance, thermal comfort, and indoor air quality (IAQ) for
the system [21].

Im et al. [6] adopted the OAP as ventilation equipment for the VRF system. However, in contrast
with the OAP, which had additional heat source equipment, including compressors, this study targeted
an HVAC system that processed outdoor air loads by supplying refrigerants from the outdoor unit
as an outdoor unit in the VRF system. This VRF system was connected to OAP along with multiple
indoor units (hereafter referred to as VRF-OAP system) (Figure 1). In the VRF-OAP system, multiple
indoor units and the OAP are connected to a single outdoor unit simultaneously. Thus, controlling the
refrigerant flows is more difficult and important than that of the existing VRF system. Furthermore,
outdoor air ingested by the OAP is air that is higher or lower in temperature than the indoor
temperature. If the thermal load of the outdoor air is not completely processed and introduced to the
indoor environment, negative impacts on the comfort of the indoor occupants is much greater than
that of the indoor units that process the thermal loads of the indoor air. Because of this, the refrigerant
flow control in the VRF-OAP system has been designed to have more flows to the OAP than to the
indoor units, and most of the refrigerants inside the system are introduced to the OAP. Thus, the design
guide suggests that the OAP capacity should be less than 30% of the outdoor unit capacity to prevent
a lack of cooling and heating capacity in other connected indoor units. Im et al. compared the energy
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consumption and the indoor thermal environments at various partial load conditions with regard to
the VRF-OAP system, a conventional roof top unit (RTU), and a variable air volume (VAV) system,
thereby proving the superiority of the VRE-OAP system.
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Figure 1. Schematic of OAP system. (a) Conventional OAP system; (b) Target VRF-OAP system.

This paper developed a control algorithm of the supply air temperature in the OAP as a method
to use the VRF-OAP system more efficiently in buildings. The control algorithm of the supply
air temperature in the OAP refers to a control that increases the overall energy efficiency in the
system, while maintaining a comfortable state in the indoor environment, by adjusting the refrigerant
flow introduced to the OAP and the indoor unit appropriately through the supply air temperature
control in the OAP, according to the indoor and outdoor temperature and humidity conditions during
cooling operations. In this paper, changes in processing of sensible and latent heat in the VRF-OAP
system and energy efficiency were investigated according to the supply air temperature through
multicalorimeter experiments first, and then the control algorithm of the supply air temperature in the
OAP was developed based on the investigation results. Furthermore, the algorithm was mounted to
the VRF-OAP system installed in the test building to verify the algorithm effects in a real building.
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2. Investigation of Cooling Capability and Efficiency According to Supply Air Temperature of
OAP through Experiments

2.1. Experimental Method

The changes in the processing of sensible, latent heat, and changes in the energy efficiency ratio
(EER) were measured according to the supply air temperature in the OAP of the VRF-OAP system
using a multicalorimeter.

Figure 2 shows the configuration of the multicalorimeter and installation status of the VRF-OAP
system. Tables 1 and 2 present equipment specifications of the multicalorimeter and VRF-OAP
system. The multicalorimeter consists of a single outdoor chamber that reproduces the outdoor air
environment and two indoor chambers (indoor chamber 1, indoor chamber 2) that reproduces the
indoor environments. In the outdoor chamber, there is one outdoor unit, and in the indoor chamber 1
and indoor chamber 2, eight indoor units and one OAP were installed. In addition, two code testers
were installed in indoor chamber 1, and four indoor units were connected to each of the code testers.
In indoor chamber 2, the OAP was connected to a single code tester. The indoor unit was installed
to suck the air inside the indoor chamber directly, and OAP was installed to suck the air from the
outdoor chamber through the duct. The cooling capacity that was controllable in the outdoor chamber
was 14.5-145.3 kW, resulting in a range of air temperature that was —30-60 °C, and the range of
relative humidity was 5-90%. Cooling capacities that were controllable in indoor chamber 1 and
indoor chamber 2 were 5.8-58.1 kW, resulting in a range of air temperature that was 0-50 °C, and the
range of relative humidity was 10-90%. Each of the chambers can maintain constant temperature and
humidity control and satisfy a repeatability error of 2%. The installed outdoor unit has 81.2 kW
of cooling capacity and 8.79 kW of integrated cooling power input. The indoor unit has 7.2 kW of
cooling capacity and 130 W of power input, and OAP has 22.4 kW of cooling capacity, and 300 W of
power input. In addition, the temperature and humidity of air inside the chamber, the temperature
and humidity of the air in the inlet and outlet of the indoor unit, the temperature and humidity of air
in the inlet and outlet of the OAP, the air pressure difference inside the code tester, and the power
consumption of all equipment was measured and monitored. The cooling capacities of the indoor unit
and the OAP were calculated by the air enthalpy method, using the measured air temperature and
humidity in the inlet and the outlet, the air pressure difference inside the code tester, and the cooling
capacity of the outdoor unit. The cooling capacities of all indoor units and the OAP were summed.
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Figure 2. Configuration of the multicalorimeter and installation status of the VRF-OAP system.
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Table 1. The specification of Multicalorimeter.

Item Outdoor Chamber Indoor Chamber1 Indoor Chamber 2
Cooling capacity 14.5 kW-145.3 kW 5.8 kW-58.1 kW 5.8 kW-58.1 kW
Temperature range —30-60 °C 0-50 °C 0-50 °C
Relative humidity range 5-90% 10-90% 10-90%
Accuracy +2% +2% +2%
Repeatability +2% +2% +2%
Air flow rate 21,000 m3/h 8400 m3/h 8400 m3/h

Table 2. Specification of VRF-OAP system.

Unit Specification

Cooling capacity 81.2 kW, Integrated cooling power input 8.79 kW, Compressor: SSC Scroll
Outdoor Unit X 3 Units, Fan: Propeller type X 3 Units, Refrigerant: 410 A/14.90 kg Charge, Operation
temperature rage: Cooling —5-48 °C

Indoor Units Cooling capacity 7.2 kW, Power input 130 W, Air flow rate 1020 m3/h

Outside Air Cooling capacity 22.4 kW, Power input 300 W, Air flow rate 1680 m3/h, Operation
Processing temperature range: Outdoor temperature —5-52 °C, indoor supply temperature 13-25 °C
unit (OAP) (default 18 °C)

Table 3 presents the test cases. Experiments were conducted with regard to the outdoor air
temperatures of (DB/WB) 35 °C/24 °C, 32 °C/23 °C, and 30 °C/22 °C, and each of the outdoor air
temperatures has the following supply air temperatures: 16 °C, 18 °C, 20 °C, and 24 °C. Note that the
supply air temperatures were set to 16 °C, 18 °C, and 22 °C for the outdoor air temperature 30 °C.
The indoor temperatures (DB/WB) were set to 27 °C/19 °C for all cases, and the air volume of the
indoor unit and OAP were fixed to the rating value.

Table 3. Test cases.

Case Outdoor air Indoor Air Supply Air
Temperature (DB/WB)  Temperature (DB/WB) Temperature (DB)
Case 1 16 °C
Case 2 o o o o 18°C
Case 3 35°C/24°C 27°C/19 °C 20°C
Case 4 24°C
Case 5 16 °C
Case 6 o o o o 18 °C
Case 7 32°C/23°C 27°C/19°C 20°C
Case 8 24°C
Case 9 16 °C
Case 10 30°C/22°C 27°C/19 °C 18 °C
Case 11 22°C

2.2. Experimental Results

Operating data for 20 min, after the VRF-OAP system was run and the indoor unit and the OAP
cooling capability reached a steady state, were measured and the experimental results were analyzed.
A mean value of operating data was used in the analysis. Changes in cooling capacities of the indoor
unit and the OAP according to the supply air temperature are presented in Table 4. The cooling
capacities listed in the table refer to the sum of the processing amounts of sensible and latent heat.
Since the experiments were conducted while maintaining the outdoor air temperature, which was the
inlet air temperature, and the air volume was constant, the cooling capacity of the OAP was reduced as
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the supply air temperature was increased. On the contrary, the results verified that the cooling capacity
of code tester 1 and code tester 2 that were connected to the indoor unit increased as the supply air
temperature increased. The reason for the increased cooling capacity of the indoor unit was because
of the refrigerant, which was supplied to the OAP previously, was now supplied to the indoor units,
as the OAP capacity was reduced as the supply air temperature was increased. The overall cooling
capacity in the VRF-OAP system was nearly the same at all supply air temperatures, notably in the
all cases. The change in the latent heat processing amount according to the supply air temperatures
(Figure 3) verified the rapid reduction in the latent heat processing amount above the dew point
temperature (18.3 °C-19.4 °C) of the outdoor air conditions. Figure 4 shows the comparison results of
the system EER according to the supply air temperature. The system EER is calculated by dividing
the sum of the cooling capacities of the indoor units and OAP by calculating the power consumption
of the outdoor units, the indoor units, and the OAP. The comparison results showed that although a
change in the system EER was not revealed at 35 °C according to the supply air temperature, the EER
was improved at 32 °C and 30 °C outdoor air temperature as the supply air temperature was increased.
When the supply air temperature was set to 24 °C, the EER improved by about 11.1% at an outdoor air
temperature of 32 °C and by about 9.3% at an outdoor air temperature of 30 °C, as compared to that at
the 16 °C supply air temperature.

Table 4. Changes in cooling capacity according to a supply air temperature.

Cooling Capacity (kW)
C Outdoor Temperature OAP Supply Set Rate of
ase (DB/WB) (°C) Temperature (°C) OAP Code Code SUM Change (%)
Tester 1 Tester 2

Case 1 16 17.2 28.1 30.5 75.8 -0.3
Case 2 . . 18 17.4 28.3 30.3 76.0 -
Case 3 35°C/24°C 20 14.7 294 31.3 75.4 —0.8
Case 4 24 11.5 30.7 32.6 74.8 -1.6
Case 5 16 15.5 29.5 28.5 73.5 —-0.4
Case 6 . . 18 12.9 329 28.0 73.8 -
Case 7 B27C/nC 20 144 349 297 790 7.0
Case 8 24 12.0 35.1 31.1 78.1 5.8
Case 9 16 12.5 27.2 28.7 68.4 —2.2
Case 10 30°C/22°C 18 12.4 28.8 28.8 69.9 -
Case 11 22 8.7 29.7 294 67.7 -3.1
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Figure 3. Changes in latent heat processing amount in the OAP according to supply air temperature.
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Figure 4. Changes in the system EER according to supply air temperature.

3. Development of Supply Air Temperature Control Algorithm for VRF-OAP System

The results of the multicalorimeter experiment verified that the system efficiency was improved
as the supply air temperature in the VRF-OAP system was increased. In addition, the reduction in
overall cooling capacity in the system was not exhibited according to the supply air temperature,
which indicated that there would be no significant effect on the indoor temperature through the control
of the supply air temperature. However, when the supply air temperature was higher than the dew
point temperature of the outdoor air, it would cause an increase in the indoor humidity as a result of
the reduction in the latent heat processing amount. Thus, this study developed a control algorithm for
the supply air temperature that improved the overall efficiency of the system by setting the supply air
temperature as much as possible, while maintaining the indoor relative humidity within the range
of comfort.

Figure 5 shows the flow chart of the control algorithm. The input data in the control algorithm
were the elapsed time (T_count) after changing the supply air temperature, the current set value of the
supply air temperature (Set Temp_SA), and the indoor relative humidity (RH_indoor). A control range
of the supply air temperature was 13-24 °C, and the initial set value was 18 °C. First, whether the
T_count exceeded 30 min. was determined. If it did not exceed 30 min, the current set value of
the supply air temperature was maintained and one min was added to the T_count followed by
termination. If the T_count exceeded 30 min, Set Temp_SA was determined according to the RH_indoor.
Here, 30 min. of the T_count was determined considering the time for the supply air temperature to
reach the set value after changing the set value of the supply air temperature and a waiting time of for
an improvement of the system efficiency due to the change in the supply air temperature. If RH_indoor
was within 60 £ 5%, which was a comfort range, Set Temp_SA was maintained without change, if it
was above 65%, “Set Temp_SA was lowered by 1 °C”, and if it was below 55%, “Set Temp_SA was
raised by 1 °C” was applied. If Set Temp_SA was changed, the T_count was reset to 0 min, and if
it was maintained, one min. was added to the T_count and the algorithm terminated. The control
algorithm was run continuously once every min.
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Figure 5. Flow chart of the control algorithm of supply air temperature in the OAP.
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4. Verification of the Control Algorithm Effect through Building Application

4.1. Target Building and HVAC System

8 of 15

The test building is a two-story, 3200 ft> (297.3 m?) multi-zone unoccupied building that represents
a typical low-rise, small office building common in the US existing building stock (Figure 6) [6].
The occupancy of the building can be simulated by the control of the lighting and other internal loads.
In addition, a dedicated weather station is installed on the roof that provides actual weather data for
use in performance analysis. The building is equipped with a 12-ton (42 kW) VRF-OAP system. Table 5
summarizes the building and system characteristics.



Energies 2018, 11, 49 9of 15

Figure 6. Test Building.

Table 5. Target building and system characteristics.

Location Oak Ridge, Tennessee, USA

Building size Two-story, 40 x 40 ft. (12.2 m x 12.2 m), 14 ft. (4.3 m) floor-to-floor height

Exterior walls Concrete masonry units with face brick, Rys-11 (Rg-1.9) fiberglass insulation

Floor Slab-on-grade

Roof Metal deck with Rys-18 (Rg-3.17) polyisocyanurate insulation

Windows Double-pane clear glazing, 28% window-to-wall ratio

Baseloads 0.85 W/ft? (9.18 W/m?) lighting power density, 1.3 W/ft? (14.04 W/m?) equipment power density

VRE-OAP system  12-ton (42 kW) VRF system with a OAP

Figure 7 shows a schematic of the VRF-OAP system used for the test building. The VRF system
has a 12 ton (42 kW) outdoor unit, one OAP unit, and ten indoor units with capacities ranging from
0.5-1.5 ton (1.8-5.3 kW). The ten indoor units and the OAP are connected to the same VRF outdoor
unit, and the OAP provides the conditioned outdoor air to ten zones at 0.189 m3/s (400 CFM) [9,22].
An exhaust fan is located on each floor and operates continuously. The air-side monitoring points
included the room temperature and relative humidity, supply and return air temperatures and relative
humidity. Power consumptions for the VRF outdoor unit, each VRF indoor unit, and the OAP were
measured as well.

@ Air flow (CFM)
©® Temp/RH

22 Power
2.5 Measurement

\4

i Exhaust
: Fan

203 @

\4

Outdoor
Unit

¢ Exhaust
105 o 104 ) 102 ) 103 @ H Fan

Figure 7. System schematic and monitoring points for VRF-OAP system.



Energies 2018, 11, 49 10 of 15

4.2. Verification of the OAP Control Algorithm Effect through Field Tests

4.2.1. Field Test Method

The use schedule of buildings is categorized into occupied and unoccupied hours. The operational
schedule of internal loads and the operation method of HVAC system are determined by those
hours. The occupied hours of the building are from 6:00 to 18:00. At all other times, the building
is unoccupied. The HVAC systems including the ventilation equipment were continually operated.
The room temperature was set at 24 °C for cooling. During unoccupied hours, the room temperature
was set at 30 °C. Room humidity was not controlled. The test building is an unoccupied research
facility, where occupancy will be simulated by controlling lighting and other internal loads to minimize
human interference with the building, which is one of the main factors for uncertainty in building
energy use. The internal loads are estimated and simulated using portable heaters and humidifiers with
preprogrammed timers. The capacity and operational schedule of portable heaters and humidifiers is
defined according to the ASHRAE Standard 90.1-1989.

A load was changed by adjusting the number of conditioned rooms to verify the effect of the
control of the supply air temperature in various load conditions. Figure 8 illustrates the scheme of
operations to emulate (a) 50% load, (b) 75% load, and (c) 100% load. Each system was operated
alternately for eight days for three days each for 50% and 75% loads and for two days for a 100% load.
Table 6 shows the field test schedule. Here, conventional control refers to a baseline to calculate
the effect of the control of supply air temperature. It is an operation that maintains the supply air
temperature at 18 °C constantly. In addition, the algorithm refers to an operation where the developed
of the control algorithm of the supply air temperature is applied.

N
] ] ] I
04 |208] © g S
z = e
|
205 206
Secondfloor Secondfloor Secondfloor

Staircasz
Staircase
Staircase

106 B Conditionedzone
[ Unconditioned zane
Firstfloor Firstfloor Firstfloor
50% load 75% load 100% load

Figure 8. Schematic of operation to emulate.

Table 6. Operation schedule.

Conventional Control Algorithm

Date Load Date Load
11 July 14 September 509
12 July 50% 15 September ?
13 July 16 September
14 July 17 September 75%
15 July 75% 18 September
16 July 19 September 100%
17 July 20 September ?

100%

18 July 21 September ~ 50%
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4.2.2. Field Test Results

To verify the effects of the control algorithm of the supply air temperature in the OAP, operation
data during only occupied hours were used. The supply air temperature when conventional controls
and the algorithm were applied is shown in Figure 9 as a form of a correlation graph with outdoor air
temperature. For outdoor and supply air temperatures, one-hour mean values were used. The supply
air temperature in the conventional control was controlled to a set value 18 °C, regardless of the outdoor
air temperature at most of the times. The set value of the supply air temperature in the algorithm
operation was 24 °C at all times during the measurement period. The supply air temperature was
controlled and set to the value of 24 °C when the outdoor air temperature was higher than 24 °C,
and the ingested outdoor air was supplied to the indoor directly in the section where the outdoor air
temperature was lower than 24 °C.
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Figure 9. Changes in supply air temperature in the OAP according to outdoor air temperature.

Next, the analysis results of changes in energy consumption according to the outdoor air
temperature are shown in Figure 10. The conventional control and the algorithm-applied periods
were July and September, which were different demonstration periods. Thus, a difference in the
distribution of outdoor air temperature occurred, and the energy reduction effects of the algorithm
were analyzed only for the section where the outdoor air temperature distribution for each load
overlapped. As a result, the energy consumption during the algorithm application was reduced
significantly at a 100% load compared to that of the conventional control, whereas a slight reduction
effect was revealed at a 75% load. On the contrary, energy consumptions under each control at s
50% load were revealed to be similar. A regression analysis was conducted with the results at 100% and
75% loads in order to determine the algorithm control effect more quantitatively. In the regression
analysis, operation data at a 25-30 °C outdoor air temperature at a 100% load and operation data of an
outdoor temperature of 20-30 °C at a 75% load were employed. The regression analysis results are
expressed in Equations (1)-(4). R? value of each regression analysis is as follows: Equation (1) is 0.70,
Equation (2) is 0.85, Equation (3) is 0.78, and Equation (4) is 0.62. The energy consumption and energy
reduction rate by load according to the outdoor air temperature through the regression equations
are presented in Table 7. A large energy reduction effect of 15-17% was exhibited at a 100% load.
The highest energy reduction effect was revealed as 20% at the outdoor air temperature of 20 °C at
a 75% load. The energy reduction effect was decreased as the outdoor air temperature increased,
resulting in only a 4.6% energy reduction effect at an outdoor temperature of 30 °C. The above results
indicate that the control algorithm of the supply air temperature was more effective with higher loads,
and the reduction effects became larger as the outdoor air temperature became lower under the same
load conditions.
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Figure 10. Comparison of changes in energy consumption according to outdoor air temperature

(a) 100% load; (b) 75% load; and (c) 50% load.
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where P: Energy consumption (kWh), con: Convention control, aj: Algorithm, 1999,: 100% load, 75¢,:
75% load, and Ty,: Outdoor air temperature (°C).

Table 7. Prediction results of energy consumption by outdoor air temperature through regression analysis.

100% Load 75% Load
Outdoor
Temperature (°C) ~ Conventional Algorithm Saving Conventional Algorithm Saving
(kWh) (kWh) Rates (%) (kWh) (kWh) Rates (%)
20 - - - 3669.7 2937.2 20.0
21 - - - 3827.0 3143.8 17.9
22 - - - 3984.3 3350.4 15.9
23 - - - 4141.6 3557.0 14.1
24 - - - 4298.9 3763.6 12.5
25 6844.6 5690.9 16.9 4456.2 3970.2 10.9
26 72153 6023.3 16.5 4613.5 4176.8 9.5
27 7586.0 6355.7 16.2 4770.8 4383.4 8.1
28 7956.7 6688.1 15.9 4928.1 4590.0 6.9
29 8327.4 7020.4 15.7 5085.4 4796.6 5.7
30 8698.1 7352.8 15.5 5242.7 5003.2 4.6

Figure 11 shows the analysis results of indoor temperature and indoor relative humidity.
The indoor mean temperature of all rooms was similar under conventional (24.6 °C) and algorithm
controls (24.7 °C) as well as room temperature distribution, hence verifying that both controls worked
well according to the set temperature. The indoor mean relative humidity of all rooms was also similar
under conventional (51.7%) and algorithm controls (53.6%), and the comfort range for the relative
humidity was well controlled without exceeding 60 + 5% used in the algorithm.
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Figure 11. Comparison of indoor temperature and relative humidity; (a) Conventional control (Indoor
Temperature, Indoor Relative Humidity); (b) Algorithm (Indoor Temperature, Indoor Relative Humidity).
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5. Conclusions

This paper developed the control algorithm for the supply air temperature in the OAP for
VRE-OAP systems, and verified the effects by applying the algorithm to a test building. To develop the
control algorithm, the cooling capability of the VRF-OAP system and changes in efficiency according
to the supply air temperature were experimented using a multicalorimeter. With the increase in
the supply air temperature, the cooling capacity of the OAP was decreased, but the overall cooling
capability in the system was nearly the same, as the cooling capability of the indoor unit increased.
This study result verified that the latent heat processing amount rapidly decreased at a supply air
temperature which was higher than the dew point temperature of the outdoor air. The system EER
was improved at outdoor air temperatures of 32 °C and 30 °C as the supply air temperature increased,
resulting in about 11% at an outdoor air temperature of 32 °C and approximately a 9% improvement at
an outdoor temperature of 30 °C; the supply air temperature was set to 24 °C compared to the system
EER at 16 °C. Based on the above results, the control algorithm that improved system efficiency was
developed by raising the supply air temperature as much as possible within a range where the indoor
relative humidity did not affect the comfort of occupants. The algorithm was mounted on the test
building, in which the indoor load was controlled by portable heaters and humidifiers and the effects
of the algorithm were verified under various load conditions (100% load, 75% load, and 50% load).
The field test results exhibited the effects of energy reduction are higher at 100% load than 75% load at
the same temperature. At the same load, higher reduction effects were revealed when the outdoor air
temperature was lower. However, this field test did not collect sufficient data to verify the algorithm
effects, as the demonstration period was too short for each control. For future studies, the algorithm
effects should be verified through a long-term demonstration period.
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