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Abstract: The main objective of this study was to develop a thermoelectric heat pump and liquid
desiccant system based on a dedicated outdoor air system (THPLD-DOAS). An internally-cooled
and -heated liquid desiccant system was used and a thermoelectric heat pump (THP) served
as the desiccant cooling and heating energy source for dehumidification and regeneration of
the desiccant solution, respectively. In order to investigate the energy-saving potential of the proposed
system, its thermal performance and operating energy consumption during the cooling season were
compared to those of a conventional dedicated outdoor air system with a ceiling radiant cooling panel
system (DOAS-CRCP). Detailed simulations for each system were conducted under hot and humid
climatic conditions. Their thermal performance under various room sensible heat factor (RSHF)
conditions was evaluated to observe the energy performance, depending on the dehumidification
performance, of the liquid desiccant system integrated with the THP. The results showed that
the coefficient of performance (COP) of the THP ranged from 0.8 to 1.2 to maintain a sufficient
dehumidification rate. The operating energy of the THPLD of the proposed system was 6.6% to 16.0%
less than that of the chiller operating energy of a conventional DOAS. Consequently, the proposed
system consumed 0.6–23.5% less operating energy compared to the conventional DOAS.

Keywords: thermoelectric heat pump; liquid desiccant; dedicated outdoor air system; cooling radiant
ceiling panel

1. Introduction

Dedicated outdoor air systems with a ceiling radiant cooling panel (DOAS-CRCP) have been
thoroughly investigated over the past few decades and are widely applied to a broad range of
buildings [1–5]. The DOAS-CRCP ensures the decoupling of sensible and latent cooling functions
in the air conditioning process and in the distribution of required ventilation for spaces. The DOAS
meets the ventilation and latent cooling demands, while the CRCP is responsible for sensible cooling.
Independent control of temperature and humidity, and proper ventilation in the DOAS-CRCP
operation can enhance the indoor environmental quality and obtain operating energy savings
compared to conventional air conditioning (AC) systems [6,7].

Recently, in order to enhance the humidity control and energy saving performance of the DOAS,
a liquid desiccant-assisted DOAS has been proposed [8–11]. Liquid desiccant systems are attracting
particular interest as an alternative dehumidification technology to conventional vapor compression
systems [12,13]. In the liquid desiccant unit, the strong desiccant solution entering the absorber should
be cooled to enhance its dehumidification performance, and the weak solution entering the regenerator

Energies 2017, 10, 1306; doi:10.3390/en10091306 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-5391-3298
http://dx.doi.org/10.3390/en10091306
http://www.mdpi.com/journal/energies


Energies 2017, 10, 1306 2 of 19

should be heated for regeneration. It is possible to consider a free cooling and renewable heat
source for liquid desiccant system operation in an energy-conservative manner [13–15]. A heat pump
simultaneously providing cooling and heating to the desiccant solution can also be considered for
the liquid desiccant system [16–18].

Ge et al. [8,11] investigated a liquid desiccant-assisted DOAS. They indicated that their system
saved 19.4% of the total energy consumption by employing an optimum control strategy. Liu et al. [9]
proposed a combination of a liquid desiccant system and indoor terminal devices such as a fan coil
unit or radiant ceiling panel for independent control of temperature and humidity. They demonstrated
that the proposed system reduced the primary energy consumption and operating cost. Xiao et al. [10]
proposed a novel DOAS adopting a liquid desiccant system and a total heat recovery. They showed
that their system improved the system COP in the range of 19.9–34.8%.

On the other hand, a thermoelectric heat pump (THP) is also attracting considerable interest
as an alternative to the conventional vapor compression heat pump system. The THP does not
have moving parts, such as the refrigerant and compressor used in the conventional heat pump.
Some studies have been conducted to adapt the THP to a building air conditioning system [19–25].

Liu et al. [19] proposed the use of a thermoelectric cooler and heater as a heat pump.
Chen et al. [20] investigated the thermodynamic behavior of a two-stage THP, and derived a model
of the returned heating load function of the working current and coefficient of performance.
Riffat et al. [21] compared a mathematical model and the test results of a small THP prototype system,
and then proposed correction factors to improve the prediction accuracy.

Lai et al. [22] established a new cycle model of a two-stage combined THP system. They suggested
that two-stage THP systems have to be used over a large temperature range of the heated space
and heat sink. Khire et al. [23] proposed a multi-objective optimization-based design strategy for
the thermoelectric unit of active building envelope systems. Kim et al. [24] proposed an optimal design
of an air-to-air THP for building ventilation and found that the coefficient of performance (COP) of
the proposed system was enhanced by 4%. Han et al. [25] investigated a thermoelectric ventilator and
found that the maximum COPs were 4.78 and 4.16 in summer and winter operations, respectively.

As for the liquid desiccant system integrated with a heat pump, Yadav [26] simulated
the energy-saving potential of a vapor compression and liquid desiccant hybrid solar air conditioning
system. Kinsara et al. [27,28] also proposed a hybrid air conditioning system using liquid desiccant,
and conducted a parametric analysis to investigate the effects of key parameters on the performance
of the proposed system. Ahmed et al. [29] suggested a hybrid vapor absorption and liquid desiccant
system using a lithium bromide (LiBr) solution. Dai et al. [30] experimentally compared a vapor
compression system with two hybrid systems; that is, a heat pump integrated with a liquid
desiccant system, and a heat pump integrated with liquid desiccant and evaporative cooling
systems. Ani et al. [31] fabricated and tested a hybrid system consisting of a vapor compression
unit, liquid desiccant system, and flat solar hot water collector. Ma et al. [32] performed experimental
research on a hybrid air conditioning system for a green building demonstration project in Shanghai.
They demonstrated that the performance of their system could be compared to a conventional vapor
compression system. Zhang et al. [33] evaluated the thermodynamic performance of a no-frost hybrid
air conditioning system with liquid desiccant dehumidification in summer and winter operation modes.
Bergero and Chiari [34] examined the performance of a hybrid air conditioning system. They indicated
that a significant operating energy saving was achieved in their system compared to the traditional
direct-expansion system during summer operation.

From the studies referenced above, it is evident that a hybrid heat pump system integrated with
a liquid desiccant system can reduce the operating energy consumption compared to conventional
vapor compression systems. Moreover, according to the Montreal protocol and its amendments [35,36],
the usage of chlorofluorocarbons and hydro-chlorofluorocarbons should be restricted and prohibited.
As a result, alternative heat pump systems for heating, ventilating, and air conditioning (HVAC)
should be adopted in the building sector [36]. One of the feasible alternatives to the conventional
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vapor compression system without usage of chlorofluorocarbons and hydro-chlorofluorocarbons is
the THP and liquid desiccant (LD) system. From the literature, the integration of the THP and LD
systems has been scarcely investigated.

This research proposed a THP assisted liquid desiccant (THPLD) system, as an alternative to
the conventional cooling coil, and an integration method of the THPLD into the DOAS was suggested.
In order to estimate the feasibility of the proposed system, the operating energy saving potential of
the proposed system over a conventional DOAS-CRCP system was evaluated by carrying out detailed
energy simulations during the cooling season.

2. System Overview

2.1. A THP-Assisted Liquid Desiccant (THPLD) System

The LD system is composed of an absorber and a regenerator. When the process air is directly
contacted with a sprayed desiccant solution in the absorber and regenerator, heat and moisture
are transferred between them. In the absorber, when the partial vapor pressure of the desiccant
solution is lower than that of the process air, the moisture in the process air is absorbed by the desiccant
solution. Since the partial vapor pressure of the desiccant solution depends on the solution temperature,
the solution should be cooled down to a temperature that has a lower vapor pressure than that of
the process air. Adversely, in order to regenerate the desiccant solution in the regenerator, the solution
should be heated to transfer the moisture from the desiccant solution to the regeneration air.

A thermoelectric module (TEM) is a small sized semiconductor that transfers heat from the cold
side to the hot side, in a similar way to the conventional heat pump operation (Figure 1). A TEM is
frozen-free and can provide rapid cooling and heating compared to the hydronic system. A TEM is
powered by direct current, and heat is absorbed on the cold side of the TEM and dissipated to its
hot side. The cooling and heating mode of the TEM can be modified by changing the direction of
the current. The modulation of the working current controls the absorption or dissipation rate of
the heat energy [37].

A TEM has economic benefits in relation to its initial cost, resulting in low installation and
implementation costs compared to a conventional refrigerant. It does not require using a water pump
or other accessories [38]. The THP is a system that uses TEMs and transfers the heat from the cold side
to the hot side by attaching them onto heat sinks.
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Figure 2 shows a schematic of the thermoelectric heat pump-assisted liquid desiccant system
(THPLD), which consists of the following major components: the absorber, regenerator, and THP.
The task of the absorber is to dehumidify the process air, and that of the regenerator is to regenerate
the weak desiccant solution. The THP provides cooling to the desiccant solution in the absorber on
the cold side, and heating to the solution in the regenerator on the hot side.
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Internally-cooled and -heated types of liquid desiccant systems are used in the THPLD system to
improve the thermal performance of the LD system. The desiccant solution is sprayed into the cold
side of THP, and it absorbs moisture from the process air. The dissipated heat from the hot side of
the THP heats the weak desiccant solution in the regenerator for regeneration of the desiccant solution.
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2.2. THPLD-Based Dedicated Outdoor Air System (DOAS)

Figure 3 presents a schematic of the DOAS integrated with the THPLD. The DOAS accommodates
ventilation demand, latent load, and some of the sensible cooling load of the space, while the CRCP
meets the remaining sensible cooling demand. The supply airflow rate of the DOAS is usually
the minimum required ventilation rate, while it can be varied if a demand-control ventilation strategy
is applied [39].
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The membrane enthalpy heat exchanger (MEE) is used in the proposed DOAS to pre-cool and
pre-dehumidify the introduced outdoor air (OA) by heat and moisture exchange with the return air in
the cooling season operation. In the conventional DOAS, the target supply air (SA) condition is met by
the cooling coil, and a reheat system may be required to increase the SA temperature up to a neutral
temperature [40].

On the other hand, by integrating the liquid desiccant system in the DOAS [8–11], one can expect
an improvement in the indoor humidity control and operating energy savings compared to traditional
air conditioning systems or a conventional DOAS.
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As shown in Figure 3, the THPLD-assisted DOAS consists of an enthalpy heat exchanger, THPLD,
and CRCP. In the proposed system, the THPLD dehumidifies the process air that is preconditioned
by the enthalpy heat exchanger, and then supplies the dehumidified air at the neutral temperature.
The CRCP removes the sensible cooling load of the space.

3. Research Methodology

3.1. Building Information

Figure 4 shows the overview of the simulation process of this research. In order to estimate
the operating energy consumption of a DOAS integrated with the THPLD, a model building
was defined and its cooling load was initially estimated using a TRaNsient Systems Simulation
(TRNSYS) 17 [41] program. Then, the operating energy consumption of the proposed DOAS and
conventional DOAS was estimated using the Engineering Equation Solver (EES) program [42], which is
a commercial equation solver program. Table 1 shows the physical information of the model building.
The multizone building modeling with Type 56 and TRNBuild on the TRNSYS 17 was conducted in
this research.
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Table 1. Model building parameters.

Location Seoul, Republic of Korea
Floor area Office area 42 m2

U-value Exterior wall 0.511 W/m2K
Roof 0.316 W/m2K

Window to wall ratio 0.5
RSHF 0.97 0.9 0.8 0.7

Ventilation rate 84 m3/h 168 m3/h 378 m3/h 546 m3/h
Lighting density 13 W/m2

Infiltration 0.3 air changes per hour (ACH)
Schedule 07:00–22:00, five days a week

Indoor air condition (Summer) Dry-bulb temperature (DBT): 26 ◦C,
Relative humidity (RH): 50%

Peak sensible cooling load 4.5 kW
Peak latent cooling load 0.2 kW 0.5 kW 1.1 kW 1.9 kW
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To observe the operating energy consumption in the cooling season, the proposed and
conventional systems serving the model building were simulated in June, July, and August,
representing the hot and humid OA condition.

The room sensible heat factor (RSHF) is the ratio of sensible cooling load to total cooling load
(Equation (1)) [43]. The total cooling load is composed of the sensible and latent cooling loads. In order
to cover the various types of buildings in terms of latent load characteristics, the RSHF was set in
the range of 0.97 to 0.7. The model building’s sensible cooling load was set to 4.5 kW, and the latent
load varied depending on the RSHF.

RSHF = 1 −
.

Qsen/
.

Qto = 1 −
.

Qsen/
( .

Qsen +
.

Qlat

)
(1)

3.2. System Simulation Overview

Figure 5 presents the schematic of the conventional DOAS with CRCP. In the DOAS, the hot and
humid OA is pre-dehumidified and pre-cooled by the MEE, and then the cooling coil is activated
to meet the target SA dew-point temperature (DPT). The target SA DPT is set to maintain the space
humidity level. The CRCP is responsible for accommodating the remaining space sensible cooling load.
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3.3. Liquid Desiccant Unit

The performance of the LD unit was analyzed using a finite difference model. The governing
equations of an internally cooled or heated type LD unit are similar to those previously
published [44,45]. In this research, the heat transfer between the desiccant solution and the cold
side or hot side of the THP was considered.

The models for the internally cooled absorber or heated regenerator were experimentally verified,
and they have been used to analyze adiabatic-type absorbers and regenerators [46]. It was seen that
the bias difference between the model and experiments was less than 10%. These models were derived
for the mass and energy balances, assuming that both the heat and mass transfers are steady-state,
the THPLD is thermally isolated, thermodynamic equilibrium is obtained at the air-solution interfaces,
the working channel contains wicking material, the model ignores the liquid desiccant film thickness,
and the heat of THP is transferred only in the desiccant solution.

Figure 6 shows the control volume and the schematic of the heat and mass balances among
the desiccant solution, air, and THP. In the THPLD, the desiccant solution is directly sprayed into
the channels. On the cold side of the THPLD, the desiccant solution is cooled, as it is done in
the absorber, and the weak desiccant solution is heated by the heat dissipated from the hot side of
the THPLD, as it is done in the regenerator.
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Figure 6. Schematic of the heat and mass balance model for the THPLD.

The heat and mass transfers among the surface of the plate, air, and solution can be
expressed as in Equations (2)–(6). The mass conservations of the water vapor and solution are
shown in Equations (2) and (3), respectively. The sensible heat, latent heat, and enthalpy exchange
between the solution and air are shown in Equations (4), (5) and (6), respectively. The energy
conservation between the air, solution, and THP is expressed in Equation (7).

.
ma

dwa

dz
+

d
.

ms

dz
= 0 (2)

d(
.

msX) = 0 (3)

.
macp,a

dTa

dz
= hC H(Ts − Ta) (4)

.
ma

dwa

dz
= hD H(wTs,sat − wa) (5)

dha =
(
cp,a + cp,vwa

)
dTa +

(
r + cp,vTa

)
dwa (6)

.
msdTs = − 1

cp,s

( .
madha + QTHP +

.
macp,aTsdwa

)
(7)

It is assumed that the channels are made of 3-mm plastic film as a sinusoidal spacer, and paper.
The paper is a composite fiber made of polyethylene phthalate sheets. This material allows the desiccant
solution in the wet channel to be uniformly distributed [9].

The Nusselt number (Nu) of the channel was set to 2.14, as estimated using Equation (8).
This Nusselt number is for the triangular channel having adiabatic isosceles with a uniform heat
flux boundary condition [9,19]. It was assumed that the fin efficiency is zero and the apex angle (α)
is 84◦, which corresponds to a width-to-height ratio of 9/5.

Nu = 0.68223 + 0.04719α − 4.61073 × 10−4α2 + 1.26689 × 10−6α3 (8)

The heat transfer coefficient (hC) was calculated using Equation (9). The mass transfer coefficient
(hD) was estimated using the Chilron-Colburn analogy (Equation (10)).

hC =
Nu ka

Dh
(9)
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hD =
hC

ρa cp,a

(
ka/1000

Da,wv

)−2/3
(10)

The dehumidification rate in the absorber is controlled by adjusting the cooling-water temperature,
and the regeneration rate in the regenerator is commonly controlled by changing the liquid-to-gas
ratio [10]. The desiccant solution flow rate to the regenerator is modulated by the regeneration pump
to meet the target concentration of the strong solution in the solution tank.

3.4. Standard THP Model

In order to evaluate the energy performance of the THP, the steady-state standard simple model,
which considers a mean temperature between the hot and cold junction temperatures of the THP, was
used [47]. The absorbed (QTHP,C) and released (QTHP,H) heat fluxes for the THP can be obtained using
Equations (11) and (12), respectively.

The electric power (P) required to supply the THP is the difference between the absorbed and
released heat fluxes (Equation (13)). In these equations, αm, R, and K are the Seebeck coefficient,
electrical resistance, and thermal conductance of the THP at the mean temperature, respectively.
I represents the electric current and NL is the number of legs in a THP module. The TEM is composed
of several legs and the leg characteristics affect the TEM performance. R and K are estimated using
Equations (14) and (15), respectively, considering the leg length (LL), leg section area (SL), thermal
conductivity (λL), and electrical resistivity (ρL). The coefficient of performance (COP) of the THP is
the ratio between the absorbed heat and electric power (Equation (16)). This research considered a leg
made of bismuth telluride (Bi2Te3) and its properties are shown in Table 2. From the literature [21],
it was shown that the COP difference between the model and experiments was within 0.2. The thermal
resistance between the thermoelectric module and fin plate was set to 0.0161 K/W.

QTHP,C = NL ·
(

αm · I · TC − 1
2
· R · I2 − K · ∆T

)
(11)

QTHP,H = NL ·
(

αm · I · TH +
1
2
· R · I2 − K · ∆T

)
(12)

P = QTHP,H − QTHP,C = NL ·
(

αm · I · ∆T + R · I2
)

(13)

R =
LL
SL

ρL (14)

K =
SL
LL

λL (15)

COPcooling =
QTHP,C

P
(16)

Table 2. Bi2Te3 properties.

Thermal Conductivity λL(T) =
(
62605 − 277.7 · T + 0.4131 · T2)10−4

Electrical Resistivity ρL(T) =
(
5112 − 163.4 · T + 0.6279 · T2)10−10

Seebeck Coefficient αm(T) =
(
22224 − 930.6 · T + 0.9905 · T2)10−9

Figure 6 shows the simple, steady-state, and one-dimensional heat transfer process of a THP
for a liquid desiccant system. The solution that enters the absorber is cooled by the cold side of
the THP and then, the heat is dissipated on the hot side of the THP to the solution that enters
the regenerator. The plate for heat exchange is attached to the cold and hot sides of the THP. The plate
of the THPLD is made of corrosion-resistant stainless steel (thickness of 0.25 mm, thermal conductivity
of 24.9 W/(m·K)) [48]. The thermal contact resistance (Rth) between the cold side or hot side of the TEM
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and plate of the THPLD is 16.1 K/W. Depending on the required solution cooling and heating energies
(i.e., QLD,C and QLD,H , respectively) in the LD unit, the hot side (Tpl,h) and cold side (Tpl,c) plate surface
temperatures can be estimated in Equations (17) and (18), respectively.

QLD,H =
Th − Tpl,h

Rth
(17)

QLD,H =
Tcs − Tpl,c

Rth
(18)

3.5. Membrane Enthalpy Exchanger

In this study, the ε-NTU based simplified model proposed by Zhang and Niu [49] was
used to evaluate the sensible effectiveness (εsen) and latent effectiveness (ε lat) of the MEE
(Equations (19) and (20), respectively). As shown in Equations (21) and (22), the sensible effectiveness
(εsen) and latent effectiveness (ε lat) of the MEE was calculated using the number of transfer units
(NTUs). This model showed that the average errors between the predicted and experimental results
were 7.3% and 8.6% for sensible and latent effectiveness, respectively. The NTU was set to 4.2, based
on the manufacturer’s data [50], and the ratio of the total NTU for moisture to that for sensible heat (β)
is 0.45.

εsen =

( .
mcp,a

)
pri

(
Tpri,in − Tpri,out

)( .
mcp,a

)
min

(
Tpri,in − Tsec,in

) (19)

ε lat =

( .
mcp,a

)
pri

(
wpri,in − wpri,out

)( .
mcp,a

)
min

(
wpri,in − wsec,in

) (20)

εsen = 1 − exp

 exp
(
−NTU0.78R1

)
− 1

NTU−0.22R1

 (21)

ε lat = 1 − exp

 exp
(
−NTU0.78

L R2

)
− 1

NTU−0.22
L R2

 (22)

where:

R1 =

( .
mcpa

)
min( .

mcpa
)

max

R2 =

.
mmin
.

mmax( .
mcp,a

)
min = min(

( .
mcp,a

)
pri,
( .
mcp,a

)
sec)( .

mcp,a
)

max = max(
( .
mcp,a

)
pri,
( .
mcp,a

)
sec)

.
mmin = min

( .
mpri,

.
msec

)
.

mmax = max
( .
mpri,

.
msec

)
NTUL = β · NTU

3.6. Chiller Model

This research utilized the DOE-2.1 chiller model used in the EnergyPlus program [51]. This model
is an empirical model developed by Hydeman et al. [52] as part of the CoolToolsTM project. This model
returns the thermal performance of the chiller and the power consumption of the compressor.
From the literature [52], this model predicts the thermal and electric performance within 4.2% of
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deviation compared with the experimental results. As shown in Equations (23)–(28), this model
uses three major performance curves to evaluate the cooling capacity function of the temperature
curve (CAPFT), energy input to the cooling output ratio function of the temperature curve (EIRFT),
and energy input to the cooling output ratio function of part load ratio curve (EIRFPLR) depending on
the exiting chiller water temperature (Tcw,1), entering condenser fluid temperature (Tcond,e), and part
load ratio (PLR). Table 3 presents the coefficients of the chiller model.

CAPFT = aCAPFT + bCAPFT(Tcw,l) + cCAPFT(Tcw,l)
2 + dCAPFT(Tcond,e)

+eCAPFT(Tcond,e)
2 + fCAPFT(Tcw,l)(Tcond,e)

(23)

CAPFT =

.
Qch
.

Qre f

(24)

EIRFT = aEIRFT + bEIRFT(Tcw,l) + cEIRFT(Tcw,l)
2 + dEIRFT(Tcond,e)

+eEIRFT(Tcond,e)
2 + fEIRFT(Tcw,l)(Tcond,e)

(25)

EIRFPLR = aEIRFPLR + bEIRFPLR(PLR) + cEIRFPLR(PLR)2 (26)

EIRFPLR =
Pch

Pre f CAPFTPLREIRFTPLR
(27)

Pre f =

.
Qre f

COPre f
(28)

Table 3. Chiller model coefficients.

Curves a b c d e f

CAPFT 0.958546443 0.035168695 0.000124662 −0.00274551 −0.00005000 −0.00017234
EIRFT 0.732700123 −0.00834360 0.000638530 −0.00303753 0.000484952 −0.00083584

EIRFPLR 0.070862846 0.002787560 −0.00000891 0.230973399 1.250442176 −0.00216102

3.7. Ceiling Radiant Cooling Panel Model

The cooling capacity of the CRCP (QCRCP) was calculated using Equation (29), which is a practical
model developed by Jeong et al. [53]. The model coefficients are shown in Table 4. This model contains
mixed convection and radiant heat transfer in the radiant panel. The simplified cooling-capacity
estimation model for the suspended metal CRCP was derived by using the 2k-factorial experimental
design method and validated by the analytical panel model. This linear regression equation model is
a function of eight major design parameters. The valid ranges of the thirteen independent parameters
in Equation (29) are a tube spacing (ω) of 0.15–0.3 m, a panel thickness (δ) of 0.0007–0.002 m, a panel
thermal conductivity (kCRCP) of 60–206 W/m·◦C, an inlet fluid temperature (Tw,e) of 10–18 ◦C, a diffuser
discharge velocity (V) of 2–6 m/s, a diffuser width (W) of 0.2–0.8 m, a room air temperature (Tra) of
26–28 ◦C, and a room position index (d) of 0.5–3. The R2 value for this model is 0.98, and this model
was validated with the manufacturer’s data.

For the simulation conditions, the tube spacing was set at 0.15 m, the aluminum panel thickness
was 1.0 mm, and the thermal conductivity was 206 W/m·◦C. The inlet fluid temperature was set at
15 ◦C and the diffuser discharge velocity was 2 m/s. The diffuser width was 0.5 m and the room
position index was set at 1. The tube outside and inside diameter were 0.015 m and 0.01 m, respectively.
The fluid velocity inside the copper tube was 0.3 m/s and the tube spacing was 0.15 m. It was
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determined that the pipe length per panel area (m/m2) was 3.3 m/m2 [54]. The head loss per unit
length for the copper tube was set to 30 Pa/m [55].

QCRCP = α0 + α1(ω) + α2(δ) + α3(k) + α4(Tw,e) + α5(V) + α6(W) + α7(Tra) + α8(d)
+ α9(ω · δ) + α10(ω · k) + α11(ω · Tw,e) + α12(ω · V) + α13(ω · W)

+ α14(δ · Tw,e) + α15(δ · V) + α16(k · Tw,e) + α17(k · V) + α18(k · W)

+ α19(Tw,e · V) + α20(Tw,e · W) + α21(V · W)

(29)

Table 4. CRCP model coefficients.

α0 α1 α2 α3 α4 α5

–66.40919 –827.67671 38798.58774 0.33094 –9.60442 16.76649

α6 α7 α8 α9 α10 α11

81.44688 13.52746 2.08691 60209.13462 0.68300 31.74440

α12 α13 α14 α15 α16 α17

–36.53724 –164.59549 –2216.93209 2220.82332 –0.023188 0.024267

α18 α19 α20 α21 - -

0.12427 –0.67052 –3.32718 6.69694 - -

3.8. Fan and Pump

The conventional DOAS uses a chilled water pump for the cooling coil and CRCP. The proposed
system uses three pumps, for the desiccant solution in the absorber and regenerator and for the chilled
water in the CRCP. In this research, the pump efficiency was assumed to be 60% and the head losses
for the pumps are shown in Table 5. The pump power can be estimated using Equation (30).

The conventional DOAS operates two fans, for the supply and return air. The proposed system
uses one additional fan for the regenerator of the THPLD. The fan efficiency was assumed to be 60%
and the air-side static pressure losses of the components are shown in Table 6. The fan power was also
calculated using Equation (31).

Ppump,design =

.
V · H · 10

η
(30)

Pfan,design =

.
m · ∆P
ρa · η

(31)

Table 5. Head losses of the system components.

Nomenclature Component Head Loss

Habs and Hreg Solution pumps for the absorber and regenerator 0.4 m each at 1.1 m3/h
Hcw Chilled water for the cooling coil 0.3 m

Table 6. Air-side static pressure losses of the system components.

Nomenclature Component Pressure Loss

∆Pabs and ∆Preg
Parallel plate panels for the absorber

and regenerator [55] 120 Pa each

∆PCC Cooling coil 250 Pa
∆Pbase Duct, plenum, etc. 500 Pa
∆PMEE MEE [50] 100 Pa
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4. Results

4.1. Design of the THP for the LD System

The optimum operating current for the TEM of the THPLD was designed as shown in Figure 7.
The operating plate surface temperatures of the cold and hot sides were set to 20 ◦C and 50 ◦C,
respectively. It was found that the maximum cooling COP was 0.96 and the required number of TEMs
was 260. In order to operate the THP under a partial load, the current was varied (Figure 8b) and
binary control was adopted (Figure 8a) to maintain a COP of the THP of nearly 1. It was demonstrated
that the COP of the THP was maintained in the range of 0.8–1.2 during the operation (Figure 8c).
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4.2. CRCP Design of System Cases

In the conventional DOAS, when the latent load of the OA is removed by the cooling coil, and
the SA is delivered to the conditioned space without reheating, a portion of the room sensible cooling
load can be accommodated by the SA of the DOAS. This leads to a reduction of the parallel cooling
done by the CRCP.

Figure 9 shows the required CRCP areas estimated for the various operating conditions of
the conventional DOAS and the proposed system. It was found that the CRCP area required for
parallel cooling inside the conditioned space decreased with the RSHF in the conventional DOAS
system. This is because, in the conventional DOAS, the supply air should be dehumidified to a greater
extent by the cooling coil for the space with lower RSHF, which leads to a lower SA temperature that
provides more sensible cooling inside the space.

On the other hand, the THPLD in the proposed system dehumidifies the supply air and delivers
it to the conditioned space at the neutral temperature. The entire room sensible cooling load should be
accommodated by the CRCP. Consequently, it was found that the required CRCP area in the proposed
system is not strongly affected by the RSHF.
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4.3. Operating Energy Consumption in the Cooling Season

Figure 10 shows the operating energy consumption for each component of the systems during
the cooling season (i.e., July and August). The chiller COP for the CRCP in the proposed system
was higher than that for the cooling coil in the conventional DOAS, which was caused by the higher
temperature of the entering chilled water of the CRCP in the proposed system than that of the cooling
coil in the conventional DOAS. Consequently, as shown in Figure 10a, the proposed system reduced
the chiller energy consumption by 6.6% to 16.0% compared to the conventional DOAS.

Figure 10b presents the total operating energy consumption of the systems. It was found that
the proposed system could save from 0.6% to 23.5% of operating energy over the conventional DOAS,
owing to the chiller energy savings.
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5. Conclusions

In this study, we developed a DOAS-CRCP integrated with a THPLD system to enhance
the energy performance of the conventional DOAS system. The THPLD system was also proposed to
provide cooling and heating sources for continuous operation of the LD system. In order to evaluate
the operating energy saving potential of the proposed system, the conventional DOAS-CRCP was
simulated under various RSHF conditions. For the detailed simulation of the building, the commercial
simulation program TRNSYS 17 was used. Subsequently, the systems were evaluated using the models
for each component that were experimentally validated. It was found that the COP of the THP ranged
from 0.8 to 1.2 for maintaining the dehumidification rate under the 0.8 RSHF condition. Simultaneously,
the COP of the conventional cooling coil ranged from 4.5 to 5.5. The conventional cooling coil should
be cooled at DPT of the supply air condition for maintaining the target dehumidification rate; however,
the THPLD required only 20 ◦C at the cold side for this purpose. This led to chiller energy savings
between 6.6% and 16.0% in the proposed system compared with the conventional DOAS. Consequently,
it was also shown that the proposed system reduced the total operating energy by 0.6% to 23.5%
compared to the conventional DOAS, depending on the RSHF conditions.
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Nomenclature

α Apex angle (◦)
αm Seebeck coefficient (V/K)
cp Specific heat (kj/kg·◦C)
Da,wv Diffusivity of water vapor in air (m2/s)
Dh Hydraulic diameter (m)
d Room position index
H Height (m)
h Enthalpy (kj/kg)
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hC Heat transfer coefficient (W/m2·◦C)
hD Mass transfer coefficient (W/m2·◦C)
I Electric current (A)
K Thermal conductance (W/K)
ka Conduction heat transfer coefficient of air (W/m·K)
kCRCP Panel thermal conductivity (W/m·◦C)
LL Leg length (m)
.

m Mass flow rate (kg/s)
Nu Nusselt number
NTU Number of transfer units
ρ Density (kg/m3)
ρL Electrical resistivity of the TEM (Ω·m)
P Power (W)
Q Heat flux (kw)
R Electrical resistance (Ω)
Rth Thermal contact resistance (K/W)
SL Leg section area (m2)
T Temperature (◦C)
V Diffuser discharge velocity (m/s)
W Diffuser width (m)
w Humidity ratio (kg/kg)
X Concentration
z Height of the control volume (m)
λL Thermal conductivity of the TEM (W/m·K)
ε Effectiveness (%)
ω Tube spacing (m)
β Ratio of the total number of transfer units for moisture to that for sensible heat
δ Panel thickness (m)

Abbreviations

AC Air conditioning
CAPFT Cooling capacity function of the temperature curve
COP Coefficient of performance
CRCP Ceiling radiant cooling panel
DOAS Dedicated outdoor air system
DPT Dew point temperature
EES Engineering equation solver
EIRFT Energy input to the cooling output ratio function of the temperature curve
EIRFPLR Energy input to the cooling output ratio function of the part load ratio curve
HVAC Heating ventilating and air conditioning
LD Liquid desiccant
MEE Membrane enthalpy exchanger
OA Outdoor air
PLR Part load ratio
RSHF Room sensible heat factor
SA Supply air
TEM Thermoelectric module
THP Thermoelectric heat pump
TRNSYS Transient systems simulation
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Greek Symbols

Subscripts
a Air
abs Absorber
C Cold side
cw Chilled water
ch Chiller
cond Condenser
e Entering
H Hot side
l Leaving
lat Latent
max Maximum
min Minimum
pl Plate
pri Primary
ra Return air
reg Regenerator
re f Reference
s Solution
sat Saturation
sec Secondary
sen Sensible
v Vapor
w Water
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