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Abstract: This study investigated the annual energy saving potential and system performance of two
different evaporative cooling-based liquid desiccant and evaporative cooling-assisted air conditioning
systems. One system used an indirect and direct evaporative cooler with a two-stage package to
match the target supply air point. The other was equipped with a single-stage, packaged dew-point
evaporative cooler that used a portion of the process air, which had been dehumidified in advance.
Systems installed with the two evaporative coolers were compared to determine which one was more
energy efficient and which one could provide better thermal comfort for building occupants in a
given climate zone, using detailed simulation data. The detailed energy consumption data of these
two systems were estimated using an engineering equation solver with each component model. The
results showed that the liquid desiccant and dew-point evaporative-cooler-assisted 100% outdoor air
system (LDEOAS) resulted in approximately 34% more annual primary energy consumption than that
of the liquid desiccant and the indirect and direct evaporative-cooler-assisted 100% outdoor air system
(LDIDECOAS). However, the LDEOAS could provide drier and cooler supply air, compared with the
LDIDECOAS. In conclusion, LDIDECOAS has a higher energy saving potential than LDEOAS, with
an acceptable level of thermal comfort.

Keywords: liquid desiccant system; energy simulation; dew point indirect evaporative cooler;
evaporative cooler

1. Introduction

In recent years, liquid desiccant and evaporative cooling-assisted air conditioning systems, such
as decoupled heating ventilation and air conditioning (HVAC) systems that are configured to be
separately responsible for the latent load and sensible load of a served room, have shown energy-saving
potential and has been attracting significant interest [1–5]. The liquid desiccant and indirect and direct
evaporative cooling-assisted 100% outdoor air system (LDIDECOAS) proposed by Kim et al. has
shown desirable energy-saving and indoor environmental quality enhancement potential, compared
to the conventional variable air volume (VAV) systems [1]. The LDIDECOAS is a VAV system that
controls the air flow volume based on the variable thermal load in the served room, to maintain a
constant supply air (SA) dry-bulb temperature (DBT). The liquid desiccant (LD) system dehumidifies
the SA to account for the latent load of the served room, and the evaporative cooler is responsible for
the sensible load to maintain the target temperature of the served room. However, the regenerator
of the LD system requires an amount of heat for desiccant regeneration. The heat pump (HP) has a
benefit that it can provide solution heating and cooling at the same time through the condenser and
evaporator parts, which allows a more compact system size. Moreover, existing studies show that HPs
have been widely researched in terms of their high efficiency [6–9].
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Recent work has shown that two different novel methods are generally used for evaporative
cooling. One is the indirect–direct evaporative cooler (IDEC), which has two stages that can match
the target SA conditions but increases the moisture of the air that has already been dehumidified.
The other is the dew-point evaporative cooler (DP-IEC), which has a simpler package but causes
more dehumidification energy consumption because the secondary channel (wet channel) uses at
least 30% of the dehumidified process air [2]. Existing research shows that the IDEC has a better
cooling performance and effectiveness as compared to mechanical vapor compression systems [10].
Kim et al. proposed the LDIDECOAS, which uses an IDEC downstream of the LD system, and can save
51% of the primary energy consumption compared to the VAV system during the cooling season [1].
Additionally, the single-stage dew-point evaporative cooler has increasingly been attracting interest.
Zhao et al. used a dew-point evaporative cooling system to study building air conditioning; the results
show that the dew-point system was suitable for most regions in the UK and was compatible with
using water in the secondary channel [11]. A portion of the product air was suggested to be sent to
the secondary channel (wet channel) for evaporation [12]. Lee et al. reported that for the cooling
performance, the mass flow rate of the product air sent to the secondary channel should be at least 30%
of the supply air [2]. Kozubal contended that using an LD system upstream of the evaporative cooler to
first dehumidify the process air could enhance the cooling performance and combine the benefits of LD
and evaporative cooling technologies into a novel cooling core [13]. In addition, Zhao et al. reported
that a dew-point evaporative cooler showed better cooling performance in a dry climate compared
to a humid climate [11]. Ham et al. reported a system with a dew-point evaporative cooler installed
after the LD system and a membrane enthalpy exchanger (MEE) upstream of the LD system, called
LDEOS, could save 12% of the primary energy consumption, compared to VAV systems [14]. Kim et al.
compared the cooling capacity, thermal coefficient of performance (COP), primary COP, and the heating
energy consumption for desiccant solution regeneration between the IDEC and the DP-IEC when both
are installed in an LD and evaporative cooling-assisted air conditioning system [4]. The results showed
that the DP-IEC might provide a higher cooling capacity compared with the IDEC, but the heating
demand increased. Moreover, adding an MEE can improve the performance. According to a review of
previous research, many studies have reported the possibility and the enhanced cooling performance
of a dew-point evaporative cooler appliance in an HVAC system [2,5,14–17]. However, no study has
compared the annual primary energy and SA performance obtained by the overall systems between the
two different evaporative cooling-based LD and evaporative cooling-assisted air conditioning systems.

Consequently, no research has compared the two systems using different methods of evaporative
cooling without the recirculation of the indoor air, like a VAV system, and instead using 100% fresh
outdoor air. Here, the LDIDECOAS and LDEOAS were compared. In this study, we introduced the
differences in the system compositions, operation modes, and target dehumidification values between
these two systems, and the energy consumption and system performance were estimated via detail
simulation data by an Engineering Equation Solver (EES), for each component model [18].

2. System Overview

2.1. LDIDECOAS

2.1.1. System Configuration

The LDIDECOAS uses 100% outdoor fresh air, and is a VAV system that adjusts the mass
flow rate of the SA based on the required cooling load of the served room to maintain the thermal
environment [19]. As shown in Figure 1, the LDIDECOAS consists of an LD system, an indirect
evaporative cooler (IEC), a direct evaporative cooler (DEC), and a heating coil (HC) on the process
air side. The operation of the system can be divided into two main parts—the dehumidification
part and the evaporative cooling part. The LD system is a dehumidifier that consists of an absorber,
a regenerator, a sensible heat exchanger and a heat pump (provide heating and cooling requirement of
desiccant solution), as marked in the blue area in Figure 1. The LD system removes the excess moisture
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in the OA passing through the absorber by spraying a desiccant solution on the absorber [20,21]. The
low-concentration desiccant solution from the absorber enters the regenerator and is regenerated into
a high-concentration solution. The regeneration of an LD system requires a large amount of heat and
is, therefore, usually provided by the use of a renewable heat source such as a solar heat or a district
heating waste [22,23]. Moreover, in recent years, existing studies showed that the heat pump has been
widely researched in terms of their high efficiency [8,24], as the heat pump has a benefit that could
simultaneously provide heating and cooling by the condenser and evaporator parts. Thus, the LD
system used in both systems is a heat pump-integrated liquid desiccant (HPLD) system, as shown in
the upper part of the blue area in Figure 1. As seen in the green area in Figure 1, the evaporative part
in the LDIDECOAS consists of an IEC and a DEC. Specifically, the dehumidification part is placed
upstream of the evaporative cooling part to enhance the cooling capacity. The evaporative cooling
technology minimizes cooling energy by using the latent heat of evaporation of water to cool the air
supplied to the room [25]. Thus, this evaporative liquid desiccant system is known as a thermally
driven cooling system [21,26]. During the cooling season, the process air first passes the LD system to
achieve the design humidity ratio (HR), is then sensibly cooled by the IEC, and finally is adiabatically
cooled by the DEC to meet the SA target temperature, as shown in Figure 2. Moreover, the lower
wet-bulb temperature (WBT) of the outdoor air (OA) and return air (RA) is chosen to be sent to the
secondary channel of the IEC. During the heating season, the IEC is employed to sensibly heat the
process air as a sensible heat exchanger (SHE), by recycling the sensible heat from the RA. When the
DBT of the process air that passed through the IEC does not achieve the neutral target temperature
(i.e., 20 ◦C), the HC is employed to sensibly heat the process air to meet the SA target temperature.
Moreover, as a parallel sensible heating system, a ceiling radiation heating panel is adopted. When the
SA is insufficient to meet the sensible heat load of the served room, the parallel sensible heating system
is enabled to maintain the thermal environment of the served room.
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Figure 2. Conditions of the process air with the LDIDECOAS.

2.1.2. Annual Operational Strategies

According to the OA condition, the operation of the LDIDECOAS is divided into four modes on
a psychometric chart based on previous research. As shown in Figure 3, the psychometric chart is
divided into Regions A, B, C, and D by lines 1, 2, and 3. Lines 1 and 2 represent the design HR value
line of the LD system and the enthalpy line at the SA set point to operate the LD system, respectively.
Line 3 stands for the target DBT line of the SA.
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Figure 3. Operation modes of the LDIDECOA on psychometric chart.

When both the HR and the enthalpy value of the OA are higher than lines 1 and 2, respectively,
the OA condition is in Region A. The hot and humid OA needs to be initially dehumidified by the LD
system, then cooled by the IEC until the process air condition meets line 2, and is then isentropically
cooled by the DEC to meet the target SA temperature. When the OA condition is between lines 1 and
2 (Region B), the HR value of the OA condition is dry enough to induce bypassing the LD system,
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and the LD system is deactivated. The process air is cooled by the IEC and the DEC to satisfy the set
point SA values. When the OA conditions are at Region C, it indicates that the enthalpy of the OA is
lower than line 2. The LD system and the IEC is not activated, the OA is only adiabatically cooled
using the DEC to meet the target SA temperature (i.e., 15 ◦C, cooling season) and the WBT of the SA
may be slightly lower than the target value. When the DBT of the OA is lower than the SA target
temperature, the IEC is used as a SHE to reclaim the sensible heat from the RA stream. The HC that
is placed downstream of the IEC is enabled when the process air passing through the IEC (SHE) is
insufficient to meet the SA set point. The LD and the DEC are not employed.

2.2. LDEOAS

2.2.1. System Configuration

The LDEOAS is also a VAV system and uses 100% outdoor air. The LDEOAS is constructed as
shown in Figure 4, and consists of an MEE, an LD system, a DP-IEC, and an HC on the process air
side. A MEE is an enthalpy heat exchanger that could pre-condition the OA by recovering the exhaust
heat from the EA. The MEE is placed upstream of the LD system to pre-cool and pre-dehumidify
the OA before the OA enters the LD system, to reduce the cooling and the dehumidification loads
of the LD system. In the LDEOAS, a DP-IEC is used instead of a combination of the IEC and the
DEC as an evaporative cooler. The DP-IEC is a special indirect evaporative cooler that uses a portion
of the cooled process air, which leaves the dry channel (primary channel) as the inlet air of the wet
channel (secondary channel), and the temperature of process air is decreased below the wet-bulb
temperature of the inlet air of the wet channel [12,15]. It is recommended that the mass flow rate used
for the secondary channel in the DP-IEC should be at least 30% of the SA, based on results from the
literature [2]. Thus, in this study, the mass flow rate of the secondary channel air is assumed to be
30% of the SA stream. During the cooling season, the process air is heat-exchanged with the RA at the
MEE and it passes over with a lower temperature and HR. After dehumidification by the LD system,
the drier air is sensibly cooled by the DP-IEC and supplied to the served room, as shown in Figure 5.
During the heating season, the process air is only heated and humidified by the MEE, as reclaimed
from the RA stream. Similar to the LDIDECOAS, if the SA stream is insufficient to maintain the thermal
environment of the served room, a ceiling radiation heating panel is adopted as a parallel sensible
heating system.
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2.2.2. Annual Operational Strategies

The operation of the LDEOAS is divided into four modes according to the OA conditions on the
psychometric chart shown in Figure 6. The psychometric chart is divided by lines A, B, and C into
Regions 1, 2, 3, and 4. Line A is the HR line of the RA (which is equal to the set value of the room
HR). Line B is the target HR line for the operation of the LD system. Line C is the DBT line of the SA
set temperature.

Energies 2020, 13, x FOR PEER REVIEW 6 of 22 

 

Figure 4. Liquid desiccant and dew-point evaporative-cooler-assisted 100% outdoor air system 
(LDEOAS). 

 
Figure 5. Conditions of the process air with the LDEOAS. 

2.2.2. Annual Operational Strategies 

The operation of the LDEOAS is divided into four modes according to the OA conditions on the 
psychometric chart shown in Figure 6. The psychometric chart is divided by lines A, B, and C into 
Regions 1, 2, 3, and 4. Line A is the HR line of the RA (which is equal to the set value of the room 
HR). Line B is the target HR line for the operation of the LD system. Line C is the DBT line of the SA 
set temperature. 

 
Figure 6. Operation modes of the LDEOAS on a psychometric chart. Figure 6. Operation modes of the LDEOAS on a psychometric chart.



Energies 2020, 13, 522 7 of 22

If the HR of the OA condition is higher than the RA (Region 1), the entering OA is initially
thermally heat-exchanged with the RA. If the HR of the process air passing through the MEE is higher
than line 2, the LD system is enabled to dehumidify the process air. Otherwise, the LD system is
bypassed. The dry air is sent to the served room after being cooled by the DP-IEC. If the HR value of
the OA is between lines A and B (Region 2), the OA conditions are at Region B. The use of the MEE
does not reduce the HR of the OA, and is not employed. The entering OA is initially dehumidified by
the LD system and sensibly cooled by the DP-IEC. If the OA HR is lower than line B (Region 3), the
entering OA is dry enough to be sent straight to the DP-IEC to reach the set SA temperature. The MEE
and the LD system are bypassed. If the DBT of the OA is lower than line C (Region 4), the OA is initially
thermally exchanged with the RA on the MEE. If the temperature of the passed stream does not satisfy
the set point (i.e., 20 ◦C, heating season), the HC is activated to heat the process air until the target
value is achieved. Meanwhile, moisture is added to the process air owing to the latent heat exchanged
at the MEE. Thus, the processed air can be humidified to a certain extent during the heating season.

2.3. Heat Pump-Driven Liquid Desiccant Unit

The LD system consists of an absorber, a regenerator, and a SHE. The solution dehumidifies the
process air after it is cooled by the cooling coil (CC) in the absorber and becomes a weak-concentration
solution. In the regenerator, the weak solution is heated by the HC and thus is regenerated to the strong
solution by the OA. Between these stages, the weak solution passes over the absorber and sensible
heat is exchanged with the strong solution that passes through the regenerator at the SHE. Existing
research shows that large amounts of heat are required for the solution cooling and regeneration in
the LD system. It generally uses a low-quality heat source or waste heat of district heating to supply
this part of the heat in the regenerator, and is cooled by the water-side free cooling on the absorber,
according to previous research [23,27,28].

The LD system used in this study has an integrated HP as the heat source, according to the
feasibility demonstrated by existing research [6–9]. The HP has both a condenser and an evaporator,
which can simultaneously satisfy the heating and cooling demand of the LD solution. Thus, the CC
and the HC of the solution in the LD system are connected to the evaporator side and the condenser
side of the HP, respectively, which simplify the operation and the package. Furthermore, the heat
pump-integrated liquid desiccant system (HPLD) shows an energy saving potential, compared to
the use of a low-quality heat source (e.g., solar energy) and a water-side cooling tower [6,22,28,29].
Moreover, the LD system used a 40% lithium chloride (LiCl) solution as a working desiccant solution.
The HP used R-134A as the refrigerant.

3. Energy Simulation

This study assesses the differences in the performance and the energy consumption between two
evaporative cooling-based LD and evaporative cooling-assisted air conditioning systems via a series of
detailed energy simulations.

3.1. Building Model

An office building with a typical floor area of 300 m2 located in Seoul, Republic of Korea was
assumed to be the model building. The weather data and the hourly thermal loads for the model
building were estimated by the TRNSYS 18 software package. Fifteen occupants were assumed, each
of whom had a computer and performed light work. The schedules of the occupants and HVAC
system were applied, based on the ASHRAE Standard 90.1 [30]. The served room conditions were
designed to be maintained at a DBT of 24 ◦C with 55% RH during the cooling season, and a DBT of
20 ◦C, during the heating season [31]. The internal heat gains from the sensible and the latent heat of
people, electronics, and lighting were assumed through existing data from TRNSYS 18. The U-values
of each component of the building model and the window-to-wall ratio were designed on the basis of
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the guidelines for the energy-saving design of buildings in the Republic of Korea [32]. The detailed
physical information of the model building is summarized in Table 1.

Table 1. Information of the model buildings studied herein.

Building 300 m3 (10 × 10 × 3)

Location Seoul, Korea
Occupancy density 5 people/100 m2 (ASHRAE Standard 62.1)

Occupancy/HVAC schedules ASHRAE Standard 90.1 (ASHRAE Standard 90.1)

Target room condition Cooling season 24 ◦C, 55%
Heating season 20 ◦C

Target supply air condition Cooling season 15 ◦C
Heating season 20 ◦C

Internal heat gain
People Sensible 75 W/person

Latent 45 W/person

Electronics PC: 140 W/person (Sensible)

Lighting 13 W/m2

U-values

Exterior wall 0.259 W/m2 K
Roof 0.149 W/m2 K

Window 1.46 W/m2 K
Floor 0.289 W/m2 K

Window-to-wall ratio 17%

3.2. System Models

3.2.1. Liquid Desiccant System Model

The DBT and the HR of the process air leaving the LD system were calculated by Equations (1) and
(2). The DBT (DBTLD,out) of the leaving air can be estimated by the known incoming air temperature
(DBTLD,in), inlet desiccant solution temperature (DBTsol,in), and the effectiveness of the temperature
change between the incoming air and the inlet desiccant solution (εLD,T). The HR of the leaving air can
be determined by the dehumidification effectiveness of the LD system (εLD,ω), the HR of the incoming
air (ωLD,in), and the equilibrium HR (ωeq,in), as shown in Equation (2).

εLD,T =
DBTLD,in −DBTLD,out

DBTLD,in −DBTsol,in
(1)

εLD,ω =
ωLD,in −ωLD,out

ωLD,in −ωeq,in
(2)

The dehumidification effectiveness of the LD system uses the model proposed by Chuang and
Luo [33], as shown in Equation (3). It was assumed that the temperature and humidity change ratios
(εLD,T, εLD,ω) were consistent [23,28]. The effectiveness values of the absorber and regenerator were
assumed to be same. The mass flow rates of the liquid (

.
msol,in) and gas (

.
mLD,in) were assumed to be 1

in both systems. The inlet desiccant solutions of the absorber and the regenerator were set to 20 and
55 ◦C, respectively.

εLD =

1−
0.024(

.
ma,in.

msol,in
)

0.6
exp

(
1.057

DBTOA
Tsol,in

)
(aZ)−0.185π0.638

1−
0.192exp

(
0.615

DBTOA
Tsol,in

)
π−21.498


(3)
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The equilibrium HR could be determined by Equation (4). The saturated vapor pressure of the
desiccant solution (ps) obtained using the equation suggested by Fumo and Goswami was adapted, as
shown in Equation (5) [34]. The coefficients of the vapor pressure equation are shown in Table 2.

ωeq,in = 0.622
ps

101.325− ps
(4)

Ps =
(
a0 + a1 · Tsol,in + a2 · T2

sol,in

)
+

(
b0 + b1 · Tsol,in + b2 · T2

sol,in

)
·Csol,in

+
(
c0 + c1 · Tsol,in + c2 · T2

sol,in

)
·C2

sol,in

(5)

Table 2. Coefficients of vapor pressure equation.

a0 4.582 b0 −18.382 c0 21.312

a1 −0.159 b1 0.567 c1 −0.666

a2 0.007 b2 −0.019 c2 0.013

The heat demand for solution cooling (Qcooling) and heating (Qheating) could be estimated using
the values of the mass flow rate of the desiccant solution (

.
msol), the specific heat capacity (Cpsol), and

the solution temperature difference between the inlet and outlet side of the HC and the CC in the LD
system, as shown in Equations (6) and (7).

Qcooling =
.

msol ·Cpsol · (TCC,in − TCC,out) (6)

Qheating =
.

msol ·Cpsol · (THC,out − THC,in) (7)

3.2.2. Membrane Enthalpy Exchanger Model

In this study, an MEE was added upstream of the LD system in the LDEOAS to use the EA to
pre-condition the OA. Owing to the difference between the inlet mass flow rate of the OA side and the
RA side, the sensible and latent heat exchanger effectiveness (εsen, εlat) of the MEE were defined by
Equations (8) and (9) [35].

εMEE,sen =

.
mOA · Cp · (DBTOA −DBTMEE,out)

.
mEA · Cp · (DBTOA −DBTEA)

(8)

εMEE,lat =

.
mOA · h f g · (ωOA −ωMEE,out)

.
mEA · h f g · (ωOA −ωEA)

(9)

3.2.3. Evaporative Cooler Models (DP-IEC Model and the IEC and DEC Unit Models)

The effectiveness values of the IEC in the LDIDECOAS (εIEC) was assumed to 70% [36,37], and
in the LDEOAS (εDP−IEC) it was assumed to 100%, according to existing research [38]. The DBT
of the process air leaving the IEC (DBTIEC,pri,out) depends on the WBT of the secondary channel air
(WBTIEC,sec,in), the DBT of the primary channel air (DBTLD,out), and the effectiveness of the IECs,
(εDP−IEC, εIEC) as shown in Equation (10).

εIEC =
DBTLD,out −DBTIEC,pri,out

DBTLD,out −WBTIEC,sec,in
(10)

In the DP-IEC, because the inlet air of the secondary channel is a portion of the process air
leaving the DP-IEC, the inlet temperature of the secondary channel air (DBTsec,in) is not known. The
air temperature of the inlet secondary channel side (DBTsec,in) is assumed to be the WBT of the inlet
primary channel side (WBTLD,out). In the IEC using the LDIDECOAS, the RA was used as the secondary
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channel air. Thus, the WBT of the secondary channel air (WBTIEC,sec,in) was the WBT of the RA (WBTRA).
Moreover, the process air conditions that passed through the DEC (DBTDEC,out) could be calculated by
Equation (11), with effectiveness being given as 90%. The assumed effectiveness of the IEC and the
DEC was based on the manufacture cut-sheets [36,37].

εDEC =
DBTIEC,pri,out −DBTDEC,out

DBTIEC,pri,out −WBTRA
(11)

3.2.4. Heat Pump Model

This study used a variable-speed compressor-controlled HP in cooling mode. The assumed HP
was used as a solution–solution (water to water) HP [6,39]. The cooling capacity of the HP could
be calculated using Equation (12), proposed by Energy Plus [35]. This model consists of a load side
(i.e., evaporator), a source side (i.e., condenser), and an input power side (i.e., compressor). The load
side capacity (Qload,c) was the cooling capacity and the source side capacity (Qsource,c) was the heating
capacity of the HP. As shown in Equation (12), the cooling capacity could be represented as four
operation parameters—the volumetric flow rates of the load side flow (

.
Vload) and source side flow

(
.

Vsource), and the inlet temperatures of the load side fluid (Tload,in) and source side fluid (Tsource,in). The
coefficients and the reference values in Equation (12) are shown in Table 3 [40].

Qload,c

Qload,c,re f
= A1 + A2·[

Tload,in

Tre f
] + A3·[

Tsource,in

Tre f
] + A4·[

.
Vload

.
Vload,re f

] + A5·[

.
Vsource

.
Vsource,re f

] (12)

Table 3. Coefficients and reference values.

Reference Values

.
Vload,ref (m3/s)

.
Vsource,ref (m3/s)

Qload,c,ref (nominal
capacity) (W)

Tref (K)

5.678 × 10−4 5.678 × 10−4 14,215.35 283.00

Model Coefficients

A1 A2 A3 A4 A5
−2.8581 × 100 4.3425 × 100 −9.6592 × 10−1 1.0978 × 10−1 4.6779 × 10−2

As a cooling mode, variable-speed, compressor-controlled HP, the cooling capacity was modulated
to match the solution cooling demand. Thus, the heating capacity and power were adjusted. Madani et al.
supposed using a part-load ratio as a function to modulate the compressor frequency (FreqPLRC) and
power (PowerPLRC ), as shown in Equations (13)–(15) [24]. Equation (16) represents the inverter-controlled
heating capacity of the HP.

PLRc =
Qcooling

Qload,c
(13)

FreqPLRc = 1.28329127 · exp−2 + 4.55418482 · exp−1
· PLRc + 5.40172160 · exp−1

· PLRc
2 (14)

PowerPLRc = 4.74753792 · FreqPLRc · exp−2 + 6.20369156 · FreqPLRc · PLRc · exp−1

+3.35400111 · exp−1
· FreqPLRc

2 (15)

Qsource,PLRc = Qcooling + PowerPLRc (16)

3.3. Target Air Conditions

In this study, all systems were operated according to a seasonal operation schedule. During the
summer, the indoor air temperature was set to achieve a 15 ◦C DBT and 55% RH. During the winter,



Energies 2020, 13, 522 11 of 22

it was assumed to send air with a DBT of 20 ◦C to the served room. During the intermediate season,
the target SA conditions depended on the sensible load demand of the served room.

The indoor air mass flow rate was estimated by Equation (17), which was modulated with the
sensible load demand (Qsen) of the served room. When the calculated mass flow rate (

.
mSA) was lower

than the minimum ventilation set value, according to the ASHRAE Standard 62.1 [41], the minimum
ventilation value would replace the calculated value as the operative mass flow rate of the indoor
air (

.
mSA).

Qsen =
.

mSA · cp · (DBTRA −DBTSA) (17)

On the basis of the known latent load demand (Qlat) and the SA mass flow rate (
.

mSA), the target
HR of the SA (ωSA) could be estimated by Equation (18). In the LDEOAS, the LD system was operated
to dehumidify the process air to achieve the value of (ωSA) calculated by using Equation (18). In the
LDIDECOAS, the LD system dehumidified the process air to a target value (ωtarget) so that it could
reach the set value, after passing the DEC. As the moisture was increased after passing the DEC, the
target value (ωtarget) might have been smaller than the calculated value (ωSA).

Qlat = h f g ·
.

mSA · (ωRA −ωSA) (18)

3.4. Performance Index

It is common practice to use the cooling or heating capacity and the primary COP to evaluate
the energy performance of the thermal system [26]. As can be seen in Equations (19) and (20), the
cooling or heating capacity can be calculated from the mass flow rate of the supply air and the enthalpy
difference between OA and SA. Based on the power consumption of each component and the cooling
or heating capacity, the primary COP during cooling or heating season could be obtained by Equation
(21). The local value of energy conversion factors for each source was used according to the regulations
of the Korea Energy Agency: 1.1 and 2.75 for natural gas and electricity, respectively [42].

.
Qc =

.
mSA · (hOA − hSA) (19)

.
Qh =

.
mSA · (hSA − hOA) (20)

COP =
Cooling or heating capacity

Total primary energy consumption
(21)

4. Simulation Results and Analysis

Through a commercial EES, the demand load, as well as the annual, seasonal, and monthly energy
consumption of each system were simulated. The heat and power consumption of each component
was converted to primary energy consumption, according to the Korean Energy Agency. The local
energy conversion factors were 2.75 and 1.1 for power and fuel, respectively. The performance of each
system was analyzed via the detailed primary energy consumption data.

4.1. Comparison and Analysis of the Demand Load

The annual thermal load demand of each component in the LDEOAS and the LDIDECOAS is
shown in Figure 7. The thermal load was composed of three parts—the LD side demand in the cooling
season (Q_LD), reheating (Q_RHC), and parallel heating (Q_Parallel heating) during the heating
season. As shown in Figure 7, the sensible load demand of the two systems during the heating season
were almost the same. The LD systems used in the LDEOAS demanded more annual thermal load
than that used in the LDIDECOAS. As a result, the thermal load demand of the LDEOAS was 27%,
as compared to the LDIDECOAS.
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Figure 7. Annual thermal load demand of each component.

The main factors affecting the demand load of the LD system between the two systems are the
running time of the LD system and the heating requirements of the desiccant solution.

One of the primary factors affecting the LD operation time is the use of an MEE with the LDEOAS.
The air passing through the MEE might reach the target HR, such that the LD system is not employed
and the process air bypasses the LD system. The annual running time of the LD system is extracted
from the simulation; shown in Table 4 and Figure 8 to demonstrate that using an MEE upstream of the
LD system can decrease the load demand with the LDEOAS. The line in Figure 8 is the target HR of the
LD system with the LDEOAS, and the points in Figure 8 are the air conditions after passing the MEE.
Figure 8 shows that a portion of the air that passed through the MEE does not require dehumidification
by the LD system, which means that the LD system is bypassed. Furthermore, Table 4 shows the
operation time for the MEE and the LD system when the MEE is operating. Table 4 also shows that
approximately 230 h can be saved by the MEE with the LDEOAS. The second factor is the difference
in the target HR value of the LD systems between the two systems. As mentioned before, the LD
systems need to dehumidify the process air to reach the set value after passing through the DEC with
the LDIDECOAS, because the DEC increases the moisture of the process air. Thus, the target HR of
the LDIDECOAS might be lower than the LDEOAS, and the operation time of the LD systems with
the LDEOAS might be less than that of the LDEOAS. As a result, the annual operation time of the
LD system with the LDEOAS was less than that of the LDIDECOAS, as shown in Table 5. In the
table, the first value of the LD under the LDEOAS was the total operating time of the LD system with
the LDEOAS, and the LD in brackets was the operation time of the LD system when the MEE was
operating. The last “LD” was the operation time of the LD system with the LDIDECOAS.

Table 4. Operation time for the membrane enthalpy exchanger (MEE) and the liquid desiccant (LD)
system when the MEE is operating.

Systems MEE (h) LD (h)

LDEOAS 1770 1538
LD-IDECOAS - 1959
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Table 5. Operating time of each component.

LDEOAS LDIDECOAS

MEE (h) LD (h) LD (h)
1770 1727 (×1538) 1959

× The operation time of the LD system when the MEE is operating.

The primary factors affecting the heating requirements of the desiccant solution are expressed in
Equations (6) and (7)—the temperature difference between the inlet and outlet sides of the CC and
the HC and the mass flow rate (

.
msol). As shown in Table 6, the difference in the average values of the

delta temperatures (∆TCC,sol, ∆THC,sol) between the LDEOAS and the LDIDECOAS was not significant.
The mass flow rate of the desiccant solution with the LDEOAS was approximately 30% higher than
that in the LDIDECOAS. The reason for this was that the LDEOAS, using a DP-IEC increased the air
supply by 30% as compared to the LDIDECOAS, and the liquid-to-gas ratio of the LD system was set
to 1, simultaneously.

Table 6. Values of the desiccant solution in the LD system.

Parameters LDIDECOAS LDEOAS Unit

∆TCC,sol 11.95 11.76 ◦C

∆THC,sol 11.99 11.79 ◦C
.

msol 1.61 1.12 g/Kg

Therefore, the operating time of the LD system with the LDEOAS was less than that of the
LDIDECOAS; however, the demand load of the LD system was higher, as compared to the LDIDECOAS.
Consequently, the primary factor affecting the system demand load was the desiccant solution part
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(the LD system), and the main factor affecting the demand load of the LD system was the difference in
the mass flow rate of the desiccant solution between the LDEOAS and the LDIDECOAS.

4.2. Comparison of Energy Consumption

4.2.1. Comparison of Annual Energy Consumption

Figure 9 shows the comparison of the annual energy consumption of the LDEOAS and the
LDIDECOAS. As shown in Figure 9, the primary energy consumption for heating, fans, and pumps
shows no significant differences. The energy consumption of the fan produced by the DP-IEC was
not noticeable. The difference in energy consumption between the LDEOAS and the LDIDECOAS
was reflected in the HP part. As the HP provides the heating demand of the desiccant solution, the
demand loads of the two systems were different, as observed in the simulation results provided in
Section 4.1. Consequently, the primary energy consumption of the LDEOAS was approximately 34%
higher than that of the LDIDECOAS.
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4.2.2. Comparison of Seasonal Energy Consumption

The seasonal energy consumption of the two systems is shown in Figure 10. As can be seen, the
difference in the primary energy consumption occurred mainly in summer and the intermediate season,
and the primary energy consumption was almost the same during winter. Table 7 shows the operation
time of the MEE and the LD systems, during summer and the intermediate season. According to the
data from Table 7, during summer, using an MEE did not have a noticeable effect on the operation time
of the LD system, and the running time of the LD system with the LDEOAS was fewer by 120 h, when
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compared to the LDIDECOAS during the intermediate season; a significant reduction in the operation
time with the LD system was shown, using the MEE. Thus, using an MEE could reduce the operation
time of the LD system during the intermediate season, which had comfortable OA conditions that were
not too humid or hot. Furthermore, the total operation time of the LD systems was a 100 h difference
in both seasons, whereas the difference in primary energy consumption was more significant.
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Table 7. Operating time of each component during the two seasons.

Seasons LDEOAS LD-IDECOAS

MEE (h) LD (h) LD (h)

Summer 1295 1335 (×1290) 1463
Intermediate season 475 392 (×248) 496
× The operation time of the LD system when the MEE is operating.

Consequently, using an MEE might reduce the operation time of the LD system with the LDEOAS.
However, the total energy consumption was still higher as compared to the LDIDECOAS, when
the OA conditions were similar to the intermediate season in Seoul. Moreover, the longer the LD
system runs, the more significant is the difference in energy consumption between the LDEOAS and
the LDIDECOAS.

4.2.3. Comparison of Monthly Energy Consumption

To explore the difference between the energy consumption of the LDEOAS and the LDIDECOAS
in more detail, the monthly energy consumption and the operation time of the two systems were
extracted for comparison, as shown in Figure 11 and Table 8. It can be seen in Figure 11 that during
months 1, 2, 3, 5, 10, 11, and 12, the primary energy consumption of both systems was almost the
same, and at other times, the primary energy consumption of the LDEOAS was higher than that of
the LDIDECOAS.
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Table 8. Operating time of each component during different months.

Month LDEOAS LD-IDECOAS

MEE (h) LD (h) LD (h)

4 66 17 (×0) 17
5 114 72 (×43) 137
6 315 355 (×310) 441
7 480 480 (×480) 508
8 500 500 (×500) 514
9 230 284 (×205) 295

10 49 19 (×0) 47
11 16 0 (×0) 0

× The operation time of the LD system when the MEE is operating.

During the heating season (i.e., January, February, March, and December) and November, the LD
system was inactivated. Thus, the primary energy consumption of the two systems was not affected by
the LD system and was almost the same. In April, the operating time of the LD systems was similar, and
short, in both systems. Thus, the energy consumption of the LDEOAS with a higher mass flow rate with
the LD system was higher, compared to the LDIDECOAS. In May, September, and October, although
the total operating time of the LD system in the LDEOAS was lower than that of the LDIDECOAS
when the total running time of the LD system was substantial, the primary energy consumption of
the LDEOAS was higher than that of the LDIDECOAS (i.e., in May and September), and when the
total operation time was sufficiently short (i.e., October), the consumption of the LDEOAS was slightly
lower than the LDIDECOAS. In June, July, and August, there was no significant difference in the total
running time of the two LD systems; the difference in the energy consumption was mainly due to the
difference in the mass flow rate of the desiccant solution between the two systems, and the longer the
total running time, the higher the difference in energy consumption between the two systems.

4.3. Comparison of Supply Air Conditions

According to the results of the simulation, the average DBT and the average HR in summer, winter,
and the intermediate season of the LDEOAS and the LDIDECOAS are organized in Table 9.

During summer, the LDEOAS had an MEE upstream of the LD system to pre-dehumidify the
entering OA, followed by dehumidification by the LD system. Thus, the process air passing through
the DP-IEC was dry enough to enhance the cooling performance of the DP-IEC. The LDIDECOAS used
a combination of the IEC and the DEC to match the target temperature of the SA. As a result, as shown
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in Table 9, the average DBT was 12.9 ◦C for the LDEOAS and 15 ◦C for the LDIDECOAS. The average
DBT of the SA with the LDEOAS was lower than that of the LDIDECOAS. As both systems use a heat
exchanger to pre-heat the outdoor cold air, a reheating coil is downstream of the heat exchanger to
heat the SA to a DBT of 20 ◦C. Therefore, the temperature of the SA for both systems is 20 ◦C.

Table 9. Average humidity ratio of the supply air conditions of the two systems.

Categories LDEOAS LDIDECOAS

Average humidity ratio
Summer 4.7 g/kg 9.1 g/kg

Intermediate season 6.7 g/kg 7.2 g/kg
Winter 5.4 g/kg 2.6 g/kg

Average dry-bulb temperature 12.9 ◦C 15 ◦C

In the summer, owing to using an MEE installed in the LDEOS to pre-dehumidify the humid OA,
the LDEOAS has two dehumidification steps. Therefore, it can be seen in Table 9, that the average
HR of the LDEOAS is 4.4 g/kg lower than that of the LDIDECOAS. In the winter, the LDEOAS used
an MEE to recover waste heat from the exhaust air for the total heat exchange, which was mainly
when the HR of the EA was higher than the OA, and the entering air could be humidified by the
MEE. However, the LDIDECOAS used the IEC as a SHE to sensibly pre-heat the process air without
changing the moisture content. As a result, as shown in Table 9, the average HR was 5.4 g/kg for the
LDEOAS, which was higher than that of the LDIDECOAS, with a 2.6 g/kg average HR.

4.4. Comparison of COP

Figure 12 shows a monthly comparison relationship of the COPs between the LDEOAS and the
LDIDECOAS. During January, February, March, November, and December, the LD system was not
employed. Thus, the COP of the LDEOAS with an enthalpy exchanger was higher than that of the
LDIDECOAS with only an SHE. In April, June, July, August, and September, the operation time of
the LD systems of the two systems were almost the same, owing to the massive load demand in the
LDEOAS; the LDIDECOAS showed an excellent COP value as compared to that of the LDEOAS.
During May and October, owing to the use of the DP-IEC, the dry and cold SA could be obtained, and
with a short operation time of the LD systems, the COPs of the LDEOAS were slightly higher than
those of the LDIDECOAS.
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In summary, the LDIDECOAS showed a better COP during the annual operation, compared to
the LDEOAS, especially in a summer similar to Seoul, and the LDEOAS showed a better COP during
the intermediate season without the entry of humid and hot air. Although the LDEOAS could provide
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drier and colder SA compared to the LDIDECOAS, the great demand for heat load in the summer
caused a lower COP than that of the LDIDECOAS.

4.5. Discussion

As previously analyzed, the composition difference between the LDEOAS and the LDIDECOAS
was that the LDIDECOAS uses the two-stage indirect and direct evaporative cooler, and the LDEOAS
uses a single-stage dew-point evaporative cooler with an MEE upstream of the LD system. Thus, the
LDEOAS with a dew-point evaporative cooler has a higher load required, especially in terms of heating
demand in the solution regeneration (solution heating), as compared to the LDIDECOAS. Previous
research has also showed that the heating energy demand in regeneration for desiccant solution in
the LDEOAS was generally higher than that of the LDIDECOAS [4]. However, there has been no
comparison of the annual energy consumption of the two systems. This meant that although many
studies have indicated that a DP-IEC could give rise to a better COP than a combination of an IEC and a
DEC, as the DP-IEC has a higher cooling capacity, etc., the difference in the annual energy consumption
between these two systems with the two evaporative cooling methods was still unknown. Here, we
found that the LDEOAS results in 34% higher annual energy consumption. Moreover, we found that
the performance (cooling capacity and COP) of the DP-IEC was better than that of the combination
of the IEC and the DEC, according to the simulation data. The LDEOAS could provide drier and
colder SA. Nevertheless, this did not mean that the LDIDECOAS could not provide a comfortable air
supply environment. According to previous research [3], the thermal environment conditioned by the
LDIDECOAS was generally in compliance with the ASHRAE Standard 55 [43]. Additionally, because
the DP-IEC triggers at least 30% more SA, the dehumidification upstream of the DP-IEC results in a
significant effect. That is, even though the DP-IEC shows better performance, when equipped with
an LD system for dehumidification, the overall energy consumption is not ideal in comparison to
the LDIDECOAS, which used an IEC and a DEC. Additionally, this simulation assumed the building
was located in Seoul, according to the monthly data analyzed in Sections 4.2–4.4. We contend that an
LDEOAS using DP-IEC might show better energy consumption performance in a dry region than an
LDIDECOAS using IEC and the DEC.

In summary, under identical operation conditions, the LDIDECOAS could provide a compliant
thermal environment in Seoul, with lower annual energy consumption as compared to the LDEOAS.

5. Conclusions

In this study, it was found that the LDIDECOAS might provide a reduction of approximately 25%
in the annual primary energy consumption as compared to the LDEOAS, in Seoul. The significant
difference in the annual primary energy consumption of the two system occurred mainly in the LD part
during the cooling season and the intermediate season. The main reason for this was that an LDEOAS
that used a DP-IEC downstream of the LD system, required at least 30% of the process air that was
already dehumidified by the LD system to be sent to the secondary channel. Moreover, the LDEOAS
could provide drier SA conditions. Consequently, when the LD was used for dehumidification, the
LDIDECOAS with an indirect and direct evaporative cooler was better in terms of energy consumption
in a humid and hot climate, whereas in a dry region, the LDEOAS might be more suitable with a
DP-IEC. Additionally, the dehumidification method upstream of the evaporative cooler might cause a
significant impact on the energy consumption of the overall system.
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Nomenclature

a Surface area-to-volume ratio of the packing (2/m3)
C Solution concentration (-)
Cp Specific heat capacity (kJ/kg ·K)
Freq Compressor frequency
hfg Heat of water vaporization (=2257 kJ/kg)
.

m Mass flow rate (kg/s)
PLRc Function of the part-load ratio
pa Water-vapor partial pressure (Pa)
ps Vapor pressure of desiccant solution (kPa)
Q Load (kW)
T Temperature (◦C)
Tsol,in Inlet desiccant solution temperature (◦C)
.

V Volumetric flow rate (m3/s)
W Effective mechanical power (W/m2)
Z Packing height (m)
Abbreviations
OA Outdoor air
CC Cooling coil
COP Coefficient of performance
DBT Dry-bulb temperature [◦C]
DEC Direct evaporative cooler
DP-IEC Dew-point evaporative cooler
EA Exhausted air
EES Engineering equation solver
HC Heating coil
HP Heat pump
HPLD Heat pump-integrated liquid desiccant system
HR Humidity ratio
HVAC Heating ventilation and air conditioning
IEC Indirect evaporative cooler
LD Liquid desiccant
LDEOAS Liquid desiccant and dew-point evaporative-cooler-assisted 100% outdoor air system
LDIDECOAS Liquid desiccant and indirect and direct evaporative-cooler-assisted 100% outdoor air

system
MEE Membrane enthalpy exchanger
RA Return air
RH Relative humidity [%]
RHC Reheat coil
SA Supply air
SHE Sensible heat exchanger
VAV Variable air volume
WBT Wet-bulb temperature [◦C]
Greek Symbols
ε Effectiveness [-]
ω Humidity ratio [kg/ kga]
π Function of the vapor-pressure depression of the desiccant solution to the vapor pressure

of pure water
[(

pa − ps

)
/pa

]
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Subscripts
a Air
c Cooling mode
eq Equilibrium
in Inlet
lat Space latent
out Outlet
pri Primary side
ref Reference
s Saturated
sol Desiccant solution
sec Secondary side
sen Space sensible
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