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Abstract: The objective of this study was to modify an existing liquid desiccant and indirect/direct
evaporative cooling-assisted 100% outdoor air system (LD-IDECOAS) for humidification operation
in winter. The energy benefit of the liquid desiccant-assisted humidification approach during the
operation of LD-IDECOAS over the conventional method with a steam humidifier was evaluated
through a detailed energy simulation. The humidification and enthalpy effectiveness values of the
liquid desiccant humidification measured from laboratory tests were 0.41 and 0.49, respectively, which
were applied to the energy simulation for the modified system. Both systems with the proposed
and conventional humidification approaches were simulated using an engineering equation solver
combined with a TRNSYS 18 energy simulation program. The results demonstrated that the modified
LD-IDECOAS consumes less energy for humidification compared to the existing system with a
steam humidifier. The proposed system also exhibited considerable heating energy-saving potential.
Consequently, modified LD-IDECOAS consumed 42% less primary energy during winter operation
after being modified for liquid desiccant-assisted humidification.

Keywords: liquid desiccant; humidification; heat pump; steam humidifier

1. Introduction

Liquid desiccant and indirect/direct evaporative cooling-assisted 100% outdoor air
system (LD-IDECOAS) has recently been proposed in the open literature [1] as an energy
conservative air handling system serving a building. This system comprises a liquid
desiccant (LD) dehumidifier, indirect evaporative cooler (IEC), and direct evaporative
cooler (DEC). During summer season operation, the introduced outdoor air (OA) is initially
dehumidified by the LD dehumidifier, which is called the absorber (ABS), and then cooled
by an IEC and/or DEC. The weakened desiccant solution leaving the ABS is delivered to the
regenerator (REG) to regenerate the desiccant solution. To enhance the dehumidification
performance of the ABS, the strong desiccant solution should be cooled before allowing
entry into ABS, while the weak desiccant solution should be heated before allowing entry
into REG to enhance the regeneration performance.

Consequently, a heat pump was selected as an energy conservative heat source
for the concurrent cooling and heating of the strong and weak desiccant solutions
during LD system operation [2–5]. Xie et al. [2] suggested a counter-flow heat pump
driven liquid desiccant system. Energy performance was evaluated under various
input parameters and the number of mass transfer units (NTU) was a key parameter
for the system performance. Liu et al. [3] analyzed the performance of the internally
cooled type liquid desiccant system for dehumidification. The heat pump was used
for a heat source of the liquid desiccant system. Shin et al. [4] evaluated the energy
benefits of heat pump driven liquid desiccant air-conditioning system. The heat pump
driven liquid desiccant air-conditioning system could save 33% primary energy per
year compared to conventional liquid desiccant air-conditioning system with cooling
tower and gas boiler. Zhang et al. [5] proposed a hybrid air-conditioning system. The
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latent load was treated by a liquid desiccant system served by a heat pump, and another
heat pump treated the sensible load.

Energy efficiency improvement and optimization of the heat pump-driven LD dehu-
midification approach were also investigated in previous studies [6–8]. Peng and Luo [6]
evaluated the coefficient of performance (COP) of the liquid dehumidification and heat
pump hybrid system. Many heat recovery devices, which have various heat recovery effec-
tiveness, were considered for system performance. Zhang et al. [7] studied the performance
optimization of heat pump driven liquid desiccant (HPLD) dehumidification systems. The
heat pump system with a water-cooled condenser was investigated and showed that the
system had 35% higher system COP than the basic HPLD system. Niu et al. [8] illustrated
the configuration of the liquid desiccant and heat pump hybrid air-conditioning system
and evaluated the matching effect between the liquid desiccant and the heat pump through
novel matching indices.

However, the heat pump-driven LD system can be used for humidifying and heating
the processed air in winter operation using a reversible heat pump [9,10] that can physically
switch the ABS and REG. To examine the applicability of the regenerator for humidification,
Huang et al. [9] conducted an experimental study on a crossflow regenerator with glycol
aqueous solution under low air temperature. Zhang et al. [10] also tested the performance of
the dehumidifier and regenerator in the typical air-conditioning systems operating ranges.
The dehumidification and regeneration of the liquid desiccant system were evaluated
for both the summer and winter modes in this research. However, the previous studies
have been focused on the performance of the regenerator for humidification. The system
integration or annual operation logic and energy performance of the heat pump-driven
LD system also have not been studied. Moreover, this LD humidification approach is not
considered in conventional LD-IDECOASs. Instead, the LD part of the LD-IDECOAS is
deactivated during the heating season operation.

Consequently, in this study, existing LD-IDECOAS was modified to provide humid-
ification during the heating season by activating the LD part driven by the reversible
heat pump. The energy benefit of the proposed humidification approach over con-
ventional steam humidification was also evaluated via detailed energy simulations
performed using TRNSYS 18 and a commercial engineering equation solver program.
In addition, the experiment was performed to estimate the humidification performance
of the LD part for the detailed energy simulations because the humidification perfor-
mance has not been investigated within the target range and solution type needed for
the LD-IDECOAS.

2. System Overview
2.1. Existing System

Figure 1 illustrates the existing LD-IDECOAS, which comprises an LD part, IEC,
DEC, a heating coil, and a steam humidifier. During the cooling season, the hot and
humid process air is initially dehumidified in the ABS (i.e., LD dehumidifier), and then
cooled by the IEC and DEC to meet the supply air (SA) temperature setpoint, as shown
in Figure 1a. During the heating season, the pumps in the LD part are deactivated, and
the cold and dry processed air bypasses the LD system. The IEC operating in dry mode
works as a heat exchanger (HX), reclaiming wasted heat from the return air (RA) stream
to preheat the processed air. DEC is deactivated, and the steam humidifier humidifies
the processed air to meet the target humidity ratio of SA. A schematic of this season is
illustrated in Figure 1b.
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Figure 1. Schematics of existing liquid desiccant and indirect/direct evaporative cooling-assisted 
100% outdoor air system (LD-IDECOAS) for (a) cooling and (b) heating seasons. DEC: direct 
evaporative cooler, EA: exhaust air, HX: heat exchanger, IEC: indirect evaporative cooler, OA: 
outdoor air, RA: return air, and SA: supply air. 

2.2. Modified System 
The existing LD-IDECOAS was modified by adopting a reversible heat pump for 

concurrent cooling and heating of the desiccant solution before entering the ABS and the 
REG of the LD part, as shown in Figure 2. The cooling season operation of the modified 
system is identical to that of the existing one, while the heating season operation mode is 
different. 

During the heating season operation, the ABS and REG functions of the LD system 
operating in the cooling season are switched by reversing the refrigerant flow of the heat 
pump. Consequently, the processed air is humidified and preheated in the REG of the 
modified system during the heating season. The steam humidifier used in the existing 
system can be removed. If the processed air temperature after regeneration is lower than 

Figure 1. Schematics of existing liquid desiccant and indirect/direct evaporative cooling-assisted
100% outdoor air system (LD-IDECOAS) for (a) cooling and (b) heating seasons. DEC: direct
evaporative cooler, EA: exhaust air, HX: heat exchanger, IEC: indirect evaporative cooler, OA: outdoor
air, RA: return air, and SA: supply air.

2.2. Modified System

The existing LD-IDECOAS was modified by adopting a reversible heat pump for
concurrent cooling and heating of the desiccant solution before entering the ABS and the
REG of the LD part, as shown in Figure 2. The cooling season operation of the modified
system is identical to that of the existing one, while the heating season operation mode
is different.

During the heating season operation, the ABS and REG functions of the LD system
operating in the cooling season are switched by reversing the refrigerant flow of the heat
pump. Consequently, the processed air is humidified and preheated in the REG of the
modified system during the heating season. The steam humidifier used in the existing
system can be removed. If the processed air temperature after regeneration is lower than
the RA temperature, the waste heat in the RA stream is reclaimed to heat the processed air
in the IEC, working as an air-to-air sensible HX. The processed air is bypassed by the IEC
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when the processed air temperature after regeneration is higher than the RA temperature
because of the preheating through the REG in the LD part. Thus, the DEC is deactivated.

A heat pump was selected as the heat source for the modified LD-IDECOAS because
it can provide both cooling and heating. The heat pump can be operated in the reversible
cycle through a four-way valve, as shown in Figure 2 [11–13]. During the heating season,
there are two evaporators and one condenser. An air-side evaporator transfers the heat
from the RA to the heat pump, and a solution side evaporator is bypassed. The refrigerant
in the heat pump leaving the evaporator has a high temperature and releases heat to the
REG inlet solution through the condenser.
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Figure 2. Schematic of the modified LD-IDECOAS in the heating season. CW: city water.

2.3. Operation Mode

The operational logic of the modified system is based on the OA condition. As shown
in Figure 3, the system operates in four modes [4]. In Mode 4, the dry-bulb temperature of
the OA is lower than the target SA temperature. If the OA condition has a lower enthalpy
than that of the room condition, the DEC is only operated to meet the target SA temperature.
This strategy of this operation is used in Mode 3. Meanwhile, Modes 1 and 2 are separated
for the OA humidity ratio. If the OA is more humid than the target condition, the LD
system is operated to dehumidify the processed air. Subsequently, the processed air is
cooled to the target temperature through the IEC and DEC. In Mode 2, the OA is dry
enough to be cooled by the IEC and DEC. In general, Modes 4 and 1 are operated during
the heating and cooling seasons, respectively. Modes 3 and 2 are generally operational in
intermediate seasons.

The existing LD-IDECOAS and modified LD-IDECOAS operated as the same strategy
in Mode 1, 2, and 3. In Mode 4 of the existing LD-IDECOAS, the LD system is deactivated,
and the IEC is used in dry mode to recover the heat from the RA. In this case, a steam
humidifier was used to humidify the processed air. In contrast, the LD system is used for
the humidification and preheating of the processed air in the modified LD-IDECOAS. The
LD system is operated by on/off control according to the latent load in the building, and
the IEC is used in dry mode, similar to the existing LD-IDECOAS when the LD system is
deactivated.
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Figure 3. Mode of operation in the modified LD-IDECOAS. LD: liquid desiccant, REG: regenerator.

2.4. LD System

Figure 4a shows the LD system during the cooling season. The LD system comprises
ABS, REG, solution HX, and two heat sources. The strong solution absorbs the water vapor
from the air in the ABS; this process is a dehumidification process. As the dehumidification
process is an exothermic reaction, the solution must be cooled before it enters the ABS. After
leaving the ABS, the weak solution desorbs moisture to the air in the REG. This process is a
regeneration process. The solution must be heated before entering the REG because the
humidification process is an endothermic reaction. The LD system is continuously operated
by repeating the dehumidification and regeneration processes [3,14,15]. The solution is
cooled and heated by the heat sources, and a solution HX is used to reduce the heating and
cooling load for the solution. In general, the hot and humid OA is dehumidified by the
ABS, and the weak solution leaving the ABS is regenerated by the REG during the cooling
season, as illustrated in Figure 4a.

The locations of the ABS and REG can be easily switched by the heat sources without
exchanging other components. Thus, the REG can be used as a humidifier by the reversible
heat pump cycle. As can be seen in Figure 4b, the ABS and REG are located on opposite
sides. The cold and dry air is humidified and preheated by the solution in the REG, while
the ABS is not operational. The solution HX is also bypassed because it is circulated in the
REG loop. The solution was diluted, and the concentration was maintained by adding tap
water during the heating season.
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3. Experimental Setups
3.1. System Description

Many studies have indicated that the effectiveness of regeneration is related to op-
erating conditions such as the air and solution temperature, air humidity ratio, solution
concentration, and flow rates of air and solution [16–18]. However, previous studies have
been conducted on the regeneration of desiccant solution for dehumidification cycles,
and operating conditions were focused on the summer season. While the humidification
performance has been tested in several studies [9,10] and the solution type is different from
that used in the LD-IDECOAS.

Therefore, the effectiveness of regeneration was tested in the laboratory under various
OA conditions for humidification. A schematic of the experimental setup is presented in
Figure 5. The experimental equipment comprised an REG, a constant-speed fan, two tanks,
two constant-speed pumps, and an electronic heating coil.

The processed air was blown into the REG when the air fan located outside of the wall
was activated. The weak solution heated by the electronic heating coil was pumped and
sprayed onto the packing material surface of the REG from the weak solution tank. The
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solution temperature was adjusted by the electronic heating coil in the weak solution tank
to the target condition during the experiment. Heat and mass transfers occurred between
the air and solution in the REG. The solution regenerated during this process was sent to
the strong solution tank.
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The actual experimental setup is shown in Figure 6. The specifications of each compo-
nent used in this study are listed in Table 1. While the lithium chloride (LiCl) solution has
corrosion issues, LiCl was selected as the working fluid because the LiCl solution shows
high performance for dehumidification and regeneration [1]. CELdek 7090-15 was used as
a packing medium in the REG with cross-sectional dimensions of 350 mm × 350 mm. The
packing media was 700 mm in length and constituted cellulose rigid pads that enhance
the transfer of heat and mass by large pores on the surface [14,19,20]. A Teflon heating
coil material was used for solution heating because the coil surface can be corroded by the
desiccant solution.

To calculate the humidification and enthalpy effectiveness of the REG, the dry-bulb
temperature and humidity ratio of the inlet and outlet air were measured. To determine the
solution concentration, the temperature and density of the weak and strong solutions were
also measured. The velocity of the scavenger air was measured to check the air volume
flowrate. The flow meter was also used to estimate the solution mass flow rate. The sensor
locations are indicated in Figure 5 for monitoring the air and solution conditions, and the
sensor specifications are summarized in Table 2. The sensors used for the experiment have
been calibrated.
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Table 1. Physical information of each component in the experimental setup.

Component Characteristic

Solution Type Lithium chloride (LiCl)
REG Pad dimensions (L × W × H) 700 mm × 350 00 × 350 mm

Pad material CELdek 7090-15
Electronic heating coil Capacity 2 kW

Material Teflon

Table 2. Specifications of each sensor. RH: relative humidity.

Location Sensor type Range Accuracy

T1 NTC −20–55 ◦C ±0.4 ◦C
H NTC 0–100% RH ±2.0%
T2 NTC −50–250 ◦C ±0.5 ◦C (−30–99.9 ◦C)
T3 Pt100 −50–400 ◦C ±0.2 ◦C (−50–300 ◦C)
D Glass hydrometer 1000–1400 kg/m3 ±1 kg/m3

F Ultrasonic flow meter 0–32 m/s ±1.0%
V Vane probe φ 100 mm 0.1–15 m/s ±0.1 m/s (±1.5% of mv)

3.2. Experimental Conditions

The test conditions of the REG are presented in Table 3. The solution temperature
entering the REG was set to 50 ◦C. As the modified system is operated as a ventilation
system, the set temperature can be lower than this during the cooling season operation,
which can also reduce the energy consumption. The solution concentration was maintained
at 30%. The LD system was also used for the cooling season dehumidification; the solution
concentration was maintained to allow dehumidification and humidification. In addition,
because the crystallization temperature of the 30% LiCl is lower than the designed OA
condition in the winter, the concentration of 30% is maintained to avoid the crystalizing
problem of the LD solution [21]. The liquid-to-gas ratio (L/G) was set to 2 because the
LD-IDECOAS was operated at L/G = 1 during the cooling season [1,4], and the air flow rate
of the modified system was lower during the heating season when the pump speed was
constant. In this experiment, the OA temperature and humidity ratio were not controlled
because the OA was blown directly into the REG instead of using makeup air. The tested
values of OA (i.e., temperature and humidity ratio) present typical winter conditions,
although the OA conditions rarely affect the effectiveness of the REG [9]. The experiment
was performed for 2 min after a steady-state condition was reached. The data measured by
each sensor were collected by a data logger at 10 s intervals.

Table 3. Test conditions. L/G: liquid-to-gas ratio.

Parameter Value

OA temperature (◦C) −2.6–4.6
OA humidity ratio (kg/kg) 0.0008–0.0017

L/G (-) 2.0
Solution temperature (◦C) 50.0 ± 1.0
Solution concentration (%) 30.0 ± 1.0

3.3. Humidification Performance Indices

The effectiveness of humidification has been used as a performance metric for the
REG of an LD system. The REG is activated as a humidifier in the modified system; thus,
humidification performance can be expressed in terms of humidification effectiveness. The
humidification effectiveness (εm) is defined by the actual change ratio of the processed air
to the theoretical maximum change in the humidity ratio Equation (1). The enthalpy effec-
tiveness has also been used as a performance metric. Similarly, the enthalpy effectiveness
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(εh) is the ratio of the actual change in the processed air to the theoretical maximum change
in enthalpy Equation (2).

εm =
ωa,out − ωa,in

ωeq − ωa,in
(1)

εh =
ha,out − ha,in

heq − ha,in
(2)

The equilibrium humidity ratio (ωeq) is expressed by Equation (3) when the saturated
vapor pressure (ps) of the solution is given. The saturated vapor pressure of the LD solution
can be calculated using the second-order polynomial Equation (4), with the coefficients
presented in Table 4 [22].

ωeq = 0.622
ps

101.325 − ps
(3)

ps =
(

a0 + a1Ts + a2T2
s

)
+
(

a3 + a4Ts + a5T2
s

)
Xs +

(
a6 + a7Ts + a8T2

s

)
X2

s (4)

Table 4. Coefficients of the model for Equation (4).

a0 a1 a2 a3 a4

16.294 −0.8893 0.01927 74.3 −1.8035

a5 a6 a7 a8

−0.01875 −226.4 7.49 −0.039

The equilibrium enthalpy (heq) is determined through the given solution temperature
and equilibrium humidity ratio, as shown in Equation (5).

heq = 1.006Ts + ωeq(2501 + 1.86Ts) (5)

3.4. Experimental Results and Validation
3.4.1. Experimental Results

Laboratory-scale experimental tests were conducted to investigate the effectiveness
of the REG in heating operations. Figure 7 presents the experimental results of the effec-
tiveness of humidification and enthalpy according to the OA temperature and humidity
ratio. The inlet air temperature ranged from −2.6 to 4.6 ◦C, and the humidity ratio ranged
from 0.0008 to 0.0017 kg/kg. While various OA conditions were tested, the humidification
effectiveness was maintained at approximately 0.41. Meanwhile, the enthalpy effectiveness
was 0.48 on average. Thus, the effectiveness values of humidification and enthalpy were
assumed to be 0.41 and 0.48, respectively, to conduct the energy simulation described in
Section 4, and they have been used with other parameters to maintain the design conditions.
More detailed experimental values are presented in Table 5.

3.4.2. Validation

The energy balance was analyzed to validate the experimental results. The internal
energy variations of the solution and air were predicted using Equations (6) and (7) [1]. The
mass flow rates of the solution and air, the temperatures of the inlet and outlet solutions,
and the enthalpies of the inlet and outlet air were measured.

.
Qs =

.
ms × (hs,in − hs,out) (6)

.
Qa =

.
ma × (hs,out − hs,in) (7)

The internal energy variations of the solution and air are compared in Figure 8. As
shown, the relative difference is within 15% of the internal energy variation. This is an
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acceptable result. Thus, the values of the humidification and enthalpy effectiveness can be
used to predict the regeneration performance of the LD system.
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4. Energy Simulation
4.1. Model Space

The sensible and latent loads of a model building, which are served by the modified
and existing systems, were calculated using TRNSYS 18. The model building is an office
building located in Seoul, South Korea. Its area and ceiling height were assumed to be
100 m2 and 3 m, respectively. There were two 10 m2 windows at the south and north
exterior walls; thus, the window-to-wall ratio was 0.17. The total heat generation rate
from an occupant was 115W/person, and the internal heat generation from the lighting
equipment was 6W/m2. The typical occupancy, system, and lighting schedules for an
office building were extracted from the ASHRAE Standard 90.1 [23]. The target points of
the conditioned zone were as follows: dry-bulb temperature of 20 ◦C and relative humidity
of 50% for heating. The physical information of the model building is detailed in Table 6.

Table 6. Model building information.

Location Seoul, South Korea

Weather data TMY2

Building type Office
Geometry 10 m (W)× 10 m (L)× 3 m(H)

U-Values Ceiling 0.297W/m2·K
Wall 0.252W/m2·K

Windows 1.4W/m2·K

Windows Two 10 m2 windows (south and north)
Window-to-wall ratio: 0.17

Internal heat gain Occupant 115W/person [23]
Light 6W/m2

Room set point Heating Temperature 20 ◦C
RH 50%

4.2. LD System
4.2.1. Outlet Condition of Regenerator

The LD system comprises a REG during the winter season. The condition of the
processed air leaving the LD system can be represented using the humidification and
enthalpy effectiveness values, which were assumed to be 0.41 and 0.48, respectively, based
on the experimental results presented in Section 3. Furthermore, Equations (1) and (2) were
used to predict the outlet condition of the processed air.

The concentration and temperature of the solution leaving the REG can be determined
using Equations (8)–(11) from the heat and mass balance equations. The humidification
rate (

.
mreg) and the mass flow rate of the solution (

.
ms,out) leaving the REG were determined

using Equations (8) and (9). The humidification rate is the amount of moisture transferred
from the solution to the processed air. The solution outlet mass flow rate can be calculated
by subtracting the humidification rate from the inlet mass flow rate of the solution. The
concentration of the solution (Xs,out) leaving the REG can be estimated using Equation (10),
with the mass balance of the REG inlet and outlet conditions. The leaving REG solution
enthalpy (hs,out) was obtained based on the energy balance represented by Equation (11).

.
mreg =

.
ma × (ωa,out − ωa,in) (8)

.
ms,out =

.
ms,in −

.
mreg (9)

.
ms,inXs,in =

.
ms,outXs,out (10)

.
ms,ouths,out +

.
mregh f g =

.
ms,inhs,in (11)
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4.2.2. Sump Solution Condition

The LD system also constitutes a solution sump. The temperature of the sump solution
was changed hourly in the simulation, while the concentration remained fixed. The
temperature of the solution was varied depending on the solution leaving the REG, tap
water for solution concentration maintenance, and the solution leaving the sump. The
solution leaving the REG and tap water for solution concentration maintenance was
considered as the heat gain (Σ

.
Qgain) of the sump, and the solution leaving the sump was

considered as the heat loss (Σ
.

Qloss). The sump temperature variation was affected by the
heat gain and loss, and the heat flow can be expressed in terms of the thermal capacity
(Equation (12)) [24].

Tsump,new = Tsump,old +
∆t

MCp,s

(
Σ

.
Qgain − Σ

.
Qloss

)
(12)

The initial weight of solution in the sump was assumed to be 20 kg, considering the
size of the LD system. Moreover, the initial temperature of the sump solution was set
assuming, that the solution temperature converged to the indoor air temperature (20 ◦C)
when the system was switched on.

4.3. Heat Pump Model

During the heating season, the heat pump was used for solution heating, transferring
heat from the indoor air to the solution. In this study, variable-speed compressor control
was used to meet the heating load. The heat pump system was also designed for heating
priority, and R410A was selected as the refrigerant in the heat pump. The subcooled and
superheated degrees could be neglected.

The calculation process is detailed in Figure 9. The surface temperature of the con-
denser (Tcond) was assumed through the target solution temperature entering the REG and
the effectiveness of the HX. The effectiveness of the condenser was assumed to be 0.75 [25].
Further, the initial surface temperature of the evaporator was assumed to be 7 ◦C based on
the variation in temperature between the evaporator and heat source [26]. The mass flow
rate of the refrigerant (

.
mR410A) was calculated using Equation (16), based on the heating

priority. Using the process detailed in Figure 8, the surface temperature of the evaporator
(Tevap) was adjusted to balance the heat in the heat pump. Finally, the compressor power
(Pcomp) could be estimated using Equation (19).

εcond =
Ts,target − Ts,in

Tcond − Ts,in
(13)

εevap =
Ta,in − Ta,out

Ta,in − Tevap
(14)

.
Qcond =

.
ms × Cp,s ×

(
Ts,target − Ts,in

)
(15)

.
mR410A =

.
Qcond

hcond,in − hcond, out
(16)

.
Qevap =

.
mR410A ×

(
hevap,out − hevap,in

)
(17)

.
Qa =

.
ma × Cp,a × (Ta,in − Ta,out) (18)

Pcomp =
.

mR410A ×
(
hcomp,out − hcomp,in

)
(19)
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4.4. Direct-Injection Steam Humidifier

The direct-injection steam humidifier meets the target humidity ratio of the processed
air to control the amount of steam. Thus, the target humidity ratio (ωa,target) of the SA
can be calculated through the latent load of the conditioned zone using Equation (20).
The humidification rate (

.
mreg) is also assumed from the target humidity ratio and airflow

rate in Equation (21). The required amount of steam (
.

msteam) is a function of the rate and
efficiency of humidification. It can be calculated by dividing the humidification rate by
the efficiency (εsteam), as shown in Equation (22) [27,28]. The boiler load for providing
steam to the humidifier is expressed using the temperature variation and the latent heat of
the vaporization of water, given by Equation (23). The temperatures of steam and water
leaving and entering the boiler are assumed to be 120 and 20 ◦C, respectively. Additionally,
the efficiency of humidification is assumed to be 90% [27]. Then, the operational energy of
the boiler can be estimated using the boiler load obtained by Equation (23) and the model
based on EnergyPlus [29].

.
Qlat =

.
mah f g

(
ωra − ωa,target

)
(20)

.
mreg =

.
ma ×

(
ωa,target − ωoa

)
(21)
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.
msteam =

.
mreg

εsteam
(22)

.
Qsteamboiler =

.
msteam ×

(
Cp,w(Tsteam,out − Tw,in) + h f g

)
(23)

The enthalpy of the processed air leaving the direct-injection steam humidifier (ha,out)
was calculated using Equation (24) based on the energy balance [29]. The humidity ratio of
air leaving the humidifier is the same as the target humidity ratio obtained from Equation
(20). While the SA temperature can be obtained using the enthalpy and humidity ratio of
the processed air from the psychrometric chart, the temperature of the processed air rarely
changes because the steam humidifier is an isothermal process.

ha,out =

.
ma,inha,in +

.
msteamh f g

.
ma

(24)

4.5. Other Components
4.5.1. Parallel Heating Unit

While the processed air is heated by the LD system, a parallel heating unit is required
to meet a sensible load in the modified system because the modified system is operated for
ventilation and humidification during the heating season. Furthermore, a parallel heating
unit is required because the existing system also operates as a ventilation system. The
parallel heating load (

.
Qph) was estimated by subtracting the heating capacity of the SA

from the sensible heating load for the building Equation (25).

.
Qph =

∣∣∣ .
Qsen

∣∣∣− ( .
ma × Cp,a × (Tsa − Tra)

)
(25)

4.5.2. Boiler

In the modified system, a conventional gas boiler was used for the parallel heating
unit in the room. It was also used for preheating the processed air, providing steam at
the direct-injection steam humidifier, and as a parallel heating unit in the existing system.
As in Equation (26), the natural gas consumption (

.
Qboiler) was derived using a general

boiler model in the engineering reference from EnergyPlus [29] according to the required
heating load in each component. The boiler efficiency curve is a cubic curve of the part-load
ratio, which is the ratio of the required heating load to the boiler capacity. The theoretical
efficiency (ηboiler) of the boiler was assumed to be 0.82 [30]. The reference capacity of the
boiler was assumed to be 5 kW in the modified system and 10 kW in the existing system.

.
Qboiler =

.
Qheating

ηboiler × BoilerE f f iciencyCurve
(26)

BoilerE f f iciencyCure = f (PLR) (27)

PLR =
RequiredHeatingLoad

Capacityo f Boiler
(28)

4.5.3. Fan and Pump

There are two fans in the modified system, one for the SA and another for the exhaust
air, because the scavenger air fan does not operate in the heating mode. There are also two
fans in the existing system for the SA and exhaust air. The energy consumption of the fan
(Pf an) can be estimated using a simplified model based on the generic fan power curve,
given by Equation (31). The design fan power (Pf an, design) was calculated using Equation
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(29) with the fan efficiency of 0.5 [31]. The pressure drop (∆P) values of all components are
summarized in Table 7 [31].

Pf an, design =

.
Vdesign × ∆P

η f an
(29)

PLR f an =

.
V f an
.

Vdesign
(30)

Pf an =
(

0.0013 + 0.1470PLR f an + 0.9506PLR2
f an − 0.0998PLR3

f an

)
× Pf an,design (31)

Table 7. Pressure drop value of each system component.

System Component Pressure Drop (Pa)

Modified SA fan REG 120
IEC 98

Balance of system 200
RA fan IEC 98

Evaporator 100
Balance of system 200

Existing SA fan IEC 98
Steam humidifier 100
Balance of system 200

RA fans heating coil 100
IEC 98

Balance of system 200

The pump is used for solution circulation in the modified system. However, in the
existing system, a steam pump is used to provide steam to the direct-injection steam
humidifier. The design pump power (Ppump,design) was derived using Equation (32) when
the pump efficiency (ηpump) was assumed to be 0.6. The actual pump power (Ppump) was
estimated according to the actual fluid flow rate using Equation (33) based on the affinity
law. The total head of each system was assumed to be 13 m for the solution pump and
25 m for the steam pump [32].

Ppump,design =

.
m × H × g

ηpump
(32)

Ppump =

( .
mpump
.

mdesign

)3

× Ppump,design (33)

5. Results
5.1. Thermal Behavior of Modified LD-IDECOAS
5.1.1. Sump solution temperature

The temperature of the sump solution in the LD system varies, as illustrated in Figure
10. The solution temperature rises when the HVAC schedule is switched on. While the
HVAC schedule is on, the sump temperature is maintained at approximately 45 ◦C because
of the heat gain and loss in the sump. The assumption is also made to maintain the sump
solution temperature, although the LD system is not operated when the LD is off. The
solution temperature converges to the neutral temperature only when the HVAC schedule
is off. Maintaining the sump solution temperature affects the condenser temperature, and
the condenser affects the energy consumption of the compressor that is located in the heat
pump unit. Thus, the heat pump size is designed to increase the temperature of the solution



Energies 2021, 14, 1360 16 of 24

from approximately 45 ◦C, which is the solution temperature in the LD sump to 50 ◦C,
which is the target temperature for the REG.
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5.1.2. Surface Temperature of Heat Pump

Figure 11 details the surface temperatures of the two HXs in the heat pump on a peak
day. As the sump solution temperature affects the condenser temperature, there seems
to be similar behavior with the sump temperature. The sump temperature is stable when
the HVAC schedule is on, and the condenser temperature is stable at approximately 51 ◦C.
This was designed to achieve the target temperature for the solution entering the REG to
perform the humidification. The evaporator temperature is affected by the RA temperature
and heat balance in the heat pump because it is used as the heat source of the evaporator.
As heat is transferred from the RA to the refrigerant in the heat pump, the difference of the
temperature between the air and refrigerant in the evaporator is higher than the difference
in the temperature between the solution and refrigerant in the condenser. Therefore, the
evaporator temperature is more unstable than the condenser temperature, which remains
between −4 and −7 ◦C, as shown in Figure 11. The evaporator and condenser temperatures
also converge to the neutral temperature, similar to the sump solution temperature when
the HVAC schedule is off.
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5.2. Comparison of Supply Air (SA) Conditions
5.2.1. Thermal Behavior of the Air

To evaluate the performance of the modified LD-IDECOAS, the state parameters of
the air under typical winter conditions were plotted on psychrometric charts, as shown in
Figure 12. The OA is heated and humidified directly inside the REG over the target supply
condition (i.e., 20 ◦C) in the modified system. As the temperature of the solution is higher
(i.e., 50 ◦C) than that of the OA, the temperature of the processed air increased when it
passed the REG by heat exchange with the solution. As mass transfer between the air and
solution also occurred because of the difference in the vapor pressure in each fluid, the
processed air is humidified into the REG. Whereas, the OA is preheated through the IEC
dry mode operation and humidified using a steam humidifier in the existing system. The
heat exchange effectiveness of the IEC in dry mode is set to 0.8, and the RA is heated before
entering the HX to meet the target SA temperature. The steam humidifier is also operated
to humidify the air and remove the latent load in the building. Thus, the humidity ratio of
the SA in the existing system is lower than that in the modified system.

5.2.2. SA Conditions

The temperature of the SA in the modified system varies according to the OA tem-
perature, as indicated in Figure 13. In the modified system, the temperature of the SA in
January is lower than that in other periods during the heating season. It can be observed
that the OA conditions affect the SA, but not the humidification and enthalpy effectiveness
of the LD system. Meanwhile, the SA temperature in the existing system is constant at a
neutral temperature (i.e., 20 ◦C) because the humidification process of a steam humidifier
is an isothermal process.

The humidity ratio of the SA is also detailed in Figure 13. In the modified system, the
humidity ratio of the processed air is not controlled because of the characteristics of the
REG. Similar to the temperature, the humidity ratio of the SA is affected by the OA, and
the humidity ratio in January is lower than that in other months. The humidity ratio of the
OA in the existing system is controlled by the latent load in the building. Therefore, the
humidity ratio of the SA is lower than that of the modified system.

5.3. Primary Energy Consumption

A comparison of the primary energy consumption of the modified system with that
of the existing system is shown in Figure 14 during the heating season. To compare the
overall energy consumption when the systems are operating, the energy consumption was
converted into primary energy consumption for each heat source. The primary energy
factors were 2.75 for electricity and 1.1 for natural gas [33].

The operating energy for humidification reduces the total primary energy consump-
tion of the modified system. While the existing system uses natural gas for a steam
humidifier that has a lower primary energy factor than electricity, the heat pump compres-
sor consumes less energy than that consumed by the steam humidifier. The compressor
in the modified system consumes approximately 1.1 MWh per heating season, whereas
the steam humidifier in the existing system consumes approximately 2.8 MWh in the
same period. As the heat pump in the modified system reclaimed the heat from RA to
solution and the heating coefficient of performance of the heat pump was higher than the
efficiency of the boiler for a steam humidifier, the humidification energy can be reduced in
the modified system, although both systems provide the same amount of humidification.

The main energy-saving potential is also achieved from the heating components
according to Figure 14. In the process of humidification of the modified system, the
temperature of the processed air rises because of the heat and mass transfers with the
solution. As the temperature of the SA is higher than the neutral temperature, the parallel
heating energy could be reduced compared to the existing system. Moreover, the SA
recovers the heat from the RA at the IEC when the humidification mode is off; the heating
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coil energy can also provide savings over the existing system. The modified and existing
systems consume approximately 3.7 and 5.7 MWh for heating, respectively.

Furthermore, the fan energies of both systems are the same because the modified and
existing systems have the same air flow rate. The pump in the modified system consumes
more energy because of the solution pump. As the pump for providing steam in the
existing system consumes less energy than other components, the pump energy can be
expressed as zero.
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An analysis of the difference patterns between the monthly primary energy consump-
tions is illustrated in Figure 15. As the sensible load is the highest in January, the primary
energy for heating is the highest in both systems. The latent loads in December, January,
and February were similar. The primary energies for humidification are also similar in
the same period; 0.28, 0.33, and 0.3 MWh are consumed in the modified system, and 0.78,
1.00, and 0.67 MWh are consumed in the existing system. In March, the latent load of the
building is lower than that in other months, and the humidification energy is low.
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The primary energy consumed by the modified system is lower than that consumed
by the existing system during the entire heating operation period. The comparison of
primary energy consumption indicates that the main energy-saving factors are the heating
and humidification components.
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5.4. Discussion

As the results of the experiment and simulation, the humidification and enthalpy
effectiveness of the REG was sufficient to meet the target humidity ratio. The energy
consumption for humidification is also affected by the humidification and enthalpy effec-
tiveness values because the temperature of the SA is variable according to these parameters.

The results of this study also show that not only the existing system modification,
but the humidification approach using the regenerator can be more efficient than other
humidification methods. In Table 8, the performance of the proposed humidification
approach was compared to other humidification devices such as an ultrasonic humidifier.

Table 8. The performance of each humidification approach.

Humidification Approach LD-Assisted Humidification
(Proposed Approach)

Ultrasonic Humidification
(Individual Humidification)

Average humidification rate (kg/h) 1.46 0.063 [34]
Rated power consumption (kW) 1.20 0.34 [34]

Operating time (-) 0.34 8
Energy consumption (kWh) 0.41 2.72

The average humidification rates of the proposed system and ultrasonic humidifier
are 1.46 kg/h and 0.063 kg/h, respectively. The operating time of the LD system was
0.34 h, while eight or more ultrasonic humidifiers are required for the target humidity in
the model building per hour; thus, the heat pump-driven LD humidification could save
the average energy consumption per hour than the ultrasonic device. Consequently, the
LD-assisted humidification is an efficient humidification approach that not only achieves
energy benefits over the existing LD-IDECOAS, but also has the potential to replace current
humidification methods, including the ultrasonic humidifier.

Meanwhile, the temperature and concentration of the desiccant solution remained
constant in this study; however, the energy-saving potential could differ because the tem-
perature and concentration of the solution are the key factors influencing the humidification
and enthalpy effectiveness values. While the SA temperature is also high to reduce the
heating energy for building, the total energy-saving potential could be reduced because of
the compressor power for solution heating when the temperature of the solution is high.
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The control of the REG for humidification is on/off, and the concentration of the solution
should be designed for an ideal humidification rate. Therefore, the design of the LD system
is variable because the concentration of the solution could influence not only the humidifi-
cation rate during winter operation for humidification, but also the dehumidification rate
in summer operation for dehumidification.

6. Conclusions

A modification of an existing LD-IDECOAS was proposed in this paper, considering
the load and capacity for humidification in an LD system and heat pump. Based on the
experimental results of the humidification and enthalpy effectiveness in an LD system,
the primary energy consumption of the modified system was estimated and compared to
that of the existing system to evaluate the energy-saving potential. The considered model
building was an office located in Seoul, South Korea. It is expected that the results of this
research considering the estimated energy benefits of the humidification achieved by an
LD system will provide practical information concerning the use of an LD system.

The LD system for humidification was found to achieve significant temperature
and humidity ratios of the SA. It was also found that the proposed heat pump-driven
LD-IDECOAS could save on the primary energy consumption compared to the existing
LD-IDECOAS, despite the different patterns of monthly load in the building. In addition,
the modified system achieved significant energy savings of 42%, as compared to the
existing system during the heating season. Using a heat pump for solution heating has
considerable primary energy-saving potential. Preheating the processed air in the LD
system and recovering heat from the RA also contributes to the reduction in the operating
energy consumption. This finding suggests that using an LD system for humidification and
preheating is critical to achieve an improvement in the energy-saving potential of the heat
pump-driven LD-IDECOAS. Additionally, the proposed humidification approach could
achieve significant energy savings than not only the system with the steam humidifier, but
also the individual humidification such as ultrasonic humidifier.

Many studies have shown that a heat pump-driven LD system can be used for both
dehumidification and humidification; however, energy consumption for humidification
and suitable system design are still being developed. The results of this study indicate that
an LD system for humidification can be beneficial for reducing the total primary energy
consumption in an office building, and a detailed analysis of the experimental results
and energy simulation for estimating the humidification performance can be helpful as a
reference for the design of air-conditioning systems based on an LD system.
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Nomenclature

a0–a8 model coefficients
Cp specific heat (kJ/kg K)
h enthalpy (kJ/kg)
hfg vaporization heat of water (= 2257 kJ/kg)
M mass (kg)
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.
m mass flow rate (kg/s)
P power (kW)
p vapor pressure (kPa)
.

Q load (kW)
T temperature (◦C)
t time (s)
.

V volume flow rate (m3/s)
X concentration (-)

Abbreviations

ABS absorber
COP coefficient of performance (-)
DEC direct evaporative cooler
EA exhaust air
HX heat exchanger
IEC indirect evaporative cooler
OA outdoor air
PLR part load ratio (-)
RA return air
REG regenerator
SA supply air

Greek Symbols

∆ difference (-)
∆p pressure drop in fan (kPa)
ε effectiveness (-)
η efficiency (-)
ω humidity ratio (kg/kg)

Subscripts

a air
comp compressor
cond condenser
eq equilibrium
evap evaporator
h enthalpy
in inlet
lat latent
m humidification
oa outdoor air
out outlet
ph parallel heating
ra return air
reg regeneration rate
s solution
sen sensible
sa supply air
w water
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