
1. INTRODUCTION

Korea Electric Power Corporation (KEPCO) applies different 
power pricing strategies according to the purpose of a building, 
contract power, and time. KEPCO’s dynamic pricing system has 
a unit price difference up to 3.5 times for educational buildings 
if contract power consumption is more than 1,000 kW, on par 
with industrial buildings according to contract conditions, 
season, and time. The two main purposes of university buildings 
are lecturing and research, and their cooling and heating 
times are not uniform, introducing inefficiencies into their 
central heating systems not found in office buildings(1). Thus, 
a VRF (Variable Refrigerant Flow) system with a distributed 
heat source has been widely applied, but most university 
buildings exceed 1,000 kW of contract power, which raises 
costs when dynamic pricing is applied. As a result, restrictions 
are commonly enforced on cooling and heating operating time 

and temperature setting to reduce power consumption and 
operating costs(2),(3). 

For a proactive way to cope with the above time-on-use (hereafter 
referred to as TOU) pricing scheme, this study introduces a new 
control algorithm called discharge pressure regulating (hereafter 
referred to as DPR) for use in a VRF system and applied to real 
buildings to verify the effects thereof. This study aims to analyze 
power consumption of VRF systems using DPR control and 
reductions in operating costs through measured real data during 
winter operation and derive a regression analysis equation using 
measured real data to determine the effects of the DPR control.

2. OVERVIEW OF THE DPR CONTROL TO COPE 
WITH TOU PRICING(SCHEME)

The DPR control algorithm mainly consists of changes in the 
setup value of indoor temperature, maximum value control of 
inverter compressor revolution via current limit (here after referred 
to as current limit), and refrigerant high-pressure control to reduce 
the discharge temperature of an indoor unit. Fig. 1 shows the 
schematic diagram of the DPR control in winter.

First, the indoor temperature setup value is changed to minimize 
operating time during high-cost time periods and reduce power 
costs by interrupting operation temporarily from t2 after raising 
the indoor temperature to a high temperature between t1 and t2 via 
prior-heating at t1 in the figure before application of the high unit 
price, since power unit price varies according to the TOU pricing 
scheme.  
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Figure 1. Conceptual diagram of DPR control

Figure 2. COP change on reduce pressure in cooling cycle

Then, when the indoor temperature drops below the comfortable 
temperature range, heating is activated again (flexible operation) 
and normal operation is returned after t4 once the low unit price 
is applicable again. In contrast, normal operation maintains a 
constant indoor temperature.

Note the implementation of high-efficiency operation using 
refrigerant high-pressure control and a current limit during all 
operation hours except for the prior-heating hour. The current 
limit is to set the maximum revolutions of the inverter compressor 
between 50 and 100%, as determined via the value of the partial 
load rate. This value is set variably in response to the partial load. 
This is aimed at proactively preventing an excess of revolutions in a 
compressor during low load conditions. 

The refrigerant high-pressure control refers to two-step 
reduction in refrigerant pressure of an indoor unit from 30 kg/
cm2 to 28 or 25 kg/cm2 thereby having an effect of lowering the 
temperature discharged from the indoor unit. As shown in Fig. 2, 
the trapezoid that forms a cooling cycle is reduced in height while 
pressure is reduced, followed by reduction of the input value of the 
compressor, increasing efficiency of the outdoor unit (Coefficient 
of Performance [COP]). The refrigerant high-pressure control uses 
the above principle. During the VRF heating operation, pressure 
and temperature at the condenser side become equivalent to those 
at the indoor unit side and the input value at the compressor is 
changed from AL1 to AL2 if the pressure (temperature) is reduced 

from P1 to P2. In general, efficiency of the outdoor unit would 
increase if pressure is reduced horizontally since the value of q2/AL2 
is larger than that of q1/AL1.

3. METHODOLOGY

As mentioned above, this study aims to verify the effects of DPR 
control through measurements in real buildings, so we applied 
IPMVP Volume Ⅰ(4), the international protocol for objective 
energy performance measurement and verification. In more 
detail, the targets of measurements were overall cooling and 
heating systems ranging from indoor heating environments to 
indoor units, outdoor units, and controllers, and we followed the 
Option C criteria in calculating the effects of energy reduction 
through regression analysis based on energy consumption 
measured continuously. Note that the measurement targets were 
limited to buildings which operated VRF systems as well as TOU 
pricing schemes. We developed an environment by installing new 
controllers and power meters to implement DPR control in the 
target VRF system. 

Figure 3. Research flow

In addition, the entire building was measured. Since DPR control 
and normal operation cannot run simultaneously, DPR was 
operated on odd days while normal operation was in effect on even 
days to minimize the difference in outside temperature caused by 
alternate operations. Furthermore, the measurement period was 
set to entire winter days to normalize operation hours and indoor 
load differences between working days and public holidays. Based 
on the results of normal operation days, a regression equation 
was developed and used to predict the effects of DPR operation, 
assuming normal operation on the DPR operation days. Fig. 3 
shows a schematic view of the aforementioned study process.

4. DEVELOPMENT OF DATA MEASUREMENT 
ENVIRONMENT AND OPERATION METHOD

The building where measurements were conducted is a two-
story building on the campus of G University located in Tong-
yeong, South Gyeong-sang Province. The building opened in 1996 
and total floor area is 3,005 m2. The VRF system has three outdoor 
units in total, whose capacities are 81, 93, and 97 kW on the basis 
of cooling operation, for a total of 271kW. The 39 total indoor units 
installed are 1-way and 4-way. 
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The purpose of the building is divided into lecture rooms, 
laboratories, professor research rooms and postgraduate rooms. A 
constant heating load at a certain level occurs even in term-break 
periods and heating and cooling operations are run regardless of 
weekdays, weekends, and public holidays. The operation hours 
are 8 in the morning to midnight. Fig. 4 shows the building’s outer 
appearance and the floor plan of each story and Fig. 5 shows the 
controllers and power meters installed for measurements.

To verify the effects of DPR control on power consumption 
and operating costs, the DPR operation was run on odd days and 
normal operation was run on even days as mentioned above. The 
indoor temperature for DPR operation days was set at 23℃ while 
pre-heating and flexible operation temperatures were set at 24℃ 
and 22℃. The current limit was controlled between 50 and 100% 
and refrigerant high-pressure control was also set at 25, 28, and 
30 kg/cm2 according to the load. In contrast, normal operation 
temperature was set at 23℃ and the current limit and refrigerant 
high pressure control were set at 100% and 30 kg/cm2. The above 
contents are summarized in Table 1.

The power contract terms of the target building were high voltage 
A for education, option 2, and contract power was 4,200 kW with a 
TOU pricing scheme applied.

Figure 4. Building exterior(top) and 1st floor plan(bottom)

Figure 5. New SIM repeater and Watt-hour meter

Table 1. Operation conditions during winter season

Operation Indoor
temp

Refrigerant 
limit

Current
limit

DPR 
on Odd days 23±1℃

Variable
(25,28,30kg/cm2)

Variable
(50~100%)

DPR 
off Even days 23℃

Fixed
(30 kg/cm2)

Fixed
(100%)

Table 2. Data measuring items and interval

Division Indoor unit Outdoor 
unit

Watt-hour 
meter Others

Data 
measuring 
items

Indoor
setting temp.

Partial 
load ratio

Electricity

Operation 
time of 
indoor unitEvaporator

in and out 
temp.

Current
limit ratio

Upper limit 
temp. of 
heating

COP
Thermo on 
timeLower limit 

temp. of 
cooling

Outdoor
temp.

Measuring 
interval 5 min. 5 min. 30 min. 1 Day

The power unit price was applied as follows: 127.2 KRW/kWh 
during high load (6 hours per day), 88.5 KRW/kWh during 
medium load (8 hours per day), and 49.3 KRW/kWh for low load 
(10 hours per day). The measured data were obtained from an 
indoor unit, an outdoor unit, a power meter, and others. The data 
measurement intervals for the indoor and outdoor units, power 
meters, and others were five minutes, 30 minutes, and daily. The 
detailed data is indicated in Table 2.

5. RUNNING DATA ANALYSIS

Among the data measured in Table 2, nine items were selected 
to identify the effects of DPR control such as power consumption, 
operation costs, indoor unit operating hours, thermo on hours, 
indoor partial load rate, indoor temperature, outdoor temperature, 
current limit rate, and refrigerant high-pressure control. In 
addition, the tenth item of the study is the thermo on ratio 
calculated through thermo on time and indoor unit operating 
hours. Indoor unit operating hours above refers to the summed 
hours of all residents living in the target space and thermo on hours 
refers to the operation hours of compressors in the outdoor units 
compared to the operation hours of the indoor units. Thermo on 
ratio refers to the ratio between thermo on hours and indoor unit 
running hours. 

Table 3 shows the total operation results for 73 winter days 
from Dec 18, 2014 to Feb 28, 2015 based on the above data. The 
mean outdoor temperatures during operating hours from 8 in the 
morning to midnight for DPR and normal operations were 3.9℃ 
and 3.8℃, which represents no significant difference. Thus, we 
assumed no load difference due to outdoor temperature.



112 Hwan-yong Kim, Min-seok Kim, Je-hyeon Lee and Young-hak Song

The mean indoor temperatures during DPR and normal 
operation were 24.3℃ and 25.1℃, and the slightly lower room 
temperature by approximately 0.8℃ during DPR operation was 
due to flexible operation that decreased the room temperature 
within the comfortable temperature range. The means of the 
current limit and refrigerant high pressure control during the DPR 
operation days were 56.8% and 28 kg/cm2 and those during the 
normal operation were 100% and 30 kg/cm2. The results indicated 
that DPR operation increased the thermo on hours along with 
the above flexible operation relatively more than that of normal 
operation because the outlet temperature of indoor unit was lower 
and time for thermos on was increased. 

Table 3. Operation results in winter

Division DPR
on

DPR
off ∆** Saving 

rate(%)***

Electricity(kWh)* 10,178 11,424 1,246 10.9

Operation cost(10³KRW)* 1,019 1,160 141 12.2

Operation time of
Indoor unit(hour, A) 4,999 5,315 - -

Thermo on time(hour, B)* 2,779 2,452 -327 -13.3

Thermo on ratio (B/A) 0.57 0.48 -0.09 -19.0

Indoor partial load(%) 15.2 13.5 -1.7 -12.6

Outdoor temp.(℃) 3.9 3.8 -0.1 -

Indoor temp.(℃) 24.3 25.1 0.8 -

Current limit ratio(%) 56.8 100.0 - -

Refrigerant high pressure 
limit(kg/cm2) 28.0 30.0 - -

*: Sum value of 36 days and others are mean value at each operation 
**: Value of DPR off – DPR on
***: (∆/DPR off value) × 100(%)

Thus, the thermo on ratio during DPR operation also increased 
by 13.3% compared to during normal operation.

  Based on the above operation results, the sum of power 
consumption on the DPR and normal operation days were 10,178 
kWh and 11,424 kWh, which verifies that DPR operation decreased 
power consumption by 10.9% compared to normal operation days. 
With regard to operating costs, DPR and normal operations cost 
1,019 KRW and 1,160 KRW, which indicated that DPR operation 
reduced the operating cost by 12.2%.

Table 4 shows the monthly operation results from Dec 2014 to 
Feb 2015. The reduction rate of power consumption in Dec was 
18.2% while it was 14.2% in Jan and 6.9% in Feb, which showed a 
decreasing trend of the DPR control effect over time during the 
measurement. The difference of indoor temperature between DPR 
control and normal operation in Dec was 1.3℃ whereas it was 0.8℃ 
in Jan and 0.5℃ in Feb, which indicated that the decreasing effect of 
DPR control was due to the decreasing trend of the reduction effect 
on indoor temperature due to flexible operation. The indoor setup 
temperature in the target building was originally fixed through 
central control but the setting temperature can vary during the 
measurement time for the DPR control. Accordingly, the number 
of setting temperature changes by users increased more and more, 
thereby reducing the difference in the indoor temperature to make 
no significant difference between normal operation and DPR 
operation.

Table 4. Operation results in each month

Month Division DPR
on

DPR
off ∆** Saving 

rate(%)***

2014
Dec.

Electricity(kWh)* 1,891 2,312 421 18.2
Operation cost(10³KRW)* 190 234 44 18.8
Operation time of
Indoor unit(hour, A) * 848 982 - -

Thermo on time(hour, B)* 471 448 -23 -5.1
Thermo on ratio(B/A) 0.58 0.46 -0.12 -26.9
Indoor partial load(%) 13.1 12.0 -1.1 -9.2
Outdoor temp.(℃) 3.2 3.2 0.0 -
Indoor temp.(℃) 23.9 25.2 1.3 -
Current limit ratio(%) 56.4 100.0 - -
Refrigerant high pressure 
limit(kg/cm2) 27.3 30.0 - -

2015
Jan.

Electricity(kWh)* 4,505 5,253 748 14.2
Operation cost(10³KRW)* 453 533 80 15.0
Operation time of
Indoor unit(hour, A) * 2,262 2,416 - -

Thermo on time(hour, B)* 1,253 1,112 -141 -12.7
Thermo on ratio(B/A) 0.57 0.48 -0.09 -19.1
Indoor partial load(%) 16.6 15.2 -1.4 -9.2
Outdoor temp.(℃) 3.6 3.5 -0.1 -
Indoor temp.(℃) 24.6 25.4 0.8 -
Current limit ratio(%) 56.9 100 - -
Refrigerant high pressure 
limit(kg/cm2) 27.3 30 - -

2015
Feb.

Electricity(kWh)* 3,834 4,120 285 6.9
Operation cost(10³KRW)* 379 418 39 9.3
Operation time of
Indoor unit(hour, A) * 1,973 1,918 - -

Thermo on time(hour, B)* 1,084 892 -192 -21.5
Thermo on ratio(B/A) 0.56 0.49 -0.07 -14.5
Indoor partial load(%) 14.6 12.3 -2.3 -21.1
Outdoor temp.(℃) 4.6 4.6 0 -
Indoor temp.(℃) 24.3 24.7 0.5 -
Current limit ratio(%) 57.0 100 - -
Refrigerant high pressure 
limit(kg/cm2) 29.2 30 - -

*: Sum value of 15 days and others are mean value at each operation
**: Value of DPR off – DPR on
***: (∆/DPR off value) × 100(%)
  

6. INVESTIGATION OF DPR OPERATION EFFECT 
USING REGRESSION ANALYSIS

6.1 Construction of regression analysis equation
Using the data of normal operation conducted over 36 days 

of measurement, a multiple regression analysis was conducted, 
in which daily power consumption and operating costs were 
dependent variables in the Y axis. In consideration of coefficient 
size, standard deviation, and coefficient of determination among 
the 10 items used in the operation result analysis, factors were 
chosen that most affect the dependent variables, and finally indoor 
unit operating time (X1), outdoor temperature (X2), thermo on ratio 
(X3), and indoor temperature (X4) were determined as independent 
variables.

Y= 1.28∙X1-14.6∙X2+1.57∙X3+10.9∙X4-157                (1)

Eq. (1) shows the regression analysis equation in which power 
consumption and operating costs increased more when indoor 
unit operating hours, thermo on ratio, and indoor temperature 
were higher, whereas outdoor temperature was lower. Table 5 shows 
the statistical data of the regression analysis. With 30 or more
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Table 5. Result of regression analysis

Division Coefficient Standard
error T statistic P-value

Y intercept(a) -157 62.29 -2.522 0.017

Operation time of
Indoor unit (X1)

1.278 0.075 17.07 0.000

Outdoor temp(X2) -14.64 1.168 -12.53 0.000

Thermo on
 ratio (X3)

1.573 0.357 4.40 0.000

Indoor temp.(X4) 10.92 2.336 4.67 0.000

observations, a normal distribution is formed with a 95% or higher 
confidence level according to the central limit theorem(5). Therefore, 
a confidence level of 0.981 can be sufficiently obtained as shown in 
the coefficient of determination in the table. 

6.2 Investigation of the DPR control effect by regression analysis
Values calculated through the above equation correspond to power 

consumption and operating costs during the normal operation 
days. Therefore, dependent values were calculated by substituting 
the indoor unit operation hours and outdoor temperature with 
values in the DPR operation days, the thermo on ratio, and indoor 
temperature with the corresponding values in the normal operation 
days among the independent variables, to obtain values based on the 
assumption that DPR operation days were running under normal 
operation(6). The above rationale is established because the thermo 
on ratio and indoor temperature reflect characteristics of normal 
operation so that we can assume that normal operation was used 
even if DPR operation was actually run. 

For example, Jan 15 was an odd day so DPR operation was 
performed, but we assumed normal operation was run that day to 
use the indoor unit operation hours and outdoor temperature as 
those on Jan 15, whereas on Jan 14 we used thermo on ratio and 
indoor temperature, which were obtained on a normal operation 
day. The reason for the use of the prior day was because we used the 
assertion widely used in load prediction methods that “the closest 
operation condition of today was that of yesterday(7)”. Table 6 and 
Fig. 6 show the comparison between real measured values of power 
consumption in the DPR operation days and calculated values via 
the regression equation. 

Table 6. Comparison between measured and predicted on electricity

Date Measured
(kWh)

Predicted
(kWh) ∆** (%)

Dec. 19th 329.6 332 1%
21st 297.3 297 0%
23rd 317.3 411 23%
25th 192.4 244 21%
27th 197.6 243 19%
29th 274.5 190 -44%
31st 282.3 371 24%

Jan. 1st 238.9 303 21%
3rd 266.7 294 9%
5th 299.3 363 18%
7th 314.8 364 13%
9th 303.2 323 6%

11th 203.8 237 14%
13th 330.3 344 4%
15th 307.4 348 12%
17th 237.2 258 8%
19th 403.3 398 -1%
21st 350.8 397 12%
23rd 318.4 346 8%
25th 210.6 220 4%
27th 364.3 425 14%
29th 355.8 374 5%
31st 258.2 238 -9%

Feb. 1st 206.1 384 46%
3rd 304.8 410 26%
5th 338.8 274 -24%
7th 263 551 52%
9th 579.3 385 -51%

11th 337.8 333 -1%
13th 365.4 220 -66%
15th 200.1 232 14%
17th 238.3 521 54%
19th 41.8 143 71%
21st 164.2 348 53%
23rd 281.8 248 -14%
25th 202.4 365 44%
Sum* 10178 11735 13.3%

*: Unifying 36days at each operation 
**: (Value of Measured ÷ Value of predicted) × 100(%)

Figure  6.  Predict the effectiveness of electricity
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Table 7. Comparison between measured and predicted on operation cost

Date Measured
(KRW)

Predicted
(KRW) ∆**(%)

Dec. 19th 33,171 33,277 0.3
21st 30,202 29,746 -1.5
23rd 31,588 41,445 23.8
25th 18,633 24,048 22.5
27th 19,398 23,981 19.1
29th 28,208 19,238 -46.6
31st 28,915 37,316 22.5

Jan. 1st 24,330 30,167 19.4
3rd 26,833 29,601 9.4
5th 29,909 36,569 18.2
7th 32,128 36,544 12.1
9th 31,039 32,275 3.8

11th 19,983 23,321 14.3
13th 33,497 34,732 3.6
15th 31,236 34,967 10.7
17th 23,936 25,758 7.1
19th 39,915 40,085 0.4
21st 34,712 40,089 13.4
23rd 32,341 34,849 7.2
25th 20,903 21,593 3.2
27th 36,563 42,942 14.9
29th 36,407 37,823 3.7
31st 26,326 23,455 -12.2

Feb. 1st 20,656 38,609 46.5
3rd 30,216 41,441 27.1
5th 34,374 27,288 -26.0
7th 25,423 56,060 54.7
9th 57,299 38,786 -47.7

11th 33,354 33,813 1.4
13th 36,192 21,612 -67.5
15th 19,974 23,357 14.5
17th 23,963 10,000 -139.6
19th 4,140 13,956 70.3
21st 16,149 34,897 53.7
23rd 27,396 24,578 -11.5
25th 19,809 36,758 46.1

sum* 1,019,118 1,134,977 10.2
*: Unifying 36days at each operation 
**: (Value of Measured ÷ Value of predicted) × 100(%)

The calculation results based on the assumption of normal 
operation using the regression analysis equation showed that 
power consumption was 11,735 kWh, which indicated an 
approximate 13.3% increase compared to 10,178 kWh, a sum of 
power consumption during 36 days of DPR operation. This result 
was obtained based on the assumption of normal operation on 
odd days when DPR operation was actually done. Thus, it can be 
interpreted that power consumption was reduced by 13.3% under 
DPR operation.

The same method was applied to investigating the operation 
cost, which during the winter season was 1,135,000 KRW by the 
regression equation via substitution. This result was compared 
with the measured operation cost via DPR operation which was 
1,019,000 KRW, indicating a reduction in operation cost by 10.2%. 

Table 7 and Fig. 7 show daily measured data and calculated values 
of operating costs. Note that values calculated via the regression 
equation, which were 20% or more than corresponding values 
measured during DPR operation, were found mostly on weekends, 
public holidays (Christmas, Dec 31, Jan 1, Lunar New Year, etc.), 
and school ceremony days such as graduation, whose daily power 
consumption was less than 250kWh. Those days had shorter 
operation hours than normal days resulting in reduced power 
consumption, but in the regression equation the factor of holidays 
or weekends was not taken into consideration, which was why the 
above result was obtained.

7. CONCLUSION

In this paper, an empirical study was conducted with a university 
building to verify the performance of DPR control, which was 
developed to cope with the TOU pricing scheme among buildings 
adopting a VRF system. We verified the reduction effect of DPR 
control on power consumption to be 10.9% and 13.2% in operating 
cost through 73 days of measurements from mid-Dec 2014 to 
Feb 28, 2015. This positive result was due to the 19% increase in 
thermo on ratio and 0.8℃ reduction in room temperature thanks 
to flexible operation of the DPR control.

Furthermore, regression analysis was conducted with four 
independent variables: indoor unit operation hours, outdoor 

Figure  7.  Predict the effectiveness of operation cost
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temperature, thermo on ratio, and indoor temperature based 
on measured data, and the results verified the reduction effect 
on power consumption by 13.3% and operating cost by 10.2%. 
Although power meters are not installed in VRF systems in general 
except for special circumstances such as research and testing. Power 
consumption and operating costs can be calculated within an error 
range by using the regression equation in this study.  

This paper verified the effects of DPR control using measured 
data in winter. We will analyze the annual effect of DPR operation 
using operation data in summer in the future and also measure 
thermal environment index such as PMV etc. additionally. 
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