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ARTICLE INFO ABSTRACT

Keywords: The energy consumption of the air-source heat pump operated in cooling mode is affected by the
Air-source heat pump outdoor air condition in summer. It is important to not only install the evaporative cooler in front
Direct evaporative cooler of the condenser inlet side but also consider the operation strategy of the evaporative cooler
Optimal system operation under the hot and humid condition. In this study, the energy saving potential of the air-source

Outdoor air condition

’ ! heat pump with an evaporative cooler was analyzed according to the operation strategy. A
Energy-saving potential

three-story office building measuring 100 m?, using an enthalpy recovery ventilator, was used as
a model building conditioned by the proposed system for detailed energy simulation. The
building thermal load and energy consumption were estimated using simulation tools. The results
show that the proposed system reduces 8.87% of energy consumption compared with the con-
ventional air-source heat pump when the evaporative cooler operated under the 72% of relative
humidity condition.

Nomenclature

A, Zone area [mz]

CMH Cubic meter per hour [m3/h]

I Specific heat [kJ/kg ° C]

E, Zone air distribution effectiveness [—]
g Gravitational acceleration [m/s]

Head Head loss [m]
h Enthalpy [kJ/kg]

m Mass flow rate [kg/s]

14 Power [kW]

P, People [—]

Q Heat rate [kW]

R, Outdoor area air rate [—]
T Temperature [° C]

v Velocity [m/s]

w Power [kKW]
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Greek Symbols

a Relative humidity effectiveness of desiccant wheel [—]
e Efficiency [—]

n Effectiveness [—]

p Density [kg/m>]

® Humidity ratio [kg/kg]
Subscripts

a Air

amb Ambient

comp Compressor

cond Condenser

dbt Dry-bulb temperature

dec Direct evaporative cooler
EX Enthalpy exchanger

evap Evaporator

hx Heat exchanger

i Inlet

lat Latent heat

o Outlet

oa Outdoor air

p Static pressure

ref Refrigerant

sa Supply air

sen Sensible heat

sp Superheat

tot Total

vent Ventilation

wb Wet-bulb

Abbreviations

CHP Combined heat and power
COP Coefficient of performance
DBT Dry-bulb temperature
ERV Enthalpy recovery ventilator
HVAC  Heating, ventilation & air-conditioning

1. Introduction

HVAC systems use heat pump systems to save energy. The heat pump can transfer heat from a low-temperature heat source to a
high heat-temperature source using the latent heat of the refrigerant [1]. A building can be cooled by releasing the heat from inside to
the outside [2] using a heat pump. The research on HVAC systems using a heat pump has been an important topic for the building
sector, and many studies have been conducted earlier [3-5].

The heat absorbed from a room being cooled is released outside the building by heat exchange owing to the temperature difference
between indoor air and outdoor air. However, due to the high outside temperature in summer, the heat release performance of the
condenser deteriorates. A recent report on global climate change by the IPCC states that the global surface temperature will continue to
rise in the coming decades [6]. To maintain the heat release performance at high ambient temperatures, the temperature set for the
outdoor condenser should be increased. A higher refrigerant compression is required to increase the heat-dissipation temperature.
More energy is required to increase the compressibility of the refrigerant, leading to the higher energy consumption of the building.

This problem can be mitigated by installing a direct evaporative cooler in front of the condenser. Evaporative cooling is when water
evaporates from a liquid state to a gaseous state while absorbing the heat of evaporation, removing the surrounding heat [7,8]. When
water is sprayed into the air, the temperature of the air is cooled owing to the evaporation of water. When the cooled air flows into the
condenser, the temperature difference between the condenser and the air increases, and thus the heat dissipation performance is
improved. Previous studies using numerical and experimental analyses of evaporative cooling-based air-source heat pumps have been
conducted [9-14]. Experimental verification of evaporative cooling-based heat pump system has been conducted. Youbi-Idrissi et al.
[9] developed a semi-local mathematical model of an air-cooled condenser, with and without spraying water, to evaluate the system
performance. The result showed that the cooling capacity and COP of the water sprayed condenser increased by 13% and 55%,
respectively, than the dry air-cooled condenser. Hajidavalloo and Eghtedari [10] studied an evaporative cooler coupled to an existing
air-cooled condenser and measured the effect on the heat pump cycle performance under hot ambient air conditions. Experimental
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results showed that the power consumption can be reduced by 20%, and COP improved by 50%. Jahangeer et al. [11] numerically
analyzed an evaporative cooled condenser using the finite-difference technique. Several experimental studies have been conducted to
validate the performance of evaporative cooling condensers [12,13]. Sarnichartsak and Thepa [12] predicted the performance of an air
conditioner with an evaporative cooled condenser, and their models satisfied the test data. Wang et al. [13] conducted an experimental
investigation of an air-conditioning system using an evaporative cooling condenser. The system COP increased from 6.1% to 18%, and
the compressor’s power consumption reduced by 14.3%. Martinez et al. [14] studied the impact of different cooling pads on the overall
performance of an air-conditioning system with an evaporative cooler. The experiments were conducted with variable-thickness
cooling pads, and the improvements in power consumption and overall COP were evaluated. Recently, a few studies were investi-
gated to enhance the evaporative condenser by experimental and numerical analysis. Pan et al. [15] introduced a novel water-cooling
centralized air conditioning system in the subway. They installed two types of air ducts, and the result indicates that the evaporative
condenser-air conditioner can enhance energy efficiency and reduce operation costs and carbon emissions. Yang et al. [16,17]
experimented spray type of evaporative condenser. They investigated the impact of arrangement of spraying mode and nozzle position
[16] and the influence of different outdoor temperatures, mass flow rates of nozzles and operation modes of the proposed system [17].
Ketwong et al. [18] analized the evaporative cooled condenser in different hot-dry and hot-humid climates. The result showed that
energy efficiency ratios for hot-dry and hot-humid climates ranged from 3.40 to 4.22 and 3.30 to 3.94, respectively, compared to 3.01
for the normal unit. Li et al. [19] proposed a novel household ventilator with indirect evaporative cooling system to enhance the
exhaust air heat pump. The proposed system was tested with four different operation modes.

Previous studies have focused on the mechanical performance evaluation of a heat pump system installed with a direct evaporative
cooler on the laboratory scale. However, when an evaporative cooling condenser with a heat pump system is used in an office building,
unlike the lab-scale experiment, the performance improvement of the system must be evaluated considering the various outside air
conditions. In particular, the evaporative cooler is affected by the humidity of the air at the inlet side of the condenser. Therefore, if the
system is used to cool the building, the energy performance evaluation of the proposed system should be conducted considering the
office occupancy schedule, zone load, and outdoor air conditions. However, limited studies have been conducted on building appli-
cations. Shen et al. [20] studied the energy and economic analyses of an evaporative cooled condenser for building and refrigerant
systems in various climates. This study simulated the proposed system applied to a building in 16 different climate zones for three types
of buildings, and the results were compared for each climate and building type. The proposed system operates depending on the
one-point air condition.

Therefore, this study investigated the optimal operation strategy of an air-source heat pump system with a direct evaporative cooler
installed in an office building. The HVAC system of the building was assumed to consist of an indoor air conditioning system (e.g., an
air-source heat pump) and a ventilation system (e.g., enthalpy exchange ventilator). The energy simulation was conducted by applying
the occupancy schedule, ventilation rate, and annual ambient air condition data. The operation analysis was conducted during summer
to focus on the systems cooling performance.

2. System description

2.1. Direct evaporative cooler assisted condenser

An air-source heat pump system is the most used air conditioning system in office buildings [21]. It comprises an evaporator,
condenser, compressor, expansion valve, and four-way valve [1]. In summer, the heat pump operates in the cooling mode to reduce the
cooling load in the target zone of the office building. The cooling and dehumidification processes for indoor air in an office is conducted
using a heat pump, located in the indoor section, in which, heat exchange takes place between the refrigerant and the air in the
evaporator. In this situation, the hot and compressed refrigerant absorbs heat from the ambient air. Evaporation causes the air in the
zone to cool and dehumidify when the air is cooled below the dew point. Here, the refrigerant inside the evaporator flows in a
low-temperature and low-pressure state as it passes through the expansion valve, promoting the heat exchange with the indoor air. The
vaporized refrigerant passes through the compressor to a high-temperature and high-pressure state. Continuous indoor cooling re-
quires the gaseous refrigerant to be converted back to the liquid state. To condense the refrigerant, the high-temperature and
high-pressure refrigerant flows into the condenser located outside. The condenser introduced the outdoor air and released conden-
sation heat through heat exchange with the refrigerant. Once all the condensation heat is released, the refrigerant liquifies and flows
back into the expansion valve to continue the cooling cycle.

Because the air-source heat pump uses outdoor air as a heat sink, the outdoor temperature and humidity conditions significantly
affect the performance of the heat pump. Therefore, a certain temperature difference between the condensing temperature of the
refrigerant and the outside air should be maintained. If the outside temperature increases, the condensing temperature of the
refrigerant increases. An increase in the condensing temperature of the refrigerant increases the compression rate. Thus, power
consumption increases as the compressor ratio increases. Therefore, in summer, the compressor consumes higher energy. These
phenomena can lead to significant energy use in the summer.

Direct evaporative cooling is a simple method for solving this performance degradation phenomenon of the heat pump system.
When the water vaporizes, it cools the introduced air as the water removes heat from the ambient air. The ambient air can be cooled
until the wet-bulb temperature is reached. The wet-bulb temperature is the point at which water can evaporate to the maximum level.
The air temperature of the cooled air can be calculated using the efficiency equation (Equation (1)). Based on a previous experimental
study [22], the heat exchange efficiency of the direct evaporative cooler was set to 0.8.

Ta,dec = Laamb — gdec(Ta.(unb - wa,a.amb) (1)
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Outdoor air enters the condenser drawn through the condenser fan. Heat exchange between the refrigerant and air takes place in
the condenser (111, c00na)- In @ conventional condenser without an evaporative cooler, the amount of heat dissipation can be calculated as
follows:

O ouidoor = EnxMa.condCp(Teond — Ta.outdoor) (@)

The heat dissipation (Quug.0r) Of the condenser was determined by multiplying the specific heat of the air (cp) by the mass flow rate
of the introduced air (Mg coona), the temperature difference between the condensing temperature (T.nq) and the condenser ambient air
(Ta.0utdoor)- The actual amount of heat dissipation of the condenser was determined by the efficiency (ep,) of the condenser coil. As the
temperature of the air decreased, the released heat increased. Assuming that the heat dissipation is constant, the energy consumption
can be reduced by decreasing the temperature of the condenser. The compressor can lower the compressor ratio, reducing the tem-
perature. Conversely, if the ambient air in the building is cooled by the evaporative cooler and flows into the condenser (T q.), heat
dissipation can be maintained even if the condensing temperature is maintained or reduced (T ondnew)- The treated air temperature
(Tairdec) cooled by the evaporation of water is determined by the efficiency of the evaporative cooler, assuming that it can ideally be
cooled to the wet-bulb temperature of the ambient air. Therefore, it is possible to operate the condenser by reducing the temperature
(Equations (3) and (4)). This leads to a reduction in the compression ratio of the compressor, thereby reducing the energy con-
sumption. These equations are expressed as follows.

Qoutdoor = EncacondCp(Teond.new — Tadec) 3)

Qoutdoor
Teondnew = Tadee +——— “4)
EnxMa.condCp

2.2. Proposed system overview

Fig. 1 shows an HVAC system consisting of ventilation and a heat pump air-conditioning system. The ERV system handles venti-
lation in the zone. The enthalpy exchanger is used to reduce the ventilation load by exchanging the enthalpy with the outdoor air and
exhaust air from the zone [23]. The ERV uses its heat exchange efficiency to calculate the temperature and humidity ratio of the
processed air after heat exchange (Equations. 5 and 6). The cooled and dehumidified air was discharged using the ceiling duct. The
processed ventilation air was supplied through a diffuser installed on the zone’s ceiling. The supply air heat can be calculated using the
following equation (Equation (7)):

T:avEX = Tva — EEX.sen (Toa - Tfane) (5)
Wsq.gx = Woq — EEX.lat (woa - w:om’) (6)
Qsa = mvemcpa(Twnc - Tm) (7)

The zone thermal load remaining can be determined by subtracting the total zone thermal load from the heat of the supply air.
Therefore, the cooling load of the indoor evaporator can be calculated using the following equation (Equation (8)).

sz)rle = (Qtt)ral - Qxa) (8)

If thermal load in the zone persists after supplying ventilation air, the air-source heat pump is operated. The evaporator of the heat
pump located indoors cooled the zone air to remove the total heat load. A condenser located on the outdoors side is used to release heat
absorbed by the evaporator. A direct evaporative cooler was installed in front of the condenser. Both the air-source heat pump and the
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Fig. 1. Schematic diagram of air-source heat pump cooling system for building zone.
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direct evaporative cooler were activated together. The air supplied to the condenser cools the outdoor air closer to the wet-bulb
temperature to improve the heat release performance of the condenser.

2.3. System operation

The objective of this study is to investigate the energy consumption is affected by the summer operation of the HVAC system (e.g.,
ERV and air-source heat pump) installed in an office building with a direct evaporative cooler installed in front of the condenser.
Therefore, it is important to understand the operation mode and working flow of each component considering the condition of the air,
both indoors and outdoors, and the heat load of the building.

(1) ERV

The operation mode of the ERV is determined based on the conditions of indoor air and air supply. The indoor air conditions refer to
the enthalpy line and dry-bulb temperature (DBT) line based on 26 °C and 50% relative humidity as indoor conditions during summer
[24]. The DBT was set to 15 °C. When cooling the zone based on these lines, the outdoor air conditions can be divided into three modes
on the psychrometric chart. In Mode A, it is advantageous to reduce the ventilation load bypassing the enthalpy exchanger when the
outdoor air condition is greater than the indoor enthalpy and DBT line. This is because the enthalpy is exchanged between the outdoor
and indoor air in the enthalpy exchanger. In Mode B, the indoor air is exhausted, without heat exchange, through the bypass duct of the
enthalpy exchanger. Because the outdoor air condition is lower than the indoor condition lines, it is disadvantageous to exchange heat
with the indoor air. In Mode C, if the outside air is colder than the supply condition set for cooling and is supplied to the room un-
treated, it may cause discomfort and a cold draft to the occupants. Therefore, the air is heated using the enthalpy exchanger.

(2) Heat pump

Fig. 2 shows the operation logic, during summer, of the air-source heat pump. The heat pump operation logic, proposed in this
study, is controlled by the indoor air supply condition, outdoor in-out temperature difference, and air volume conditions. For heat
pump control, it is assumed that the indoor and outdoor units have a temperature difference of up to 10 °C for heat exchange. In
addition, it is assumed that the basic indoor and outdoor air volumes do not exceed 1000 CMH.

First, the designed outlet temperature of the indoor evaporator was determined assuming (Tsq esign).- TO remove the remaining
indoor thermal load after ventilation, the air volume of the heat pump indoor unit (my,) (Equation (9)) was calculated. It is converted
into CMH to determine the appropriate supply air conditions (Equation (10)). If the air volume exceeds 1000 CMH, the air volume is
assumed to be 1000 CMH. This prevents excessive indoor air volume operations. If it exceeds 1000 CMH, the supply air temperature is
calculated using the corresponding mass flow rate (Equation (11)). Otherwise, the calculated mass flow rate is determined as the
indoor supply air mass flow rate; the supply air temperature is calculated at this point (Equation (11)). If the actual calculated supply
air temperature is lower than 5 °C, the supply air temperature is fixed at 5 °C, and the supply air mass flow is recalculated. The
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Fig. 2. Flow chart of the calculation logic of the heat pump system in the proposed system.
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temperature is fixed to prevent a cold draft to the occupants. In this state, the supply air mass flow rate, supply air set temperature,
supply air specific heat, and indoor set temperatures are determined. The remaining indoor heat load after ventilation air was supplied
was chosen as the evaporator load (Qcqp). The evaporation temperature of the heat pump refrigerant must be determined (Teyqp. set)
(Equations (12) and (13)). The equations for the evaporation temperature are as follows:

QZOHE

Mty =————— 9)
Cp.sa (Tmne - Txa.de:ign)
CMH,, =~ x 3600 (10)
I an
MguCpsa
Q’emp = m.qu/),.&zl(T:(Jne - T.uz) (12)
Tevap,set = Tzane - (1 3)

EnxMair zone C[).:a

The outdoor condensation temperature of the heat pump determines the design condition above an inlet temperature of 10 °C based
on the assumptions (T,q.design)- It Was assumed that the air volume of the outdoor unit was fixed and operated at 1000 CMH. After
calculating the mass flow rate (m;.q) (Equation (14)), the amount of heat release rate required for heat dissipation (Qcondpr.) (Equation
(15)), and the condenser temperature of the heat pump (T;onds) (Equation (16)).

CMH,up,

i air.oa — — 1
i 3600 a4
Q(‘{)nd,/)/‘e = mair,oacp,oa (Taa,de:[gn - Toa) (15)
Tepntons = Ty +— s 16)

EnxMair.0aCp.oa

After both the indoor evaporator refrigerant and outdoor condenser refrigerant temperatures are determined, thermodynamic
equations are evaluated. First, the amount of refrigerant required for indoor cooling (m.) is determined (Equation (17)). Then, the
compressor work is determined based on the thermodynamic equation (W,mp) (Equation (18)). The compression ratio of the
compressor was assumed to be 0.75 [25]. After calculating the heat of the condenser (Q.,n¢) to maintain the heat balance (Equation
(19)), it is compared with the required heat release rate (Q.ond.determine) (Equation (20)). First, we calculate the difference between the
heat release rate of the outdoor unit and that calculated by the heat balance equation. Next, we verify whether the difference (i.e., error
range) is within 1%. If the error range is positive (i.e., heat release rate greater than value from heat balance equation) then we
calculate the entire system’s energy, outdoor unit fan CMH, compression ratio, and COP of the heat pump. If the calculated outdoor
unit heat release exceeds the 1% error range from the heat balance equation, the outdoor unit air volume is altered to recalculate the
heat release rate using the air volume control. Subsequently, the error value is reduced by restarting the heat pump calculation process
based on the change in the volume of heat dissipated by the outdoor unit. If the value computed using the heat balance equation is
greater than the observed value, and if the observed heat release rate is negative, the condenser temperature setting is changed to
increase the actual heat release (Tcond.setpre)- The R410a refrigerant was used in this study, and the refrigerant temperature at the critical
point was 71 °C. The condenser refrigerant temperature setting was noted when the refrigerant temperature was less than 71 °C.
Thereafter, the condensers heat release is recalculated, and the error is reduced by comparing the actual calculated heat release rate
and the heat calculated by the heat balance equation.

Qevap

(S —— a7
W eomp = Titres (eomp.o-act — Meomp.i) (18)
Ocond = Qevap + Weomp (19)
Ovcond derermine = Qemp.pm — Oron (20)

(3) Direct evaporative cooler

The basic method for calculating the temperature of the air passing through the evaporative cooler is to calculate based on ratio of
the actual cooling per ideal cooling determined with wet-bulb temperature. The lowest temperature to which the air can be cooled by
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Fig. 3. Flow chart of the proposed system operation.
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evaporative cooling depends on the efficiency of the evaporative cooler. Assuming that the evaporative cooling efficiency is 0.8 [26],
the outlet air temperature passing through the evaporative cooler is calculated using Equation (21). Because the cooling air tem-
perature is the same as the inlet air temperature of the outdoor unit of the heat pump, the set condenser refrigerant temperature can be
determined by the modified condenser inlet air temperature (Equation (22)). The heat pump and the direct evaporative cooler unit are
operated together. When the direct evaporative cooler was operated

Toa.dec = Toador — Edec(Toador — Toarbr) (21

Qeond

EdecMair.oa cp.(m)

Teond.setnew = Toa.dec + ( (22)

(4) Flow chart assembly

Fig. 3 shows the operation logic flow for handling all the components. First, the ERV calculated the amount of indoor ventilation.
The corresponding indoor ventilation was the minimum ventilation standard according to ASHRAE Standard 62.1 [27]. Subsequently,
the mode is selected according to the external air condition. After calculating the ERV according to the proposed mode, the amount of
heat supplied was calculated, and the amount of heat remaining in the room was calculated. If the amount of heat remaining in the
room was less than zero, the system operation was terminated because the entire heat load in the room was captured by ventilation. If
the remaining heat load in the room was greater than zero, the heat pump calculation was repeated according to the heat pump
calculation logic (Fig. 3). After calculating the air condition (cooled by evaporative cooling by operating the direct evaporative cooler),
the set condenser refrigerant temperature of the heat pump was corrected to recalculate the corrected refrigerant amount, compressor
energy consumption, and condenser heat dissipation.

3. Simulation overview
3.1. Model building

A three-story office building in Seoul was simulated in this study. A floor area of 100 m? was used in the simulation. The settings of
the simulated model building are listed in Table 1 [28]. The performance of the building was based on the energy conservation
standards published by the government [29]. The temperature and humidity conditions in the zone were assumed to be 26 °C and 50%,
respectively. The humidity ratio of air was calculated to maintain this condition. Based on the above conditions, the practical and
latent heat loads of the model building were calculated using the TRNSYS program [30].

3.2. System assumption

The purpose of this paper was to evaluate the energy performance of the proposed system with different operation strategy during
summer. To analyze the system energy simulation, we made several assumptions as follows:

1) Hourly simulations
2) Adiabatic cooling system
3) Steady-state simulation was assumed in this paper

3.2.1. Air-source heat pump
Characteristics of the designed air conditions and heat pump system are listed in Table 2. Design parameters were selected based on
the hottest hours in summer. The airflow rate of each component was calculated based on the designed air conditions. The refrigerant

Table 1
Simulation input values of model building [28].
Regime types Parameters Values
Floor area 100 m?
Number of floors 3
Occupants 15
Simulation period June-September (Cooling season)
Location Seoul
Zone condition Temperature 26 °C
Relative humidity 50%
Supply air condition Temperature 15°C
Relative humidity 80%

Heat gain People 130 W/person (sensible, latent)
Equipment 7 W/m?
Lights 12.5 W/m?
U-value Outdoor wall 0.240 W/m?K
Floor 0.276 W/m’K
Roof 0.141 W/m’K
Window 1.4 W/m?K
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Table 2

Air condition and heat pump system characteristics in the design condition of the simulation.
Parameters Min Average Max
Outdoor air temperature [°C] 13.4 23.6 33.5
Outdoor air relative humidity [%] 36.5 76.0 100.0
Indoor air temperature [°C] 26.0 26.0 26.0
Indoor air relative humidity [%] 50.0 50.0 50.0
Vyeur [CMH] 110.2 127.2 150.8
V,« [CMH] 33.7 851.5 1707.0
Vindoor [CMH] 317 816.8 1474.0
Refrigerant ton 0.4 13.1 38.2
Horsepower 0.0 1.0 6.6
Coefficient of performance 1.0 5.4 9.3

tonnage and horsepower of the heat pump were determined using the designed conditions. The seasonal energy efficiency ratio was
calculated from the sum of the cooling capacity and input electrical power.

3.2.2. Direct evaporative cooler

Manufacturer’s catalog [31] information was used to set the water pump parameters, namely, water was sprayed at 60 L/min on
the upper surface of the pad. The water temperature was fixed at 25 °C. The effectiveness of the evaporative cooling pad was set to 0.8
based on an experimental study [32,33]. It was assumed that the heat exchanger was insulated.

3.3. Ventilation rate

Ventilation air was introduced according to the minimum ventilation rate based on the ASHRAE Standard 62.1 [27]. The equation
of the ventilation mass flow rate consists of the outdoor air rate (R,) multiplied by the person (P,), area outdoor air rate (R,) multiplied
by the zone area (A;), and zone air distribution effectiveness (E;). An office as assumed as the target zone.

Myens = (Rh X Pz +R, X Az)/Ez (23)

3.4. Fan and pump

The system proposed in this study requires four fans, located at the supply and return sides of the ERV, indoor air conditioner, and
the outdoor unit. The airflow rate of each fan (Vdesign) was calculated using the ERV, indoor unit, and outdoor unit air mass flow rate
equations [34]. A fan efficiency of 50% was used in this study. The pressure drop was derived based on previous studies [35,36]. The
pressure drop value and the thickness, assumed in this study, were based on the manufacturer’s catalog [31]. The pressure drop values
of the system components are listed in Table 3. Fan energy consumption was determined based on the following equations (Equations
(24)-(26)) [371:

V lesign AP
Pfan.des[gn :@ (24)
r]/an
Pl = (0.0013 +0.1470PLR; + 0.9506PLR? + 0.0998PLR;) X Plandesian (25)
PLR; =—=""" (26)
Vde:ign

A direct evaporative cooler (Section 3.2.2) was used in this study. Water was sprayed at 60 L/min on the upper surface area of the pad
as described in the manufacturer’s catalog (Viqer). The design pump head loss (Head) was assumed to be 15 m, and the pump efficiency
(Mpump) Was 60%. The energy consumption of the pump was calculated as follows:

Viaer X 8 X Head
P/mm/) :u (27)

”pump

Table 3
Pressure drop of system components.
Components Pressure drop (Ap)
Heat exchanger 250 Pa
Enthalpy exchanger 100 Pa
Direct evaporative cooling pad 20 Pa
SA duct balance 500 Pa
EA duct balance 500 Pa
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4. Simulation result and discussion

4.1. System performance

4.1.1. Outdoor air condition

The outdoor air condition was plotted on a psychrometric chart to assess the conditions of the outdoor air passing through the direct
evaporative cooler (Fig. 4). Compared with the conditions of the outdoor air during the summer, which are widely distributed, the air
condition converges to a certain condition after passing the evaporative cooler. An evaporative cooler, used during the summer, can
maintain air conditions in which temperature does not exceed 27.7 °C.

The air condition data, in Seoul, for the summer of 2020 (June-August), shows a temperature variation of 13.4 °C to 33.5 °C. The
air condition, using evaporative cooling, depicted by the red dots (Fig. 4) shows a maximum of 27.7 °C, indicating that using an
evaporator in summer, outdoor air conditions of 27.7 °C or less can be maintained at all times.

4.1.2. p-h graph

A p-h diagram shows the compression of the heat pump cycle with or without evaporative cooling (Fig. 5). The blue line cycle
represents the heat pump system without evaporative cooling, and the red dashed cycle represents the heat pump system with
evaporative cooling. The condenser setting temperature decreased owing to the evaporation cooling effect of the ambient air after the
direct evaporative cooler was operated. The condenser setting temperature is affected by the evaporative cooling. Therefore, the
condenser temperature change was determined based on the evaporative cooling effect. The evaporative cooling effect is affected by
the wet-bulb temperature of the atmosphere, i.e., the closer the wet-bulb temperature is to the dry-bulb temperature, the less evap-
orative cooling occurs. The wet-bulb temperature could be replaced by the relative humidity, as the relative humidity approached
100%, the evaporative cooling effect reduced to zero. Therefore, the p-h graph analyze was conducted to examine the change trend in
heat pump operation performance due to the evaporative cooling effect during the entire summer. The p-h graph was analyzed when
the evaporative cooling effect was the maximum, and the wet-bulb temperature was closest to the dry-bulb temperature, namely the
period of highest relative humidity.

Fig. 5(a) shows a p-h diagram in which the highest evaporative cooling effect occurred during summer. The outdoor air condition
was 30.35 °C and the relative humidity was 40%. The air cooling temperature after the direct evaporative cooler was 8.404 °C,
showing the largest reduction in temperature throughout the summer. To release all heat of refrigerant condensation while satisfying
the heat balance, the temperature of the condenser should be set at 70.77 °C. However, it is possible to reduce the temperature of the
condenser to a low temperature of 62.33 °C because the cooled air passed through the evaporative cooler into the heat pump. The
condenser releases the same heat before the evaporative cooler operates. Fig. 5(b) shows another p-h graph when the highest relative
humidity occurred during summer. At this time, the outdoor air condition was 25.35 °C, and the relative humidity was 99%, thus the
temperature reduction of the outdoor air was only 0.05 °C. The temperature of the condenser to discharge all the heat of condensation
while satisfying the heat balance was 39.64 °C, but even if the evaporative cooler is operated together, the temperature of the
condenser modified by the cooled inlet air temperature was 39.59 °C, which is almost the same as before the modification.

Table 4 shows the results for each heat pump parameter, as shown in Fig. 5, and the energy consumption of the heat pump. From the
amount of energy savings, it was confirmed that the energy savings were negative for the high humidity conditions shown in Fig. 5(b).

4.2. Energy consumption and COP during summer

The primary energy consumption of the heat-pump system was determined. The heat pump was operated in non-evaporative and
full-evaporative cooling modes. The primary energy factor of 2.75 was used for electricity consumption. Non-direct evaporative
cooling systems consume 4.05 MWh, with the compressor consuming the maximum energy. In contrast, the fully sprayed heat pump
system consumed 3.76 MWh of primary energy during summer. Owing to the improvement in the heat release performance of the
condenser, the energy consumed by the compressor of the heat pump was reduced by 290 kWh compared to the non-evaporative
cooling mode. The energy consumption of the water pump increased in evaporative cooling mode. This is because the water pump
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Fig. 4. The hourly air conditions of the ambient air and treated air by the direct evaporative cooler.
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Fig. 5. p-h graph of the heat pump systems.
Table 4
Parameters of the heat pump shown in the p-h graph.
Figure  To [° RH,, Taecoutlet [° Tevap [° Teona [° Teondnew [° ATon [ ATeona [° Ycomp Y comp.new AWip save
C] [%] C] C] C] C] C] C] [-1 [-] [kw]
(a) 30.35 40 21 -1.75 70.77 62.33 9.35 8.44 6.42 5.35 1.83
(b) 25.35 99 25.25 11.71 39.64 39.59 0.10 0.05 2.10 2.09 -0.14

is operated to spray water on the top of the evaporative cooling pad.
A box and whisker graph were plotted for the condenser temperature setting, compressor ratio, and the heat pump and system COP

to examine the trend of hourly data for the major result parameters of the non-spray and full-sprayed modes (Fig. 6). As shown in Fig. 6
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Fig. 6. Box plot of parameters for the heat pump system.

(a), for the condenser temperature setting, the range of the non-spray operation was 30.2-57.9 ° C, and the average temperature was
42.4 ° C. The range of the full-spray operation was 30.8-52.46 ° C, and the average temperature was 39.7 ° C. It was confirmed that
both the range and the average temperature set for the full-spray-operated heat pump system could be reduced during the summer.
This indicates that when operated together with the evaporative cooling system, the heat release performance of the condenser is
improved, and thus, a lower temperature can be set.

The reason for the energy-saving effect by modifying the condenser temperature can also be explained by the compression ratio. As
shown in Fig. 6(b), the compression ratio of the compressor, for non-spray operation was in the range of 1.6-3.3, and the average
compression ratio was 2.3. The range for the full-spray operation was 1.5-3.0, and the average compression ratio was 2.2. It was
observed that both the range and average compression ratio of the heat pump during the summer was lower when the full-spray
operation was performed. Therefore, the energy is saved during full-spray operation because the reduction in the heat pump
compression ratio directly affects the input air.

The reduction in energy consumption compared to the same indoor cooling rate increases the COP of the heat pump and system. As
shown in Fig. 6(c), the COP of the heat pump was increased by 14% compared to the non-spray operation, with an average of 11.7 in
the case of non-spray, and 13.5 in the case of full-spray. However, energy was lost in the system COP. In the case of non-spray, the range
was 3.5-8.7, and the average was 6.0, whereas in the case of full-spray, the range reduced to 2.1-9.3, and the average to 5.7. In
addition, the average system COP was reduced by 5%. This energy loss phenomenon shows a tendency similar to the results shown in
Table 4. Therefore, it is established that operating the evaporative cooler in a period of high relative humidity has a negative effect on
the system energy consumption. Optimal operation requires an effective operation, not just full-spray operation.
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4.3. Optimal control point suggestion

4.3.1. Hourly system energy savings

The efficiency of evaporative cooling is reduced under high relative humidity conditions. To determine the energy savings under
high relative humidity conditions, a scatter plot of the hourly energy savings for relative humidity is analyzed (Fig. 7). In Fig. 7(a), the
x-axis represents the relative humidity, and the y-axis represents the energy savings owing to evaporative cooling. Most of the energy-
saving points were positive. However, as the relative humidity approached 100%, negative values were observed (i.e., over-
consumption). This indicates that under high relative humidity conditions, energy losses can occur with a slight evaporation cool-
ing effect. As shown in Fig. 7(b), the points of negative values were concentrated at a relative humidity of more than 60%. The lowest
over-consumption of energy was 142, which is approximately at the saturation point (i.e., 100% relative humidity).

4.3.2. Optimal energy-saving conditions
Additional energy savings can be achieved by operating the evaporative cooler under low relative humidity conditions, as there is
an energy loss when operating at high relative humidity. To find the appropriate evaporative cooling operation point, an iteration flow
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Fig. 7. Scatter plot of system energy savings hourly data based on relative humidity.
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logic was simulated based on the relative humidity (Fig. 8). First, the energy consumption (Psys) was calculated for the full operation
mode (i.e., operation even when the relative humidity is 100% (x;, = 100%)). Subsequently, the energy consumption when the direct
evaporative cooler was turned off, was calculated (Pyys), based on the assumption that the relative humidity is lowered at each time step
(Xrhnew)- The energy consumption was compared with the previous step and the current step. If the consumption at the current step is
lower than that of the previous step, iteration is continued until the energy consumption is no longer reduced.

The simulation results showed that 363.8 kWh of energy could be saved when the direct evaporative cooler was operated at 72%
relative humidity (Fig. 9). In full-spray operation, energy consumption was 3755.7 kWh lower by 298.4 kWh compared to the non-
spray operation, because of on-off control simulation. As the relative humidity decreased, the energy consumption also decreased.
The lowest energy consumption of 3690.3 kWh was achieved at 72% relative humidity, thereafter the energy consumption increased.
This is the result of the relationship between the evaporative cooling effect and energy consumption of the pump. Under high relative
humidity condition, the evaporative cooling effect was negligible, and there was no significant change in the energy consumption of
the heat pump. Therefore, the 72% relative humidity condition is an appropriate point between the energy savings and energy con-
sumption of the pump.

4.3.3. Energy consumption and COP in summer

An additional energy simulation was conducted to determine the energy savings achieved by optimal spray operation based on the
relative humidity of the outdoor air. Comparing the results of the optimal spray operation mode with the non-spray operation, without
evaporative cooler installed and the full-spray operation, the full operation mode saved 7.36%. Whereas the energy savings with, on-
off control, at 72% relative humidity was 8.87% (Fig. 10). It was found that 1.63% was further saved when compared to the full-spray
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Fig. 8. Flow chart for on-off control of the direct evaporative cooler based on the relative humidity condition.
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operation mode.

5. Conclusions

In this study, an energy-saving analysis of an air-source heat pump with a direct evaporative cooling system was evaluated. The
results showed that the energy consumption of the system operating with the proposed operation strategy was reduced by 8.87%
compared to that of the non-spray operation. Unlike previous studies, when using a heat pump with an evaporative cooling system, the
proposed operation logic was utilized considering the time of high-humidity conditions in the outdoor unit. The result shows that the
system could reduce the energy consumption with maximum energy efficiency. The heat pump system operated with the proposed
operation strategy could save 1.63% more energy than when it is operated in full spray operation without any special operation
strategy. The energy-saving effect was the highest when the operation of the evaporative cooler was stopped at a relative humidity of
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outdoor air around 72% or higher. Consequently, it is expected that the energy-saving effect will be significant when the evaporative
cooler is operated based on a relative humidity of approximately 70-75%. Because the simulation was conducted based on outdoor air
conditions in South Korea, it would be necessary to study the systems performance prediction model in various other outdoor
conditions.
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