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Abstract: The performance of air conditioning systems deteriorate due to the natural aging and wear
caused by operating the devices. This is termed “aging degradation,” and it results from a lack of
appropriate maintenance which accelerates the degree of performance degradation. The performance
degradation of an air conditioning system can cause problems such as increased energy consumption,
deteriorated indoor heating environment, and shortened lifespan of air conditioning equipment.
To prevent such problems, it is important to establish a long-term maintenance plan to recover
degraded performance, such as predicting an appropriate maintenance time by identifying the real-
time performance degradation rate based on a system’s operation data. In this study, the performance
degradation rate, according to the operating time, was estimated using long-term operation data
for devices constituting a heat source system, and the effect of performance degradation of the
heat source system’s operation and energy consumption was reviewed using a simulation. The
performance degradation rate of the target device was estimated by analyzing the variation trend of
the calibration coefficient, which was calculated when the initial performance prediction model was
calibrated through operating data. Using this approach, it was confirmed that the annual performance
degradation rate was 1.0–1.4% for the heat source equipment, 0.4–1.2% for the cooling towers, and
0.8–1.3% for the pumps. In addition, a heat source system energy simulation calculated the 15-year
performance degradation of the heat source equipment to be 34–52% and 7–19% for both the cooling
towers and pumps. Due to the equipment performance deterioration, the number of operating heat
source equipment and cooling tower fans, and the pump flow rate gradually increased every year,
thus accelerating the performance deterioration even further. As a result, energy consumption in the
15th year increased by approximately 41% compared with the initial energy consumption.

Keywords: aging degradation; BEMS (building energy management system); heat source system;
simulation; energy

1. Introduction

More than 40 countries were involved in the online “Leaders’ Summit on Climate”
meeting on Earth Day in April 2021. In the meeting, many countries including the United
States, European Union, and Japan raised the carbon reduction target for the year 2030.
Considering this as an opportunity, South Korea also revised their 2030 Nationally De-
termined Contribution (NDC), which is a carbon-neutral intermediate goal, aiming to
reduce it by 40% compared with 2018. In the construction sector, the target of reducing
carbon emissions in comparison to 2018 is 32.8% (from 52.1 million tons of CO2eq in 2018
to 35.0 million tons of CO2eq) [1]. To reduce carbon in the building sector, establish a
building management system for each life cycle based on the data that measure the energy
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performance of buildings. Using this system, net zero emissions of new buildings and
green remodeling of existing buildings will be expanded [2].

To reduce building energy consumption, it is essential to ensure air conditioning
systems are being operated efficiently and maintained regularly as these systems account
for about 40% of the total building’s energy. The performance of all devices, including the air
conditioning systems, deteriorates due to natural aging and wear caused by operation and is
called aging degradation. Furthermore, the lack of appropriate maintenance can accelerate
the degree of aging degradation. The performance degradation of air conditioning systems
can cause problems such as increased energy consumption, deteriorated indoor heating
environment, and shortened equipment lifespan. To prevent such problems, it is important
to estimate the degree of real-time performance degradation using operation data and
establish a long-term maintenance plan to recover the degraded performance.

Griffith B. et al. [3] predicted the performance degradation rates of air conditioning
equipment including the Direct Expansion (DX) coil, central chiller, boiler, heat pump,
constant volume fan, variable volume fan, and gas heating coil. The annual performance
degradation rate was calculated for each of these components with and without mainte-
nance, and the performance degradation values were presumed by approximating the
trends observed across historical versions of Standard 90.1. Table 1 shows the performance
degradation rate used in this paper. They proposed a linear model that calculates the
performance degradation rate at the time according to the age of use and the annual perfor-
mance degradation rate. Waddicor D. et al. [4] reported that 30% performance degradation
occurs over 30 years for fans and pumps and that this value ranges from 6–10% for boilers,
depending on maintenance conditions. These results agree with that typically provided
by air conditioning manufacturers. M. Bannai et al. [5] found that the performance of
the chiller decreases by 2.4% per year due to mechanical deterioration, however, can be
reduced to 1% per year when the appropriate chemical cleaning and maintenance are per-
formed. Karen Fenaughty et al. [6] report the first-ever long-term empirical measurement
of the degradation of residential air conditioner/heat pump (AC/HP) performance. From
2012–2016, FSEC monitored 56 homes in Florida as a retrofit project which gathered de-
tailed HVAC end-use energy data. Within the analysis, cooling system performance at
many sites was found to worsen over the baseline period, typically degrading 5%, and
ranging from −8% to 40%, per year. Using these data, an algorithm was developed to auto-
matically evaluate AC/HP performance against the weather. Some researchers examine
the influence of degradation on an entire building’s thermal performance while also taking
climate change into account [7,8]. Georgios Eleftheriadis et al. [8] considers the impacts of
this deterioration on the building energy performance with accuracy improving long-term
performance calculations. Simplified degradation equations are applied to selected enve-
lope elements and heating system components of a single-family house in Germany. The
calculation results show that the building consumes 18.4% to 47.1% more primary energy
over 20 years compared with a scenario without degradation.

Table 1. Performance degradation of HVAC equipment.

With Maintenance Without Maintenance

DC coil 0.25% per year 1% per year

Central chiller 0.25% per year 1% per year

Boiler 0.2% per year 0.5% per year

Heat pump heating 0.25% per year 1% per year

Constant volume fan 0.2% per year 0.5% per year

Variable volume fan 0.2% per year 0.5% per year

Gas heating coil 0.1% per year 0.2% per year
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Recently, in Korea, the building energy management system (BEMS) has been actively
promoted and the operation data are being measured and stored. In particular, BEMS is
an integrated system of measurement, control, management, and operation that provides
an optimized building energy management plan by monitoring energy usage required to
maintain a comfortable indoor environment [9]. In the Energy Use Rationalization Act,
the government stipulates that “When a public institution builds a building with a total
floor area of 10,000 m2 or more, efforts should be made to establish and operate a BEMS
for efficient building energy use”. Moreover, the standards included Zero Energy Building
(ZEB) certification for BEMS installation. In addition, BEMS installation guidelines have
been prepared to describe in detail the roles and functions of BEMS, such as collected data
items, display and inquiry methods, and analysis methods [10].

To estimate the aging deterioration in real-time for air conditioning systems, it is
necessary to measure the input and output values of all devices constituting the system
and conduct a performance evaluation for comparison with the initial performance. To
achieve this, various sensors need to be installed increasing the initial investment cost,
which air conditioning clients are reluctant to do. This, therefore, makes it difficult to
conduct research on estimating aging deterioration based on real-life operating data. The
purpose of this study is to predict the performance degradation rate of air conditioning
equipment according to operation time by using the model calibration method based on
long-term operation data accumulated in BEMS. Based on the obtained results, the effect of
aging degradation on the energy consumption of the heat source system was examined by
using simulation. First, four-year operation data for heat source equipment, open cooling
towers, and inverter-type pumps that were installed in a university building were acquired
from BEMS and a model predicting initial performance was built using the data provided
by the manufacturer. The initial performance prediction model includes a calibration
coefficient for correcting the performance difference between the initial performance and
the operating performance. The calibration coefficient was calculated using operation
data, and the performance degradation rate compared with the initial performance was
predicted by analyzing the changing trend of the calibration coefficient according to the
cumulative operation time. In addition, a simulation model was developed for a heat
source system comprising heat source equipment, a cooling tower, a chilled water pump,
and a cooling water pump. We studied the effect of the predicted performance degradation
rate on the operation method and energy consumption change when the heat source system
was operated for a long time.

2. Development of the Performance Prediction Model

A performance prediction model was developed for heat source equipment, open
cooling towers, and inverter-type pumps installed in the university building and completed
in October 1993. After constructing a model to predict the initial performance of the
device using the initial device specifications, performance data, and the physical equations
provided by the manufacturer. The model was calibrated using the operation data, from
which a calibration coefficient was calculated by considering the difference. The difference
between the predicted initial performance and the current performance was minimized by
adding this calibration coefficient to the predictive model. The calculation of the calibration
coefficient and analysis of the variation trend is discussed in Section 4.

2.1. Heat Source Equipment

In this study, three gas absorption chiller-heater (Ch-1, Ch-2, Ch-3) were targeted as
heat source equipment. Table 2 shows the specifications for these devices as provided
by their manufacturer, and their performance curve is shown in Figure 1. Based on the
performance curve, a gas consumption rate calculation model based on the partial load
rate and the cooling water temperature was constructed; the model expression is shown in
Equation (1). In order to reduce the effect of chilled water temperature and cooling water
flow on gas consumption, only data obtained in the range of 6.5–7.5 ◦C for chilled water
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temperature and 450–500 m3/h for cooling water flow were used. After calculating the
partial load factor using the difference between the inlet and outlet temperatures of the
heat source equipment the flow rate of chilled water, the rate of cooling capacity, and the
gas consumption rate can be calculated by inputting the partial load factor and the cooling
water temperature into the model.

Egas = Cgas·(a0 + a1·X + a2·X2 + a3·Y + a4·Y2 + a5·X·Y) (1)

Here, Egas denotes the gas consumption rate [%], X is the partial load rate [%], Y is
the cooling water temperature [◦C], a0, a1, a2, a3, a4, and a5 are the model parameters
[-], Cgas is the calibration coefficient [-]. The model parameters were calculated using a
least-squares method based on the performance curve data. The calculation results are
provided in Table 3.

Table 2. Specifications for gas absorption chiller-heater.

Target Equipment Ch-1, Ch-2, Ch-3

Specification

Cooling capacity 2408 kW, Outlet chilled water temperature
7.0 ◦C, Inlet cooling water temperature 32 ◦C, Rated chilled water
flow 348 m3/h, Rated cooling water flow 700.2 m3/h, Rated gas

consumption 187 Nm3/h

Energies 2022, 15, x FOR PEER REVIEW 4 of 17 
 

 

flow on gas consumption, only data obtained in the range of 6.5–7.5 °C for chilled water 
temperature and 450–500 m3/h for cooling water flow were used. After calculating the 
partial load factor using the difference between the inlet and outlet temperatures of the 
heat source equipment the flow rate of chilled water, the rate of cooling capacity, and the 
gas consumption rate can be calculated by inputting the partial load factor and the cooling 
water temperature into the model. 

Egas = Cgas∙(a0 + a1∙X + a2∙X2 + a3∙Y + a4∙Y2 + a5∙X∙Y) (1)

Here, Egas denotes the gas consumption rate [%], X is the partial load rate [%], Y is the 
cooling water temperature [°C], a0, a1, a2, a3, a4, and a5 are the model parameters [-], Cgas 
is the calibration coefficient [-]. The model parameters were calculated using a least-
squares method based on the performance curve data. The calculation results are pro-
vided in Table 3. 

Table 2. Specifications for gas absorption chiller-heater. 

Target Equipment Ch-1, Ch-2, Ch-3 

Specification 

Cooling capacity 2408 kW, Outlet chilled water temperature 
7.0 °C, Inlet cooling water temperature 32 °C, Rated chilled 
water flow 348 m3/h, Rated cooling water flow 700.2 m3/h, 

Rated gas consumption 187 Nm3/h 

 
Figure 1. Performance curve of heat source equipment. 

Table 3. Model parameters. 

 a0 a1 a2 a3 a4 a5 
Value 3.51447 0.13517 0.00313 0.03742 0.00516 0.01425 

2.2. Open Cooling Tower 
Table 4 lists the equipment specifications for the three target open cooling towers 

(CT-1, CT-2, CT-3). The cooling tower model is a counter-current type wherein cooling 
water and outside air flow are in opposite directions, and the filling material is assumed 
to be a water film type. The model expressions are given in Equations (2)–(4) [11]. Equa-
tion (2) provides the formula to calculate the amount of heat exchanged in the cooling 
tower, Equation (3) is the empirical formula of the coefficient of mass transfer (ka) for the 

Figure 1. Performance curve of heat source equipment.

Table 3. Model parameters.

a0 a1 a2 a3 a4 a5

Value 3.51447 0.13517 0.00313 0.03742 0.00516 0.01425

2.2. Open Cooling Tower

Table 4 lists the equipment specifications for the three target open cooling towers (CT-1,
CT-2, CT-3). The cooling tower model is a counter-current type wherein cooling water and
outside air flow are in opposite directions, and the filling material is assumed to be a water
film type. The model expressions are given in Equations (2)–(4) [11]. Equation (2) provides
the formula to calculate the amount of heat exchanged in the cooling tower, Equation (3)
is the empirical formula of the coefficient of mass transfer (ka) for the water film filler
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of a counter-current cooling tower, and Equation (4) is an expression for calculating the
logarithmic mean enthalpy difference (LMED). The input values required for the cooling
tower model are: the inlet and outlet water temperatures of the cooling tower, cooling
water flow rate, cooling tower fan air volume, and outside air temperature and humidity,
whereas the output value is the cooling tower heat quantity.

Q = CCT·(ka·A·Z·LMED) (2)

ka = 7.5·
(

λg

de2·Cs

)
·
(

L
A
· de

γl·νl

)0.45
·
(

G
A
·de·Cs

λg

)0.46
·
(

de

Z

)0.74
(3)

LMED =
(hw1 − h2)− (hw2 − h1)

log{(hw1 − h2)/(hw2 − h1)}
(4)

Here, Q denotes the heat exchange in the cooling tower [kcal/h], CCT is the calibration
coefficient [-], ka is the overall mass transfer coefficient [kcal/m3h (kcal/kg)], A is the
cooling tower filler cross-sectional area [m2], Z is the cooling tower filler height [m], LMED
is logarithmic mean enthalpy difference [kcal/kg], λg is air thermal conductivity [kJ/ms·K],
de is equivalent diameter of cooling tower filler [m], Cs is the specific heat of wet air
[kJ/kg’s·K], L is the quantity [kg/s], γl is the specific gravity of water [kg/m3], vl is the
kinematic viscosity of water [m2/s], and G is the cooling tower fan air volume [m3/s].

Table 4. Open cooling tower specifications.

Target Equipment CT-1, CT-2, CT-3

Specification Capacity 4396.6 kW, cooling water flow 700 m3/h, Fan 5 EA,
Fan air flow 72,000 (m3/h)/EA

2.3. Inverter Type Pump

Model construction was carried out targeting three pumps (P-1, P-2, P-3) capable of
controlling the flow rate and were equipped with an inverter. Table 5 and Equation (5) show
the specifications of the target device. The pump model calculates the power consumption
of the pump based on the relation between shaft power and flow and it is given as,

EP =
CP·Erated

ηP
·
(

FP

Fr

)3
(5)

where Ep denotes the power consumption of the pump [kW], Cp is the calibration coefficient
[-], Erated indicates the pump-rated power consumption [kW], ηp is the pump efficiency
[%], Fp is the cooling water flow [m3/h], and Fr is the pump rated flow [m3/h].

Table 5. Inverter-type pump specifications.

Target Equipment P-1, P-2, P-3

Specification Rated flow 702 m3/h, Rated Brake horsepower 110 kW,
Rated head 37 m, Rated rpm 1800 rpm

3. Diagnosis of Aging Deterioration

In this study, the calibration coefficient was calculated using operation data measured
at 1 min intervals over a 4-year period. Calibration coefficients were calculated at 1-day
intervals using the least-squares method. The calibration coefficient indicates the difference
between the initial performance predicted from the performance data provided by the
manufacturer and the current performance calculated from the operation data. In this
study, the degree of performance degradation with respect to operation time was predicted
by analyzing the variation of the calibration coefficient with respect to the cumulative
operation time. The heat source equipment model and the pump model provide values
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for the gas consumption rate and power consumption, respectively. When the calibration
coefficient increases with the cumulative operating time, both gas and power consumption
increase under the same boundary condition, indicating that performance degradation
occurs. The cooling tower model determines the amount of heat treated, and when the
calibration coefficient decreases with the cumulative operating time, the amount of treated
heat decreases under the same boundary condition, indicating a degraded performance.

Figures 2–4 show the results of calculating the calibration coefficient according to the
accumulated operating time for the target device. The results show that the calibration
coefficients of all devices are scattered, but the heat source equipment and pump tend to
increase and the cooling tower to decrease according to the cumulative operating time.
This implies that the energy consumption in the cases of the heat source equipment and the
pump is increasing under the same boundary condition, and the amount of heat processed
by the cooling tower is decreasing. In addition, it is possible to predict the deterioration
rate, defined as the progress of deterioration per unit operation time, using the gradient
of the calibration coefficient. Tables 6–8 describe the progress rate of degradation of each
device. Considering the annual operating hours of these devices to be 700 h, it can be
predicted that the annual performance degradation rates have the range of 1.0–1.4% for
heat source equipment, 0.4–1.2% for cooling towers, and 0.8–1.3% for pumps.
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Figure 4. Calibration coefficient values according to the cumulative operation time of the pumps:
(a) P-1; (b) P-2; (c) P-3.

Table 6. Performance degradation rate of gas absorption chiller-heater.

Ch-1 Ch-2 Ch-3

Degradation rate per hour [%/h] 2.015 × 10−3 1.420 × 10−3 2.058 × 10−3

Table 7. Performance degradation rate of cooling towers.

CT-1 CT-2 CT-3

Degradation rate per hour [%/h] −1.709 × 10−3 −6.201 × 10−4 −7.087 × 10−4

Table 8. Performance degradation rate of pumps.

P-1 P-2 P-3

Degradation rate per hour [%/h] 1.828 × 10−3 1.135 × 10−3 1.860 × 10−3

4. Evaluation of Aging Deterioration Impact Using Simulation
4.1. Development of Heat Source System Simulation

By developing a simulation of the previously diagnosed equipment, the effect of aging
deterioration on the heat source system operation and energy consumption was analyzed.
The target was a heat source system with 3 units each of a gas absorption chiller-heater, a
chilled water pump, a cooling water pump, and a cooling tower. The energy simulation
consisted of 4 device models (gas absorption chiller-heater, cooling tower, chilled water
pump, cooling water pump) and 3 control models (Operation unit number control for heat
source equipment, cooling tower fan air volume control, cooling water flow control), and
by connecting these the heat source system simulation was constructed. The simulation
flow chart is shown in Figure 5. In the flowchart, it is possible to check the connection status
of the models and the main input/output data. The input values of the system simulation
are shown on the left side and the output values are on the right side. Input values are
heat source load, temperature and humidity of outdoor air, set values of cooling water
temperature difference and cooling water temperature. The output value is the energy
consumption of each piece of equipment. For the gas absorption chiller-heater and the
cooling water pump models, the logic to decrease the heating and cooling capacity and
flow according to the increased energy consumption due to aging is added to the energy
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consumption calculation model developed in Section 2 (Figure 6). For example, if energy
consumption increases due to aging, and the energy consumption at the partial load factor
of 85% reaches the rated consumption, the rated value of the cooling/heating capacity
of the gas absorption chiller-heater is limited to 85%. For the cooling tower model, we
used that developed in Section 2. The chilled water pump is a device that operates at a
rated flow. When the number of operating chilled water pumps is determined according
to the operating number of the gas absorption chiller-heater, the flow rate and power
consumption are calculated based on the corresponding rated values, which are 348 m3/h
and 26 kW, respectively. The specifications for the control model are as follows.
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(1) Operation unit number control for heat source equipment

The number of operating gas absorption chiller-heaters, which is a heat source equip-
ment, is controlled according to the heat source load. When the heat source equipment
heats up to 90% or more, the number of operating units is increased by one, and when it is
below 80%, one unit is decreased. For the number of units, the minimum and maximum
values are one and three, respectively.

(2) Cooling tower fan air volume control

The cooling tower fan controls the number of operating units such that the outlet
cooling water temperature reaches a set value of 32 ◦C. When the cooling water temperature
is over 34 ◦C, the number of cooling tower fans is increased by one, and when it is below
30 ◦C, this number is decreased by one. Once the required number of operating fans is
determined, the air volume is calculated by multiplying the fan’s rated air volume by
72,000 m3/h. For the number of cooling tower fans, the minimum and maximum values
are zero and five, respectively.

(3) Cooling water flow control

The cooling water flow rate is controlled by adjusting the pump frequency with PI
control so that the temperature difference between the inlet and outlet of the cooling tower
is maintained at 5 ◦C.

The input parameters of the heat source system simulation are the heat source load, out-
door temperature and humidity, and control set values (cooling water temperature = 32 ◦C,
cooling water temperature difference = 5 ◦C), and its output is the energy consumption
of each device. The accuracy of the simulation was verified by comparing that to the true
cooling operation data of the university building. After calibrating each device model
using data from 1 June to 21 June, the measured and calculated values were compared with
the data collected between 22 June and 29 June. The energy sources of the target system
consisted of gas and electricity and were converted into primary energy consumption for
comparative evaluation. The primary energy conversion factors used were 1.1 for gas and
2.75 for electricity [12]. Between the measured and calculated values, the mean bias error
(MBE) was −1.0% and the coefficient of variation of the root mean square error (CV_RMSE)
was 8.6% (as shown in Figure 7), therefore verifying the accuracy of the heat source system
simulation. ASHRAE Guideline 14, a representative measurement and verification (M&V)
guide, international performance measurement and verification protocol (IPMVP), and
federal energy management program (FEMP) set the error tolerance standard for simula-
tions calibrated at time intervals MBE ± 10% and CV_RMSE ± 30%. Therefore, it can be
confirmed that our designed simulation has sufficient accuracy [13–15].
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4.2. Variation in Energy Consumption of Heat Source Systems due to Aging Deterioration

In the case of long-term operation of the heat source system, the effects of aging on
the system’s energy efficiency were reviewed using the above-described simulation. The
simulation period was set to 15 years of the legal service life of the heat source system. the
operating data for 1 year of the university building was used as the boundary conditions
such as weather data and heat source load for the simulation. For the case of cooling
operation, the chilled water temperature at the outlet of the heat source equipment was
7 ◦C, the cooling tower outlet cooling water temperature was 32 ◦C, and the cooling tower
inlet/outlet cooling water temperature difference was 5 ◦C. In the case of the heating oper-
ation, the hot water temperature at the outlet of the heat source equipment was set to 60 ◦C.
The heat source load and the corresponding boundary conditions are shown in Figure 8,
where the positive and negative numbers indicate cooling and heating loads, respectively.
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Figure 8. Annual heat source load.

The simulation results are shown in Table 9 and Figures 9–13. Table 9 shows the
average performance degradation rate of each device by year of operation. After 15 years
of operations, the performance of the heat source equipment decreased by 34–52% and
that of the cooling tower and pump decreased by 7–19%. The heat source equipment
was operated during both cooling and heating, so it was found to be higher than the
performance degradation rate of cooling towers and pumps that were operated only for
cooling. Figure 9 shows that the average annual Coefficient of Performance (COP) of
three heat source equipment for the first year of operation was 0.87, whereas in the 15th
year it was 0.61, which resulted in a 30% decrease in efficiency. Moreover, due to aging,
the processing capacity of heat source equipment decreased, whereas the annual average
number of operating units gradually increased (Figure 10). Furthermore, due to aging,
the processing capacity of heat source equipment decreased, whereas the annual average
number of operating units gradually increased (Figure 10). An increase in the number of
operating heat source equipment led to an increase in the number of operating cooling tower
fans and the pump flow rate, further accelerating the deterioration of the cooling tower and
pump performance (Figures 11 and 12). The annual primary energy consumption increased
by 9194.7 GJ from 22,413.7 GJ in the first year to 31,608.4 GJ in the 15th year, which is an
approximately 41% increase in energy consumption (Figure 13). Considering individual
devices, the percentage increase for heat source equipment, cooling water pumps, and
cooling towers were calculated as 42.6%, 51.7%, and 30.9%, respectively. The increase
in energy consumption of cooling water pumps is mainly caused by the increase in the
number of operating cooling water pumps, which is due to the increase in the number of
operating heat source equipment. The increase in the cooling water pump flow rate is due
to the increase in the amount of heat processed by the cooling tower due to the reduced
heat source equipment performance.
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Table 9. Performance degradation rate of each device (Unit: [-]).

Ch-1 Ch-2 Ch-3 CT-1 CT-2 CT-3 P-1 P-2 P-3

1st year 0.97 0.97 0.98 0.99 1.00 1.00 0.99 0.99 0.99

2nd year 0.93 0.94 0.96 0.98 0.99 0.99 0.98 0.98 0.99

3rd year 0.90 0.91 0.93 0.96 0.99 0.99 0.96 0.97 0.98

4th year 0.87 0.88 0.91 0.95 0.98 0.98 0.95 0.95 0.97

5th year 0.83 0.85 0.89 0.94 0.98 0.98 0.94 0.94 0.97

6th year 0.80 0.81 0.87 0.93 0.97 0.97 0.92 0.93 0.96

7th year 0.76 0.78 0.85 0.92 0.97 0.97 0.91 0.92 0.95

8th year 0.73 0.75 0.82 0.91 0.96 0.97 0.90 0.91 0.95

9th year 0.69 0.72 0.80 0.89 0.96 0.96 0.89 0.90 0.94

10th year 0.66 0.69 0.78 0.88 0.95 0.96 0.87 0.88 0.93

11th year 0.62 0.65 0.75 0.87 0.95 0.95 0.86 0.87 0.92

12th year 0.59 0.62 0.73 0.86 0.94 0.95 0.85 0.86 0.92

13th year 0.55 0.59 0.71 0.85 0.94 0.94 0.84 0.85 0.91

14th year 0.51 0.55 0.68 0.83 0.93 0.94 0.82 0.84 0.90

15th year 0.48 0.52 0.66 0.82 0.93 0.93 0.81 0.83 0.90
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5. Conclusions

In this study, we estimated the performance degradation rate of air-conditioning
equipment, according to the accumulated operating time, using the operation data collected
by the BEMS and the air-conditioning equipment performance prediction model. The effect
of the performance degradation rate on the operation and energy consumption of the heat
source system was examined using simulation. The contents and results of this study are
as follows:

(1) Based on the initial design data and physical formulas provided by the manufac-
turer for heat source equipment, open cooling towers, and inverter-type pumps
installed in the university building, a device model was developed to predict the
initial performance.

(2) By using the developed device model and 4 years of operation data collected by the
BEMS, the calibration coefficient representing the difference between the initial perfor-
mance and the current performance is calculated at daily intervals and by analyzing
the trend of change in the calibration coefficient. The performance degradation rate of
each device was estimated. The performance degradation rate according to operating
hours and annual operating hours was considered and the decrease in performance
of the heat source equipment, cooling tower, and pump was in the ranges of 1.0–1.4%,
0.4–1.2%, and 0.8–1.3%, respectively.

(3) A heat source system simulation was established by developing four device mod-
els and three control models for the heat source system of a university building
and connecting them. The simulation prediction accuracy was MBE = −1.0% and
CV_RMSE = 8.6%, which satisfies the acceptance criteria for simulation provided by
the representative M&V guidelines.

(4) After 15 years of operating the heat source system, the performance degradation rate
of the previously diagnosed device was reflected in the heat source system simulation,
and the variations in operation and energy consumption due to device performance
degradation were analyzed. Over 15 years, without maintenance, the performance of
heat source equipment decreased by 34–52%, and that of cooling towers and pumps
decreased by 7–19%. In addition, the number of operating heat source equipment, the
number of cooling tower fans, and the pump flow rate gradually increased every year
due to the degradation of the devices, thus accelerating the performance degradation.
As a result, energy consumption in the 15th year increased by approximately 41%
compared with the initial energy consumption.
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Nomenclature

BEMS building energy management system Cs specific heat of wet air [kJ/kg’s·K]
NDC nationally determined contribution L Quantity [kg/s]
DX coil direct expansion coil γl specific gravity of water [kg/m3]
ZEB zero energy building vl kinematic viscosity of water [m2/s]
Ch heat source equipment G cooling tower fan air volume [m3/s]
Egas gas consumption rate [%] P pump
X partial load rate [%] Ep pump power consumption [kW]
Y cooling water temperature [◦C] Cp calibration coefficient for pump [-]
a0, a1, a2,
a3, a4, a5

heat source equipment model parameters [-] Erated pump rated power consumption [kW]

Cgas
calibration coefficient for heat source equipment
model [-]

ηp pump efficiency [%]

CT target open cooling towers Fp cooling water flow [m3/h]
Q heat exchange in the cooling tower [kcal/h] Fr pump rated flow [m3/h]
CCT calibration coefficient for cooling tower model [-] MBE mean bias error [%]

Ka overall mass transfer coefficient [kcal/m3h (kcal/kg)] CV_RMSE
coefficient of variation of the root mean square
error [%]

A cooling tower filler cross-sectional area [m2] ASHRAE
American Society of Heating, Refrigerating and
Air-Conditioning Engineers

Z cooling tower filler height [m] M&V measurement and verification

LMED logarithmic mean enthalpy difference [kcal/kg] IPMVP
international performance measurement and
verification protocol

λg air thermal conductivity [kJ/ms·K] FEMP federal energy management program
de equivalent diameter of cooling tower filler [m] COP coefficient of performance [-]
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