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Abstract: In a general building retrofit process, the reinforcement of insulation performance or
air-tightness in walls and windows are conducted to reduce the maximum cooling and heating
load of buildings. A heat source consists of heat-source equipment and water-pipe systems, which
are replaced with high-efficient specification materials. Most of them are simply replaced with the
same capacity as the previous heating equipment. This study aims to investigate matters required
for decision making in a retrofit plan, such as conducting an investigation of the maximum load
reduction in buildings obtained by the retrofit and the capacity of heat-source equipment that reflects
the reduction, and the re-use or replacement of the water-pipe system, etc. in advance. This study
verified that when the capacity of heat-source equipment was reduced, the pipe diameter of the
water-pipe system was also decreased, but if existing pipes were re-used, the transportation power of
the pump was reduced due to the reduction in flow velocity. The changes in maximum cooling and
heating load through retrofit were quantitatively verified compared to that of the initial design of the
building based on previous study results, and flow rates of cool and hot water were determined by
re-calculating the capacity of the heat-source equipment. Using the results, the water-pipe system was
re-designed, and the annual transportation power of the pump was calculated through simulations.
The calculation results verified that the transportation power decreased by up to approximately 10%
when oversized pipes were re-used from the existing water-pipe system. Additionally, when the
capacity of the heat-source equipment was decreased, reasonable measures considering remodeling,
construction duration, and cost were derived.

Keywords: retrofit; replacing; downsizing; heat source system; office building

1. Introduction

About 36% of global energy consumption is attributed to residential and commercial buildings (41%
in Europe, 34% in the USA, 34% in Japan, and 24% in Korea) [1]. Thus, steady research and development
of methodologies to reduce energy consumption in buildings have been conducted. South Korea has
strengthened insulation standards for new buildings to meet a passive house level, which has been used
in Germany since 2017, and has encouraged low-consumption energy buildings by using policies such
as green building certification and energy efficiency ratings, etc. [2]. Moreover, the energy reduction
in existing buildings, which account for about 97% of all buildings, is also very important and has,
therefore, been studied under the name of “green remodeling” [3]. The retrofit ratio of the buildings in
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the permit area from 2002 to 2012 amounted to about 20% [4], among which green remodeling was
concentrated mostly in residential buildings [5]. In addition, the survey result of building completion
year showed that the number of buildings completed between 1991 and 2000 was 8735, which was the
largest, followed by buildings between 1981 and 1990, exhibiting that most buildings were completed
from 10 to 30 years ago.

Figure 1 [6] shows the survey results of green retrofits, which exhibit the current status of applicable
component technologies per building purpose. Among the component technologies, the replacement
with high-performance windows accounts for 38%, which is the highest, followed by insulation
reinforcement at 26%. As shown in this figure, windows, insulation, and light-emitting diode (LED)
light replacement are the general methodologies used currently as component technologies to save
energy during a retrofit.
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The changes in the maximum cooling and heating loads occur after a retrofit where window
replacement and envelope insulation reinforcement are applied. In addition, the retrofit execution time
is the same as the replacement time of heat-source equipment due to deterioration, in which the same
capacity of high-efficiency heat-source equipment is used in the replacement. However, an over-design
of heat-source equipment has been pointed out in existing studies [7,8]. In particular, a study by [9]
emphasized the importance of the investigation of the maximum cooling and heating load at the
time of the design of the heat-source system. That is, the change in maximum cooling and heating
load may occur during the retrofit of buildings due to the reinforcement of energy-saving design
standards, etc. Thus, with a simple replacement of heat-source devices without considering proper
capacity, an over-estimation of the device capacity may occur. Thus, this could lead to energy waste
due to low-load operation, or increased construction duration and cost due to the replacement with
high-efficiency equipment.

Accordingly, the present study aims to consider the changes that maximum cooling and heating
loads induced through the replacement of windows and reinforcement of insulation performance in
deteriorating buildings, particularly for large office buildings in Korea, and to search for a retrofit
method that minimizes the replacement of heat-source equipment.

2. Research Scope and Method

The process for the reduction in CO2 emissions and energy-saving measures in existing office
buildings is generally as follows [10]. First, the energy consumption status and characteristics of
buildings are identified to determine when, where, how, and for which purpose energy is consumed.
Then, effective measures according to the building energy characteristics are adopted and executed in
timely manner. After this, the plan→ do→ check→ action (PDCA) cycle is iterated to conduct building
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operations. Figure 2 shows the diagram of research process. To determine the energy consumption of
existing buildings, previous studies were referenced [11,12]. The change in the internal heat gain was
quantitatively verified per year using [11], and the energy consumption status of the entire building
was determined using minutesecond12]. Accordingly, the present study conducted a replacement
of a heat-source system during a retrofit according to changes in the heat-source capacity based on
the previous study [12] where the maximum cooling and heating loads were quantitatively studied
according to the execution of an envelope retrofit on the basis of Step 2 in Figure 2.
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Figure 2. Energy-saving process in the existing building.

2.1. Overview of the Target Building

Based on the study results by [5], the completion date of the target building was 1985, around
30 years ago, and the building was set up using the large office reference model of EnergyPlus [13].
The detailed overview of the building is presented in Table 1. Figure 3 shows the typical floor of the
target office. The cooling and heating area was set to occupy 60% of the total floor area based on the
study result by [14].

Table 1. Detailed overview of target office building.

Location Seoul
Climate Severe and dry winter and hot summer climate (Dwa)

Total Floor Area 30,886 m2

Floors 10 stories
Cooling and Heating Area 20,613 m2

Ratio of Window Area 50%
Reference Floor Area 3432 m2 (horizontal: 73 m, vertical: 48 m)

Zoning 90 zones in total
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Figure 3. Zoning of the target office typical floor (unit: mm).

The region of the target building is Seoul, Korea, which is characterized by severe and dry winters
and hot humid summer (Dwa) according to the Köppen climate classification. Considering this
climate, the detailed design conditions presented in Table 2 were set up by applying design values that
conformed to the energy-saving design standards [15].

Table 2. Detailed design conditions.

Indoor air-Conditioning Dry bulb temperature (◦C) 26
Relative humidity (%) 50

Indoor Heating Dry bulb temperature (◦C) 20
Relative humidity (%) 40

Outdoor Air for Summer Season
Dry bulb temperature (◦C) 31.2

Relative humidity (%) 63.6
Daily range (◦C) 10

Outdoor Air for Winter Season
Dry bulb temperature (◦C) −11.3

Relative humidity (%) 63

2.2. Overview of Target Heating, Ventilation, and Air-Conditioning (HVAC) System

The heating, ventilation, and air-conditioning (HVAC) system consisted of two absorption chillers
and heaters, an constant air volume air-handling unit (CAV AHU) and fan coil units (FCU), which
were widely applied in the 1980s considering the load processing amount and completion time, etc.
Table 3 presents the detailed design conditions of the HVAC system where the energy-saving design
standards of building are applied.
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Table 3. Detailed design conditions for heat-source equipment.

System FCU + CAV AHU Type

Cooling Coil Water Temperature Inlet temperature (◦C) 7
Outlet temperature (◦C) 12

Heating Coil Water Temperature Inlet temperature (◦C) 80
Outlet temperature (◦C) 70

Discharged Air Conditions in Cooling Dry bulb temperature (◦C) 18
Relative humidity (%) 53–56

FCU Cooling Load Sensible heat (W) 2354
Latent heat (W) 2500

FCU Heating Load 4000 (W)

Temperature Gap with a Non-air Conditioned Room (◦C) 2 (cooling, heating)

As for the energy consumption per equipment of chiller systems using two chillers, the information
presented in Table 4 was used [16]. The energy consumption by the pumps in the HVAC system
accounted for about 20% of the total consumption annually. Since the change in the flow rate due to the
change in cooling and heating loads in the HVAC system influence the pump power, it is necessary to
quantitatively verify the change. Thus, this study configured the HVAC system as shown in Figure 4,
and adopted a system that controlled the flow rate during cooling and heating according to the opening
of a bypass valve. In addition, pipes in the system were connected in parallel to identify the correlation
of pump power, pipe diameters, and flow rate with regard to two in-line circulation pumps, which
were interoperated with the absorption chillers and heaters.

Table 4. Energy consumption per equipment according to the configuration of the heating, ventilation,
and air-conditioning (HVAC) system.

Systems Chiller Pumps Cooling Tower AHU Fans Total

Single Chillers 258,344 (33%) 175,689 (22%) 16,597 (2%) 334,237 (43%) 784,867
Parallel Chillers 258,344 (33%) 175,689 (22%) 16,597 (2%) 334,237 (43%) 784,867
Series Chillers 237,607 (32%) 160,762 (21%) 19,243 (3%) 334,237 (44%) 751,849

Series Counterflow Chillers 227,718 (30%) 173,564 (23%) 19,153 (3%) 334,237 (44%) 754,672
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Table 5 [17] presents the specifications of the absorption chillers and heaters adopted in the HVAC
system. The device capacities were selected based on the maximum cooling load, and the cooling
and heating capacities were changed by limiting to the range of the equipment that had the same
performance when loads were changed due to the retrofit.
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Table 5. Specifications of the absorption chiller and heater.

Item
Model Name

036G0 040G0 045G0 050G0 056G0 060G0 070G0

Cooling Capacity usRT 360 400 450 500 560 600 700

kW 1266 1407 1582 1758 1969 2110 2461

Heating Capacity Mcal/h 980 1090 1225 1360 1525 1630 1905

kW 1140 1267 1424 1581 1773 1895 2215

Cooling Water Flow Rate m3/h 217.7 241.9 272.2 302.4 338.7 362.9 423.4

Pressure Loss kPa 59 59 105 105 148 170 56

Coolant Water
Flow Rate m3/h 360 400 450 500 560 600 701

Pressure Loss kPa 87 93 71 75 104 120 70

Hot Water
Flow Rate m3/h 217.7 241.9 272.2 302.4 338.7 362.9 423.4

Pressure Loss kPa 61 61 108 108 152 174 56

The pump for circulating the cooling and hot water was a single-stage in-line type, and the head
of fluid and pump was set to about 50 m considering the height of the target building. Figure 5 shows
the pump head and efficiency, in which the rated power was 90 kW, the flow rate was 160–480 m3/h,
and the head was 44 to 53.2 m.
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2.3. Study Methodology

This study aimed to determine the current status of building loads in Korea and to reflect the
actual retrofit level based on the current status. To do this, this study identified the detailed status of
large office buildings through literature reviews [11], and quantitatively summarized the changes in
internal loads, such as the office automation (OA) equipment load and the heat load from occupants,
as well as the building skin loads due to architectural design standards. Reference [11] examined
the device-specific catalog of elements for each year of internal load and quantitatively showed the
variation of internal load. The result is shown in Figure 6, Figure 6 shows the changes in power
consumption of OA equipment, and lighting fixtures (fluorescent light and light-emitting diodes
(LED)), and heat loads from occupants for the past 30 years. The OA equipment load in 2015 increased
by about 49.6% compared to that in 1985, and the lighting load decreased by about 47% due to the
replacement with LED light.
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Table 6 presents the thermal transmittance criteria of external walls for 30 years from 1985 to
2015 for non-residential buildings in the Korean central resion. The survey results of envelope load [12]
exhibited that the regulations for the insulation performance of external walls and windows has
been steadily strengthened. As a result, the insulation performance of external walls, roofs, floors,
and windows, which are in direct contacted with outdoor air, have improved by 53%, 69%, 50%,
and 40%, respectively in the past 30 years.

Table 6. Changes in the thermal transmittance of envelope design criteria in South Korea (unit:
W/m2

·K).

Year

Exterior Wall of
the Living Room

Roof on the Top
Floor

Bottom of the
Lowest Floor

(without
Floor-Heating)

Windows and
Doors

Remarks

Atmosphere

Direct Indirect Direct Indirect Direct Indirect Direct Indirect

1984 0.58 0.47 0.58 N/A 0.58 N/A 3.49 N/A Enforcement Rules of
Construction Act1987 0.58 0.47 0.41 N/A 0.58 N/A 3.37 N/A

2001 0.47 0.64 0.29 0.41 0.41 0.58 3.84 5.47
Rules on Equipment in

Buildings, etc.
2008 0.47 0.64 0.29 0.41 0.41 0.58 3.4 4.6

2010 0.36 0.49 0.2 0.29 0.41 0.58 2.4 3.2

2013 0.27 0.37 0.18 0.26 0.29 0.41 2.1 2.6 Energy-saving criteria
for buildings

The maximum cooling and heating load can be calculated by determining the current status
of the indoor heat and envelope loads in large office buildings using previous studies. In addition,
the capacity of the absorption chiller and heater, the flow rate of the water supply during cooling and
heating, and pipe diameter, etc. can be identified based on the maximum cooling and heating load.
Finally, the retrofit measure of the heat-source systems that can respond to the changed loads due to
the retrofit was examined through calculations.

Figure 7 is presented to determine the maximum load comparison between the first design
and retrofit and the current status of loads in a large office building by design time. Four scenarios
with five-year intervals were set to determine the operation status of actual office buildings due to
strengthening of regulations and technical advancements, and the current status of loads by retrofit
time can be determined for each scenario.
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Figure 7 is presented to determine the maximum load comparison between the first design and retrofit
and the current status of loads in a large office building by design time. Four scenarios with five-year
intervals were set to determine the operation status of actual office buildings due to strengthening of
regulations and technical advancements, and the current status of loads by retrofit time can be determined
for each scenario. In a previous study on four scenarios by [12], the maximum load calculation, and a
load reduction rate between completion and retrofit were determined. The internal and envelope loads
identified, were calculated using a Korean calculation tool called RTS-SAREK(Radiant Time Series-The
Society of Air-Conditioning and Refrigerating Engineers of Korea). RTS-SAREK was used in the previous
study as a tool to calculate the maximum load of a building and the capacity of the heat-source equipment.
The changes in loads that may occur during the retrofit, such as the exchange of high-insulation and air-tight
windows, the strengthening of insulation performance in external walls, the replacement of internal OA
equipment due to aging, and LED light replacement were quantitatively considered. The calculation results
are presented in Table 7.

Table 7. Calculated results of the maximum cooling and heating load for each scenario.

Category Scenario I Scenario II Scenario III Scenario IV

Maximum cooling load
(kW)

Initial design 3134 2991 2734 3322

Retrofit
2296

2691 2325 2110
2288

Reduction rate (%)
27

8 15 36
27

Maximum heating
load (kW)

Initial design 2623 2455 2189 2039

Retrofit
1823

2171 1591 13801559

Reduction rate (%)
30

11 27 32
41

For the general retrofit of HVAC systems, not only heat-source devices but also corroded water pipes
are also replaced. Steel pipes are widely used for pipes of coolant water and hot and chilled water, and the
service life of steel pipes in Korea is set to 30 years by regulation [18]. When existing pipes are regenerated
using lining methods, the construction period is shortened and the construction cost is decreased, as well
as extending the possible durability [19]. In addition, construction methods to regenerate aging pipes have
been developed. Thus, when internal scales in cast-iron and steel pipes that are structurally still usable are
removed, and pipe renewal methods, such as forming a protective coating inside the pipe through lining
work is performed, the need to completely replace the water-pipe system is reduced.
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Since the present study aimed to minimize the replacement of equipment, it created simulation models
for each case (Table 8) of the replacement range of aged heat-source systems and calculated each of the
models. All cases assume that the maximum load of the building is reduced due to a retrofit. Case 1 refers
to a case where the same capacity of absorption chiller and heater and the pipe size with those of existing
ones are used. Case 2 refers to a reduction in the capacity of heat-source equipment and the reuse of
existing water pipes. Here, the water-pipe system becomes oversized compared to the corresponding
heat-source equipment. Case 3 refers to the downsizing of both the heat-source equipment capacity and
the water pipe size. It means a complete replacement of the heat-source system.

Table 8. Selection of cases regarding a range of water pipe replacement in the heat-source system
during the retrofit.

Case Capacity of Heat-Source Equipment Water Pipe Size

Case 1 Same as before retrofit Same as before retrofit
Case 2 Downsizing Same as before retrofit
Case 3 Downsizing Downsizing

3. Design of Water-Pipe System

The water pipe design of the HVAC system and the target building should determine prior to
simulations. The flow rate of supplied cooling and hot water that corresponds to the load using the
specifications of the absorption chiller and heater are calculated, thereby allowing for the selection of a
pipe size suitable for each flow rate. The purpose of this selection is to perform simulations per case
according to a replacement range of heat-source systems and four scenarios whose design and retrofit
times are different.

3.1. Calculation of Cooling and Hot Water Flow Rate

The specifications for the equipment for design and retrofit times of the four scenarios were
selected using the calculation results of maximum cooling and heating load in the target building,
which was conducted in a previous study [12] and the specifications of the absorption chiller and
heater in Table 5. As a result, the change rate due to applying the absorption chiller and heater was the
same in both cooling and heating, and the capacity of the heat source was reduced by the retrofit in all
scenarios (Table 9). The reason for the largest reduction in Scenarios I and IV was due to the reduction
in the maximum load in the building as the insulation performance of the envelopes was improved by
law at the time of retrofit.

Table 9. Capacity of absorption water heater/cooler due to retrofit in each scenario (* Retrofitting).

Scenario
Cooling Heating With Retrofit

Change Rate (%)Equipment Capacity (kW) Equipment Capacity (kW)

I

1985 4922 4430
−35.7

2000 * 3164 2848

2015 * 3164 2848 −

II
1990 4220 3790

−16.6
2005 * 3516 3162

III
1995 3938 3546

−19.7
2010 * 3164 2848

IV
2000 4922 4430

−42.8
2015 * 2814 2534
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After this, the cooling and hot water flow rates were calculated for the water pipe-system design
based on Table 10. The calculation items were the flow rate to process the indoor load of the building,
changes in flow rate at the time of design and retrofit, and flow rates according to the specifications of
the absorption chiller and heater. Since the heat-source equipment was selected based on the maximum
cooling load, the hot water flow rate was large in most cases. Thus, a method to adjust the supplied
hot water amount during heating by the opening of the bypass pipes using a valve was adopted.
In addition, the results verified that both the flow rates of cooling and the hot water were reduced with
the reduction of loads due to the retrofit compared to those at the design time.

Table 10. Comparison of calculated cooling and hot water flow rates and specifications of absorption
chiller and heater. (* Retrofitting).

Scenario
Calculated Flow Rate (m3/h)

Reduction Rate of Calculated
Flow Rate (%)

Flow Rate Per Absorption
Chiller and Heater (m3/h)

Cooling Water Hot Water Cooling Water Hot Water Cooling and Hot Water

I
1985 374.6 372.1 − − 423.4

2000 * 260.7 243.7 30.4 34.5 272.2
2015 * 248.3 197.1 33.7 47 272.2

II
1990 354.7 346.3 − − 362.9

2005 * 293.8 270.2 17.2 22 302.4

III
1995 320.8 306.5 − − 338.7

2010 * 258.2 207.8 19.5 32.2 272.2

IV
2000 373.9 279.3 − − 423.4

2015 * 230.5 175.9 38.3 37 241.9

3.2. Calculation of Values Applied in Simulation by Scenario

The pipe diameter of the absorption chiller and heater ranged from 200 to 250 A, carbon steel
pipes were used for pipes of the water-pipe system, the friction-head loss was 30 to 40 mmAq/m,
and the flow rate was 2.0 m/s in all scenarios.

Each of the values applied to the water pipe simulation are presented in Tables 11–13. In the
tables, the maximum load that should be processed during cooling and heating, the flow rates of
absorption chiller and heater, the supplied flow rate required to process actual loads, and the inner
diameters of water pipes that correspond the flow rate are presented. The capacity of the chiller and
heater in Case 1 was not changed, but the actual processing load was reduced due to the retrofit so that
the actual supply flow rate became approximately 50% to 60% of the maximum flow rate. In Case 2,
which applied a downsizing of the chiller and heater due to the load reduction, the actual flow rate
was 80% to 100% of the maximum water flow rate. Scenarios 2 to 4 showed a similar result.
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Table 11. Values applied in simulations in Scenario I.

Scenario I
Maximum Flow Rate of
Absorption Chiller and

Heater (m3/h)

Actual Supplied
Water Flow Rate

(m3/h)

Supplied Water Flow
Rate Compared to

Equipment Flow Rate (%)

Inner Diameter of
Water Pipe (mm)

Cooling 1985 846.8 751.4 88.7 254.2

2000

Case 1 846.8 547.8 64.7 254.2

Case 2 544.4 528.7 97.1 254.2

Case 3 544.4 553.9 101.7 229.4

2015

Case 1 846.8 500.3 59.1 254.2

Case 2 544.4 496.7 91.2 254.2

Case 3 544.4 517.7 95.1 229.4

Heating 1985 846.8 748.1 88.3 254.2

2000

Case 1 846.8 489.8 57.8 254.2

Case 2 544.4 487.6 89.6 254.2

Case 3 544.4 488.1 89.7 229.4

2015

Case 1 846.8 401.6 47.4 254.2

Case 2 544.4 396.1 72.8 254.2

Case 3 544.4 384.5 80.7 229.4

Table 12. Values applied to simulations in Scenarios 2 to 4 during cooling.

Cooling Year Case

Absorption
Chiller and

Heater Maximum
Flow Rate (m3/h)

Actual
Supplied

Water Flow
Rate (m3/h)

Supplied Water Flow
Rate Compared to

Equipment Flow Rate
(%)

Inner
Diameter
of water
Pip(mm)

Scenario II

1990 Design 725.8 718.9 99.0 254.2

2005
case 1 725.8 589.7 81.2 254.2
case 2 604.8 591.2 97.8 254.2
case 3 604.8 626.6 103.6 229.4

Scenario III

1995 Design 677.4 651.6 96.2 254.2

2010
case 1 677.4 519.4 76.7 254.2
case 2 544.4 521.8 95.8 254.2
case 3 544.4 546.0 100.3 229.4

Scenario IV

2000 Design 846.8 749.7 88.5 254.2

2015
case 1 846.8 461.6 54.5 254.2
case 2 483.8 465.4 96.2 254.2
case 3 483.8 482.4 99.7 204.7

Table 13. Values applied to simulations in Scenarios 2 to 4 during heating.

Heating Year Case

Absorption
Chiller and

Heater Maximum
Flow Rate (m3/h)

Actual
Supplied

Water Flow
Rate (m3/h)

Supplied Water Flow
Rate Compared to

Equipment Flow Rate
(%)

Inner
Diameter
of Water
Pip(mm)

Scenario II

1990 Design 725.8 696.1 95.9 254.2

2005
case 1 725.8 543.4 74.9 254.2
case 2 604.8 542.8 89.7 254.2
case 3 604.8 543.7 89.9 229.4

ScenarioIII

1995 Design 677.4 616.9 91.1 254.2

2010
case 1 677.4 418.9 61.8 254.2
case 2 544.4 417.5 76.7 254.2
case 3 544.4 417.3 76.7 229.4

Scenario IV

2000 Design 846.8 560.7 66.2 254.2

2015
case 1 846.8 358.6 42.3 254.2
case 2 483.8 354.4 73.3 254.2
case 3 483.8 359.8 74.4 204.7
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4. Simulation Result and Reviews

Simulations that analyzed the inner flow of the pipe system were conducted by applying three
cases for each scenario based on the results presented in Tables 11–13, and the transportation power of
the pump was reviewed.

4.1. Overview of FloMASTER V8.0

FloMASTER V8.0 was utilized to calculate the transportation power according to changes to flow
rate in the water pipe. It is a program to analyze internal flows in pipes developed in the UK. It is a
one-dimensional thermal flow analysis software that can be applied for analysis utilizing professional
components specialized for each of the industries including automobile, ships, plants, aerospace,
and oil- and gas-piping thermal flow analysis [20].

This tool is to perform analysis after entering physical values of the system in the planning phase
before generating drawings and determining the validity of the design, by which changes in pressure,
flow rate, and temperature between components of the system planned by the designer can be analyzed
easily. The biggest advantage of this program is that it can analyze thermal fluid systems, so it can
analyze the interaction with other systems under real situations according to boundary conditions of
each component by reflecting the mechanical properties of complex systems.

Figure 8 shows the construction of a simulation model of the HVAC system in this study using
the FloMASTER V8.0 program components. Since this study limited to the scope to the water pipes
and the transportation pump in the primary heat-source system, the loss portion of flow rate in the
building, and pressure due to the head were re-produced using the components for the secondary load.
The HVAC system reproduced in FloMASTER V8.0 reflects Figures 4 and 5, and is targeted at the system
in relation to Figure 3. Configure the water flow rate and pipe diameter for the design conditions
in Table 3, the instrument specifications in Table 10, and the RTS-SAREK results in Tables 11–13.
The details of each component function are described in Table 14.
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Table 14. Component characteristics of the HVAC system.

Components Function
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4.2. Simulation Result and Analysis of Water Pipes

In the four scenarios in this study, the maximum cooling and heating loads and equipment
capacity, etc. tended to decrease in a similar manner. Since the feature of Scenario I had two retrofits
and the analysis on this was first conducted, whereas the differences compared to Scenario I were
described for Scenarios 2 to 4.

4.2.1. Scenario I

In Case 1, because the maximum load was reduced due to the retrofit, the actual flow rate was 60%
to 65% of the maximum flow rate of the absorption chiller and heater. This meant that the heat-source
equipment operated at partial-load conditions even at the time of maximum cooling and heating,
leading to the reduction in energy usage. In Case 2, the downsizing of the heat-source equipment
was applied reflecting the reduction in the maximum cooling and heating load, but existing pipes
were utilized. Thus, the water-pipe system is a case of oversizing operations overall. The actual flow
rate was around 90% of the maximum flow rate of the heat-source equipment and pump power was
reduced by around 10% due to the reduction in flow velocity. Case 3 refers to a replacement of both
the equipment capacity and pipe diameter with appropriate sizes due to the reduction in maximum
load. It was determined in response to the maximum load. The power of the transportation pump was
reduced by about 10%, which was similar to that of Case 2.

However, since Case 3 was accompanied by the exchange of equipment in the absorption chiller
and heater and entire replacement of water-pipe system, it required a much higher construction cost
and longer construction time. This result indicates that energy-saving effects inside the heat-source
system may be achieved due to the reduction in the flow rate and velocity just with the replacement of
suitable heat-source equipment as shown in Case 2 when considering the replacement of the existing
heat-source system at the time of the retrofit of buildings. In addition, since the energy waste due to
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the application of partial-load operation caused by over-design could be prevented, the results from
Case 2 showed the best outcome.

Moreover, the reduction rate in of power in Scenario I was slightly higher, by about 2% in 2015 as
compared to that of 2000, which was the year of the first retrofit. This was due to the reduction in the
maximum load in 2015 compared to that of 2000, due to the result of the strong regulation enforcement
of insulation performance. The above results were consistent in both cooling and heating. The detailed
results are presented in Table 15.

Table 15. Simulation results in Scenario I (cooling and heating).

Case Year

Change
Rate in

Maximum
Load (%)

Equipment
Capacity
Change
Rate (%)

Pipe size
Change
Rate (%)

Ratio of Supply
Water Flow Rate to

Equipment Flow
Rate (%)

Pump
Power
(kW)

Power
Change
Rate (%)

Flow
Velocity

(m/s)

Cooling 1985 * − − − − 89.8 − 2.0

Case 1
2000

−27 N/A N/A
64.7 89.6 −0.2 2.2

2015 59.1 89.5 −0.3 2.3

Case 2
2000

−27 −35.7 N/A
97.1 80.8 −10.0 1.4

2015 91.2 79 −12.0 1.4

Case 3
2000

−27 −35.7 −9.8
91.2 101.7 −8.6 1.9

2015 95.1 80.2 −10.7 1.7

Heating 1985 * − − − 88.3 89.1 − 2.0

Case 1
2000 −30

N/A N/A
57.8 89.6 0.6 2.3

2015 −41 47.4 89.4 0.3 2.3

Case 2
2000 −30

−35.7 N/A
89.6 81.2 −8.9 1.5

2015 −41 72.8 79.9 −10.3 1.9

Case 3
2000 −30

−35.7 −9.8
89.7 82.4 −7.5 1.4

2015 −41 80.7 80.7 −9.4 1.8

* Completion year of Scenario I.

4.2.2. Scenarios II to IV

Figures 9–11 show the simulation results of the transportation pump for each scenario.
Scenarios 2 to 4 showed a similar trend as Scenario I. That is, the power of transportation pump was
reduced in Cases 2 and 3. This was because the flow velocity was decreased due to the reduction in the
flow rate compared to the pipe size in Case 2, and the pump power was decreased as a result of using
equipment of proper capacity in Case 3.
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Figure 11. Simulation results of cooling and heating transportation pump power in Scenario IV.

The most considerable power reduction rate in the transportation pump in all scenarios and was
consistent with the largest reduction rate of maximum load and equipment capacity. This verified that
the calculation of proper loads at the time of retrofit and the reduction in loads inside and outside the
building influenced the heat-source system. Furthermore, this study applied the absorption chiller
and heater for cooling and heating using a single piece of heat-source equipment. However, if the
cooling and heating equipment are separated, the effects of power-saving during heating will be
further improved.

Tables 16 and 17 present the results of the above three scenarios in the figures by item, which
exhibit the results having a similar pattern with those in Scenario I.
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Table 16. Values applied to simulations in Scenarios 2 to 4 during cooling.

Scenario Case

Change
Rate in

Maximum
Load (%)

Equipment
Capacity
Change
Rate (%)

Pipe Size
Change
Rate (%)

Ratio of Supply
Water Flow Rate

to Equipment
Flow Rate (%)

Pump
Power
(kW)

Power
Change
Rate (%)

Flow
Velocity

(m/s)

II

1990 Design − − − 95.9 89.5 − 2.0

2005
Case 1

−8
N/A N/A 74.9 89.8 0.3 2.1

Case 2
−16.6

N/A 89.7 83.8 −6.4 1.6
Case 3 −9.8 89.9 85.3 −4.7 2.1

III

1995 Design − − − 91.1 88.4 − 1.8

2010
Case 1

−15
N/A N/A 61.8 89.1 0.8 1.9

Case 2
−19.7

N/A 76.7 80.4 −9.0 1.4
Case 3 −9.8 76.7 81.7 −7.6 1.8

IV

2000 Design − − − 66.2 89.8 2.1

2015
Case 1

−36
N/A N/A 42.3 89.5 −0.3 2.3

Case 2
−42.8

N/A 73.3 77.1 −14.1 1.3
Case 3 −19.5 74.4 78.1 −13.0 2.0

Table 17. Values applied to simulations in Scenarios 2 to 4 during heating.

Scenario Case

Change
Rate in

Maximum
Load (%)

Equipment
Capacity
Change
rate (%)

Pipe Size
Change
Rate (%)

Ratio of Supply
Water Flow Rate

to Equipment
Flow Rate (%)

Pump
Power
(kW)

Power
Change
Rate (%)

Flow
Velocity

(m/s)

II

1990 Design − − − 95.9 88.5 − 2.0

2005
Case 1

−11
N/A N/A 74.9 89.4 1.0 2.2

Case 2
−16.6

N/A 89.7 84.4 −4.6 1.7
Case 3 −9.8 89.9 85.6 −3.3 2.1

III

1995 Design − − − 91.1 86.6 − 1.8

2010
Case 1

−27
N/A N/A 61.8 87.9 1.5 2.0

Case 2
−19.7

N/A 76.7 81.4 −6.0 1.5
Case 3 −9.8 76.7 82.2 −5.1 1.9

IV

2000 Design − − − 66.2 89.7 − 2.2

2015
Case 1

−37
N/A N/A 42.3 89.3 0.4 2.3

case 2
−42.8

N/A 73.3 78.0 −13.0 1.3
Case 3 −19.5 74.4 78.6 −12.4 2.1

5. Conclusions

This study aimed to search for the optimal measures of a heat-source system during retrofit to
minimize the equipment replacement considering the maximum cooling and heating load that was
changed due to the retrofit for large office buildings in Korea. To do this, the capacity of heat-source
equipment at the time of retrofit was calculated based on the loads obtained in previous studies,
and review cases including the range of the water-pipe system were selected. After this, simulations
were conducted with regard to the pump power and water pipes using FloMASTER V8.0.

The simulation results exhibited that Case 2, which employed the downsizing of heat-source
equipment while using the existing water pipes, was found to obtain the most substantial power
reduction in transportation pump out of four scenarios. Energy was saved by about 10%, and the
power of the transportation pump was also reduced when the maximum load was reduced by the
retrofit conducted after the insulation performance standards were reinforced.

The results also verified that Case 1, which simply replaced existing heat-source equipment with
the same capacity of equipment, increased the partial-load operation time, thereby reducing the energy
performance. Case 3, which performed the retrofit using the downsizing of both heat-source equipment
and water pipes, had a similar energy-saving effect with that of Case 2, but it increased the construction
time and cost due to the full replacement of the system.

In summary this study determined that: (1) change rates of the indoor heat and envelope loads
in large offices in Korea for past 30 years were quantitatively investigated; (2) the importance of
calculating the heat-source equipment capacity at the time of retrofit compared to that of design time
due to the change in maximum load was identified; and (3) retrofits can be economically feasible and
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efficient when a replacement of the water-pipe system in heat-source equipment was minimized based
on the proper heat-source equipment selection.
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