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Abstract: The main purpose of this research is to analyze and compare the energy performance of two
different novel air conditioning systems; one is a dedicated outdoor air system (DOAS) with a parallel
system and the other is a heat-pump-integrated liquid-desiccant and evaporative-cooling-assisted
100% outdoor air system (HPLD-IDECOAS). It was assumed that office buildings served by each
system were located in six cities representing four different climatic regions in China. The hourly
thermal loads of the office buildings meeting the local building design codes of each selected city were
predicted by the TRNSYS 18 software package. The hourly thermal load data were imported into the
commercial engineering equation solver (EES) program to estimate the operating energy consumption
of each system via detailed energy simulations performed using valid system simulation models.
The results show that the HPLD-IDECOAS has higher energy-saving potential than the DOAS with
a parallel system in climate regions with high humidity, whereas, in dry regions, the difference in
energy consumption between the two systems was not significant.

Keywords: liquid desiccant; evaporative cooling; dedicated outdoor air system; heat pump;
energy simulation

1. Introduction

In China, the energy consumed in the building sector accounts for approximately 30% of the
national energy consumption [1], because of increased heating and air conditioning energy consumption.
Because various climate regions exist in China, the selection of appropriate energy-conservative heating,
ventilation, and air-conditioning (HVAC) systems for each climate region becomes extremely important
for reducing the nationwide building energy consumption.

Among the several energy-conserving HVAC systems, two novel applications, the dedicated
outdoor air system (DOAS) with a parallel system, and the liquid-desiccant and indirect-direct
evaporative-cooling-assisted air conditioning system (LD-IDECOAS) [2–4] have been attracting more
interest because of their desirable energy-saving and indoor environmental quality enhancement
potentials [5,6] compared with conventional variable air volume systems. The LD-IDECOAS is the
system that similar to the conventional VAV systems that are maintaining a constant supply air
temperature by controlling the air flow volume according to the change of the thermal load values of
the server room. In previous studies [3,4], due to a free cooling way by the use of indirect and direct
evaporative cooling, the LD-IDECOAS showed high energy-saving potential. The previous studies [3,4]
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have shown that this liquid-desiccant-assisted (LD) system requires a large amount of thermal energy
for aqueous solution regeneration and solution cooling during the summer. Existing research [7–11]
indicated that it is generally used to supply heat by the use of low-quality heat sources (e.g., solar
energy) or waste heat of district heating [9,10] in the regeneration of the desiccant solution and applying
a water-side free cooling approach to the absorber for cooling the desiccant solution to reduce the
thermal energy demand of the LD system. However, this way makes the operation and package of the
system complicated. A heat-pump can meet the cooling demand and heating demand at the same
time, therefore, a heat-pump-integrated liquid-desiccant (HPLD) system is simultaneously suggested
to providing solution heating in the regenerator and solution cooling in the absorber to make the
operation and package of the LD-IDECOAS more simply. The heat-pump-integrated liquid-desiccant
(HPLD) system [11,12] also showed desirable energy saving potential and the HPLD-IDECOAS have
been suggested. The DOAS with a parallel system has been indicated as a highly energy-conservative
HVAC option for the last decade and has gained popularity as a system for decoupling temperature
control from humidity control, in addition to maintaining acceptable indoor air quality [13]. The DOAS
is a ventilation system by introducing the minimum ventilation [14], and it is generally used to remove
the latent heating load of the server room; therefore, it is regularly used with a parallel system to
remove the sensible heating load, and due to the use of 100% outdoor air in the DOAS, it will raise the
thermal loads of the server room. Therefore, it is commonly used the enthalpy wheel (EW) to recover
heat from the exhaust air (EA) for energy saving, and as a result it shows energy-saving potentials
compared to the conventional VAV systems [13,15].

Although one may find several established studies investigating the energy-saving potential of the
DOAS with a parallel system or the HPLD-IDECOAS over conventional VAV systems, investigations
evaluating the energy performance of both systems in various climate zones are very rare. Consequently,
in this study, we compare and analyze the energy performance of both novel air conditioning systems
via a series of detailed energy simulations performed for six Chinese cities representing four different
climate regions. From the results of this research, one may see the relative energy benefits of both novel
HVAC systems in each climate region.

2. System Overview

2.1. HPLD-IDECOAS System Overview

The HPLD-IDECOAS is an evaporative liquid-desiccant system that uses 100% outdoor air.
The system shown in Figure 1 consists of an HPLD, an indirect evaporative cooler (IEC), and a direct
evaporative cooler (DEC). The HPLD is used to achieve the design humidity ratio of the supply air
(ωSA). The IEC is used to sensibly cool the process air until the wet-bulb temperature (WBT) of the air
leaving the IEC meets the target supply air (SA) WBT. The DEC adiabatically cools the process air until
the condition of the air leaving the DEC reaches the target SA temperature on the process air side.

A heating coil (HC) and a sensible heat exchanger (SHE) are employed to sensibly heat the EA
on the EA side to heat the process air such that it can meet the neutral deck temperature set point.
Two air decks for the process air, a cold one (i.e., 15 ◦C, cooling season) and a neutral one (i.e., 20 ◦C,
heating season), can be selected depending on the thermal environmental demands of the serving
room. Dual duct or multi-zone systems can be used. With respect to the IEC, we will choose the lower
one of the WBT in the OA and the return air (RA), then it will be sent to the secondary channel to
achieve a better cooling effect in the cooling season. The adopted system was integrated with ceiling
radiation heating panels as a parallel sensible heating system, which is applied when the process air
supplied by the system is insufficient to meet the sensible heat load in the room in the heating season.
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Figure 1. Schematic diagram of HPLD-IDECOAS.

2.1.1. HPLD-IDECOAS Operation Modes

Based on existing research [2–4], the operation modes of the LD-IDECOAS can be divided into four
modes according to the thermodynamic conditions of the incoming fresh air (OA) on the psychrometric
chart in Figure 2. As shown in Figure 2, the psychrometric chart is divided by three lines, “a”, “b”, and
“c”. Line “a” stands for the target humidity ratio (HR) of the SA, line “b” represents the wet bulb or the
enthalpy of the SA set point, and line “c” is the dry-bulb temperature (DBT) line of the SA set point.
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When the OA condition is in Region A, the OA is primarily dehumidified by the LD system, and
sensibly cooled by the IEC and isentropically cooled by the DEC to meet the target cold deck supply
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air temperature (i.e., 15 ◦C and saturation). When the OA condition is in Region B, the HR of the OA
is too low to activate the LD system. Consequently, the LD part is “off”, the OA passes through the
IEC and the DEC to reach the SA set point condition. In Region C, the LD and the IEC are bypassed,
the process air is only cooled by the DEC to meet the target SA DBT, and the enthalpy of the process air
is lower than that the SA target point. In Region D, the LD, IEC, and DEC are turned off, the IEC is
considered an SHE, whose efficiency is set to 70%, and thus the OA is only sensibly heated by the IEC
and the SHE on the neutral deck. When the sensible heating load of the target room is not demanded
by the SA, the parallel sensible heating system is enabled.

2.1.2. Heat-Pump-Driven Liquid-Desiccant (HPLD) Unit

The HPLD system consists of a regenerator to regenerate the solution, an absorber to dehumidify
the process air, a sensible heat exchanger (SHE2) for solution heat exchange, and a heat pump is used
for solution heating and cooling, as shown in Figure 1.

Compared to the conventional LD system, the condenser and evaporator parts of the heat pump
replace the heating and cooling coils. The weak solution is heated by the heat released by the condenser
before entering the regeneration section, and the strong solution is cooled after passing through the
evaporator (the heat of the strong solution is absorbed by the evaporator).

In this research, the heat pump is operated in a variable-speed compressor-controlled (i.e., inverter
control) cooling mode to adjust the capacity of the heat pump to meet the solution cooling demand.
An auxiliary heater is required when the heating capacity of the heat pump is below the solution
heating demand.

2.2. DOAS with Parallel System Overview

As seen in Figure 3, the DOAS is a ventilation and dehumidification system that uses 100%
outdoor air. The system adopted in this study consists of an enthalpy wheel (EW), a cooling coil (CC),
and a heating coil (HC), and is integrated with ceiling radiant panels as a parallel sensible cooling and
parallel sensible heating system. The EW is used to recover both sensible and latent energy of the EA
(primarily dehumidify the process air in the cooling season). The CC is used to dehumidify the process
air to meet the target HR. The HC is used to preheat in the cooling season (i.e., 15 ◦C) and heat the
process air to achieve the SA set point temperature in the heating season (i.e., 20 ◦C). When the space
sensible is higher than DOAS capacity, the parallel system is enabled to remove the remaining sensible
load. Otherwise, the parallel system is turned off. When the parallel system is enabled, the chiller is
supplied to both the CC and the parallel system [13].
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Figure 3. Schematic diagram of DOAS with parallel system.

DOAS with Parallel System Operation Modes

Referring to previous research [2,15,16], the operation modes of the adopted DOAS are classified
as four modes. These are represented by four regions divided by three lines, according to the
thermodynamic conditions of the OA on the psychrometric chart shown in Figure 4. The three lines
dividing the psychrometric chart are named lines “1”, “2”, and “3”. Line “1” is the enthalpy line of the
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EA. Line “2” is the line of the target HR of the SA, and line “2” is adjusted according to the change in
the latent heat load in the target room. Line “3” is the DBT line of the SA (i.e., 15 ◦C in the cooling
season, 20 ◦C in the heating season).
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During the cooling season, if the enthalpy of the OA is higher than the EA, the enthalpy of the
process air reduced after passing through the EW; if not, the EW is inactive. Then the process is air
cooled by the CC to meet the target HR (dehumidification process); if the process air temperature
through the cooling coil is below the set value, then the HC is enabled to heat the process air to achieve
the SA set point temperature. When the space sensible load is not completely removed with the SA,
the radiant cooling panels are enabled.

During the heating season, if the HR of the OA is higher than the target HR, then the process air
enters the CC for dehumidification to meet the target HR; if the process air temperature is lower than
the SA set value, then reheating is required by the HC to meet the SA set value. The radiant heating
panels eliminate the part of the space sensible load that was not met with the SA.

3. Experiments Simulation

3.1. Selection of the Region

China has a vast territory, a special geographical location, and complex terrain. Owing to its
different geographical latitudes, topography, and other conditions, the climate varies greatly from place
to place. Therefore, for different climatic conditions, the energy-saving design of buildings around the
country should be different. In order to clarify the scientific relationship between architecture and
climate, China’s General Principles for Civil Building Design GB 50352-2005 [17] divides China into
seven main climate zones. These regions mainly include severe cold regions, cold regions, hot summer
and cold winter regions, hot summer and warm winter regions, and mild regions.

According to the description of the representative cities of various climate regions in China’s
“Public Building Energy Efficiency Design Standards” GB 50189-2015 [18], one representative city from
each of six climate regions, excluding the severe cold regions as shown in the Figure 5, which were
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selected to simulate the energy performance of the adopted systems under different outdoor conditions
in this study.
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The six selected cities are part of six different climate regions, as shown in Figure 5. They are
Beijing, Lhasa, Kashi (severe cold regions), Shanghai (hot summer and cold winter regions), Guangzhou
(hot summer and warm winter regions), and Kunming (mild regions). These have distinctly different
outdoor air conditions and different annual changes. The first three cities belong to a relatively dry
climate region, Kunming is a relatively neutral climate region, and the rest are relatively humid climate
regions. The differences in the temperature and humidity ratios for the six selected cities can be seen in
Figures 6 and 7.
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3.2. Building Model Overview

The model building is an office building with a typical floor area of 400 m2 (20 m × 20 m) and
20 occupants. Each occupant has a computer and performs light work. The meteorological data
(i.e., DBT, effective sky temperature, HR, percent relative humidity, and atmospheric pressure) of the
six selected cities are input by using the weather data in Type 15-2 provided by TRNSYS18. Through
this simulation studio, the OA conditions and the hourly thermal loads of the model building in each
city are obtained and used in the simulation calculation. Each computer added 20 KJ/h sensible heat
to the serving space, and the heat generation density of the lighting fixtures was set to 17 W/m2 by
TRNSYS18. The schedules for the lights, computers, office occupants, and HVAC were set according to
ASHRAE90.1 [19]. The set point temperature of the serving room in the cooling and heating seasons
were set according to existing standard [20], and the relative humidity was set according to China’s
“Code for Design of Heating, Ventilation and Air Conditioning for Civil Buildings” [21]. In the cooling
season, the design SA temperature was set to 15 ◦C, and 20 ◦C in the heating season. The above
conditions are summarized in Table 1.

As shown in Table 1, according to the relevant provisions of China’s “Public Building Energy
Efficiency Design Standards” GB 50189-2015 [18], the u-values of the roof, exterior wall, and window,
and the window-to-wall ratio of the model building were determined.
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Table 1. Physical information of the model buildings studied herein.

Weather Data Type15-2 weather data (TRNSYS18)

Building Type Office building (400 m2) (20 m × 20 m)

Schedules Office occupants and HVAC schedules in ASHRAE90.1

Room Set Point
Cooling season Temperature 26 ◦C

Relative humidity 50%

Heating season Temperature 20 ◦C
Relative humidity 50%

Supply Air Set Point Cooling season Temperature 15 ◦C

Heating season Temperature 20 ◦C

Internal Heat Gain
Number of occupants 20 occupants (100 m2/occupant)

Computer 20 kJ/h (TRNSYS18)

Lighting 17 W/m2 (TRNSYS18)

City Beijing Lhasa Kashi Shanghai Guangzhou Kunming

Atmospheric Pressure (kPa) 99.4 66.9 86.5 99.9 99.9 81.1

U-Values
(W/m2·K)

Roof 0.4 0.4 0.4 0.4 0.5 0.5

Exterior Wall 0.45 0.45 0.45 0.6 0.8 0.8

Window 2.8 2.8 2.8 3.5 5.2 5.2

Window-to-Wall Ratio 0.2

3.3. Simulation Overview

This study compared the annual energy consumption of two 100% outdoor air systems
(i.e., HPLD-IDECOAS and DOAS, integrated with ceiling radiant panels) for the same model building.

3.3.1. HPLD-IDECOAS Simulation Overview

The main energy-saving potential of this system lies in the HPLD part. The regenerated
high-temperature dehumidification solution removes heat from the evaporator of the heat pump,
causes the solution to cool to the target temperature, and then supplies it to the dehumidifier.
The dehumidification solution removes moisture from the process air in the dehumidifier and becomes
a low-concentration solution. After being heated by the condenser of the heat pump, it is regenerated
by the regenerator and becomes a high-concentration dehumidification solution. A large amount of
heat is usually required during the regeneration of the solution. Most of the existing studies [7,9,10]
use a boiler or renewable energy system as the heat source. The heat pump has attracted attention
because it can provide solution cooling and heating at the same time and has been applied to the
LD-IDECOAS. In order to reduce the consumption of the regeneration part of LD, this study used the
HPLD system that the energy consumed by the heat pump to provide the load required for solution
cooling and heating of the LD part. It is much lower than the energy consumption of other existing LD
systems (i.e., the LD that uses water-side free cooling for the solution cooling, and renewable energy
system heat sources for the solution heating), especially the heat required for the solution heating
(solution regeneration) [12]. The process air conditions of each component of the HPLD-IDECOAS are
calculated using Equations (1)–(15) [2].

Liquid-Desiccant Unit Model

In the absorber, the process air passes through the absorber to remove excess moisture to reach the
target HR, because IEC only performs sensible heat exchange. The effectiveness of dehumidification of
the LD system is defined as the ratio of the actual moisture removal rate to the maximum rate or the
changes in temperature of the process air (it is assumed that εab,T is equal to εab or εab,w in the public
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literature [9,22]) in the absorber, which is based on the equilibrium HR, as shown in Equations (1) and
(2). In these equations, the model proposed by Chung and Luo [23] (Equation (3)) was selected to
predict the εab value, the value of aZ was set to 100, and the mass flow rate ratio of the process air to
the solution was assumed to be 1 in this research:

εab,w =
ωOA −ωLD,out

ωOA −ωeq,in
(1)

εab,T =
DBTOA −DBTLD,out

DBTOA − Tsol,in
(2)

εab =

1−
0.024

( .
ma,in.

msol,in

)0.6

exp
(
1.057

DBTOA
Tsol,in

)
(aZ)−0.185π0.638

1−
0.192 exp

(
0.615

DBTOA
Tsol,in

)
π−21.498


(3)

The equilibrium HR is determined by Equation (4). To obtain the vapor pressure at the saturation
condition of the desiccant solution, the equation suggested by Fumo and Goswami [24] is adapted in
Equation (5). The coefficients for Equation (5) are shown in the 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.

Group 0 Group 1 Group 2

a0 a1 a2
4.582 −0.159 0.007

b0 b1 b2
−18.382 0.567 −0.019

c0 c1 c2
21.312 −0.666 0.013

In the regenerator, similar to the absorber, the effectiveness of regeneration of the LD system
is expressed by Equations (6) and (7). In this work, it assumed that the effectiveness value of
the regeneration is same as that of the absorber. Consequently, εreg,w and εreg,T can be obtained.
The temperature and humidity ratio of the process air passing through the LD unit is calculated:

εreg,w =
ωair,reg,out −ωOA

ωreg,w −ωOA
(6)

εreg,T =
DBTOA −DBTLD,out

DBTOA − Tsol,in
(7)

In addition, it is assumed this study that LiCl solution is used in the LD system. The desiccant
solution of the absorber inlet side and regenerator outlet side were set to 20 ◦C and 55 ◦C, respectively.
The employed Licl solution concentration is 40%. In the absorber, the mass balance of the desiccant
solution is expressed as Equations (8)–(13). The mass flow rates of the desiccant solution at points P1
and P2 are identical (Equation (8)). The mass exchange of the solution in the absorber is as shown by



Energies 2019, 12, 1798 10 of 27

Equations (9)–(11). The concentration of the absorber-leaving solution is estimated using Equation (12).
The enthalpy of the absorber-leaving solution is obtained using Equation (13):

.
mP1,sol =

.
mP2,sol (8)

.
mP1,sol =

.
mOA

( .
ma,in
.

msol,in
= 1

)
(9)

.
mP3,moi =

.
mOA(ωOA −ωLD,out) (10)

.
mP3,moi +

.
mP2,sol =

.
mP4,sol (11)

.
mP1,sol·CP1 =

.
mP4,sol·CP4 (12)

.
mP2,sol·hP2.sol +

.
mP3,moi·hP3,moi =

.
mP4,sol·hP4,sol (13)

Thus, the mass flow rate, concentration, and enthalpy of the regeneration-leaving desiccant
solution are obtained in the same way as shown in Equations (14)–(18):

.
mP5,sol =

.
mP6,sol (14)

.
mP7,moi =

.
mP3,moi (15)

.
mP6,sol −

.
mP7,moi =

.
mP8,sol (16)

.
mP8,sol·CP8 =

.
mP6,sol·CP6 (17)

.
mP7,sol·hP7.sol +

.
mP8,moi·hP8,moi =

.
mP6,sol·hP6,sol (18)

The temperature of the solution leaving SHE2 is obtained by Equation (19). In this study,
the effectiveness of SHE2 is assumed as 70%. mmin is the smallest value between mP8 and mP4.
Consequently, the solution cooling and heating loads are estimated by Equations (20) and (21):

εSHE2 =
mP8·(TP8 − TP1)

mmin·(TP8 − TP4)
=

mP4·(TP5 − TP4)

mmin·(TP8 − TP4)
(19)

Qcooling =
.

mP1,sol·CpP1,sol ·(TP1 − TP2) (20)

Qheating =
.

mP5,sol·CpP5,sol ·(TP6 − TP5) (21)

IEC and DEC Unit Models

Using the temperature and HR of the process air leaving the LD unit, the DBT of the process air
leaving the IEC (DBTIEC,pri,out) can be determined by Equation (22), which is calculated by the WBT
of the return air through the secondary IEC channel (WBTIEC,sec,in) and the effectiveness of the IEC
(εIEC) [2,3]. Similarly, the WBT of the process air leaving the DEC (WBTIEC,pri,in) can be obtained. Since,
in the IEC in HPLD-IDECOAS, neither condensation nor dehumidification will occur, the HR of the
IEC-leaving process air (WBTIEC,pri,in) is equal to that of the LD-leaving process air (ωLD,out). In this
work, the effectiveness of the IEC and the DEC are assumed as 70% and 90%, respectively:

εIEC =
DBTLD,out −DBTIEC,pri,out

DBTLD,out −WBTIEC,sec,in
(22)

εDEC =
DBTIEC,pri,out −DBTDEC,out

DBTIEC,pri,out −WBTIEC,pri,out
(23)
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Target Air Conditions

The target space conditions are assumed as a DBT of 26 ◦C and RH of 50% in summer and
intermediate seasons, and are set to a DBT of 20 ◦C and RH of 50% in winter. Consequently, the design
SA flow rate is determined by Equation (24). The design SA HR is obtained by Equation (25):

Qsen =
.

mSA · cp · (DBTRA −DBTSA) (24)

Qlat = hfg ·
.

mSA · (ωRA −ωSA) (25)

Heat Pump Model

In this study, the heat pump is in the variable-speed compressor control by using cooling mode.
The capacity of the evaporator (i.e., load-side, Equation (26)) of the heat pump can be represented by four
operating parameters (the volumetric flow rates (

.
Vsource,

.
Vload) and inlet temperatures (Tsource,in, Tload,in)

of the solution on the source and load sides). The load-side and source-side capacities are the cooling
and heating capacities of the heat pump at the evaporator and condenser, respectively. The reference
values and coefficients used in Equation (26) are presented in Table 3 [25]. Consequently, the heat-pump
cooling capacity (i.e., evaporator capacity) is modulated to match the solution cooling demand, the
power and heat-pump heating capacity (i.e., condenser capacity) are adjusted accordingly, and the
compressor frequency (FreqPLRc) and power (PowerPLRc) as a function of the part-load ratio (PLRc)
were used based on the research by Madani et al. [26], as shown in Equations (27)–(29). The power
(PowerPLRc) is the power required by the heat pump operation. The adjusted heating capacity of the
heat pump is presented by Equation (30), and an auxiliary heating is required when it cannot achieve
the solution heating load (Qheating):

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

 (26)

PLRc =
Qcooling

Qload,c
(27)

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

·PLRc
2 (28)

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

3.35400111·exp−1
·FreqPLRc

2 (29)

Qsource,PLRc = Qcooling + PowerPLRc (30)

Table 3. Reference values and coefficients for cooling mode.

Reference Values
.

Vload,re f (m3/s) 5.678 × 10−4
.

Vsource,re f (m3/s) 5.678 × 10−4

Qload,c,re f (nominal capacity) (W) 14,215.35
Tre f (K) 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

3.3.2. DOAS with Parallel Simulation Overview

The highest energy conservation benefit comes from the EW part. The EW is an energy recovery
process that utilizes the exchange of sensible heat and latent heat between the EA and the OA to
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achieve energy conservation and maintain good ventilation. In the summer, the OA can be pre-cooled
and dehumidified, and can be preheated and humidified in winter, thus reducing the cooling load
and power consumption during air conditioning operation. Simultaneously, for more energy-efficient
ventilation, the minimum ventilation is used, and the minimum ventilation is calculated according to
the ASHRAE standard 62.1-2013 [14] regulations.

Enthalpy Wheel Control

According to existing research [13], the EW works in three modes, which are changed by adjusting
the rotational speed to achieve the enthalpy exchange efficiency (sensible and latent exchange efficiency)
required by each operation. According to the SA set point and the enthalpy of the return air (RA) and
OA (Mumma and Shank 2001 [27,28]), the control models of EW are divided into full speed operation,
wheel-off operation, and speed modulation.

Based on existing research [13], when the enthalpy of the OA is higher than that of the RA (Region
A), the EW operates in full-speed mode with the highest enthalpy exchange efficiency, which is set
to 80% in this study, and it is assumed here that the sensible efficiency (SE) is equal to the latent one
(LE). When the OA condition is in Region B of Figure 4, activating the EW will increase the enthalpy of
the OA; that is, the temperature and humidity will increase, thereby increasing the CC load, which
is contrary to the energy saving target. As a result, the EW is turned off. When the OA condition is
in Region C, the EW will run in variable-speed driven (speed modulation) mode to maintain the SA
target conditions.

In the variable-speed driven model, the SE and the LE are not necessarily equal. To express the
EW performance, the driving force ratio (DFR) is proposed, which is related to the ratio of the latent
load (Qlat) to the sensible load (Qsen) and the OA RH, as shown in Equation (31) [13]. Based on existing
research, when the DFR is less than 1.5, the SE leads the LE in this model. Otherwise, the LE leads
the SE:

DFR =
Qlat
Qsen

×
1

(RHOA/100)2 (31)

The LE required is derived from the Equation (32). The EW speed (Spd) and the SE can
be determined based on the value of the DFR and the LE, as shown in Equations (33) and (34).
The coefficients for the Spd function are shown in Table 4. And the EW has an efficiency of 80% at
maximum operating speed:

LE =
ωSA −ωOA
ωRA −ωOA

(32)

Spd = c1 + c2(DFR) + c3(DFR)2 + c4(LE) + c5(LE)2 + c6(DFR)(LE) + c7(DFR)2(LE)
+c8(DFR)(LE)2 + c9(DFR)2(LE)2 (33)

SE =
13.844· ln(Spd) + 38.469

100
(34)

Table 4. Coefficients for the Spd function.

LE C1 C2 C3 C4

<50% 2.344 −3.714 1.444 −0.005421

≥50% −21.28 4.652 28.5 0.6905

C5 C6 C7 C8 C9

0.002286 0.05852 −0.0431 −0.001676 0.0006397

−0.00218 −0.4167 −0.8788 0.004481 0.006532



Energies 2019, 12, 1798 13 of 27

4. Simulation Results and Discussion

According to the EES simulation results of the peak day, monthly, seasonal, and annual energy
consumptions of the two systems in each selected city, the applicability difference between the two
systems in the selected climate regions represented by each selected city is analyzed, to find the
lowest energy consumption in both systems. The operating energy consumed in each system was
concerted to primary energy by using local conversion factors of 0.1229 kgce/kWh and 0.03412 kgce/MJ
(0.009478 kgce/kWh) for electricity and thermal energy, respectively [29].

4.1. Comparison of Peak Day Energy Consumption

In order to more clearly see the performance characteristics of each system in different climate
regions, we selected the peak days of each city as objects for comparison. This part selects the peak
day of each selected city and conducts a detailed comparative analysis through thermal conditions
from TRNSYS18, such as the temperature (Figure 8), HR (Figure 9), and cooling load (Figure 10).
Comparisons of the temperature, HR, and cooling load of each selected city are shown in Figures 8–10.
Since the latent heat load values of the various cities are similar, they are not shown in the cooling
load figure.
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Figure 8. Comparison of temperatures of each selected city.

According to Figures 11 and 12, the peak day energy consumption is analyzed from two aspects:
systematic difference and city characteristics. Since the peak day of the comparison is the hottest day,
there is no heating load.

From the viewpoint of system differences, the following describe the aspects of Figure 12 in order
from left to right, according to the data of the figure.

The DOAS used in this study is a system that targets ventilation and dehumidification. After the
first dehumidification of the air through the EW in the cooling season, the air is dehumidified again
to the target HR through the CC. If the temperature of the process air is lower than the SA set point,
reheating is required. The reheat coil (RHC) heats the air to reach the target temperature; consequently,
even in the cooling seasons, the system has energy consumption due its boiler and pump.
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Figure 9. Comparison of humidity ratios of each selected city.
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Figure 10. Comparison of cooling load of each selected city.

Since the DOAS is a ventilation system, the SA flow rate was maintained at the minimum required
ventilation rate based on the ASHRAE standard 62.1-2010 [14]. However, the HPLD-IDECOAS, as an
air conditioner, needs to perform the function of removing the thermal load in the room, and as a fully
external air system, 100% fresh air is used. Accordingly, the energy consumption of the fan for the air
supply and exhaust is significantly greater than that of the DOAS.

The main energy consumption of the DOAS is the use of the dehumidification part of the CC and
RHC, whereas the main energy consumption of the HPLD-IDECOAS is the heat-pump-integrated
LD system.
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The HPLD-IDECOAS uses more energy than the DOAS for dehumidification (scilicet, the energy
consumption of the HPLD system is more than that of the chiller (CC), RHC, and pump (boiler) of the
DOAS). However, owing to the use of the IEC and DEC for cooling in HPLD-IDECOAS, the overall
energy consumption is lower than the DOAS using a chiller (parallel cooling).

The analysis of the different climate characteristics of each selected city is as follows. It seen from
Figures 8–10 of the six selected cities that the thermal environments of the peak days of each city have
distinct characteristics. Although Beijing, Kashi, and Lhasa belong to the same climate region, they
show significant differences in Figures 11 and 12 because of their special geographical location and
geographical environment, but generally exhibit the three lowest HRs of the six selected cities.

As can be seen from Figure 11, in the peak day of the cooling season, the daily energy consumption
of the HPLD-IDECOAS operating in Guangzhou is the highest of the 12 cases, and the daily energy
consumption of the HPLD-IDECOAS operating in Lhasa is the lowest. In terms of the peak day, the
energy consumption of the HPLD-IDECOAS in Guangzhou is 40% higher than the DOAS, and is
similar to the DOAS in Shanghai and Kashi, and in other cities, the daily energy consumption of the
HPLD-IDECOAS is generally lower than that of the DOAS operating under the same conditions. The
energy saving rates of the system operating the different cities are, from high to low, 52% in Lhasa, 30%
in Beijing, and 21% in Kunming.
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From Figure 12, it can be seen that Guangzhou has the highest daily average temperature of the
peak day and the highest daily average HR in the six cities. In order to make the temperature and
HR of process air reach the set point after passing the IEC and DEC, the HPLD system requires a
large degree of dehumidification. As a result, the daily energy consumption of the HPLD-IDECOAS is
40% higher than that of the DOAS, owing to the power consumption of its heat pump and the energy
consumption of the pump therein. For the DOAS, the energy consumption for dehumidification is
lower than that of the HPLD-IDECOAS during the peak day, because of the use of the EW.

In Lhasa, as shown in Figures 8–10, the temperature and HR during the peak day is the lowest of
all six cities, and the temperature difference between morning and evening is large. As it is the driest
of the selected cities, the HPLD-part is not activated, and the process air reached the SA setting only by
the IEC and DEC. However, in the operation mode of the DOAS, whether the volume flow rate of
the SA is higher than the minimum ventilation is calculated according to the latent load that must be
cleared from the room; therefore, the two functions of the chiller, dehumidification, and eliminating
the sensible load in the room, are activated. As shown in Figure 11, running the HPLD-IDECOAS in
Lhasa on the peak day can save up to approximately 52% of the energy compared to the DOAS. In fact,
it is known from the existing research that IDECOAS (without the LD system) is more suitable in such
dry regions.

The analysis of other two of the three drier cities, Beijing and Kashi, is as follows.
As shown in Figures 8–10, Beijing’s daily average temperature is in third place and its daily

average HR is in fourth place of the six selected cities on the peak day. Although the temperature is
high, the temperature difference between day and night is large, and it is dry. Thus, as can be seen
from Figure 12, the DOAS system running on Beijing’s peak day not only needs to deal with the latent
load of process air but also with the sensible load when using the chiller to dehumidify. Thus, in terms
of dehumidification, it consumes more energy than the HPLD part that only needs to deal with the
latent load of the process air. Using the HPLD-IDECOAS as an air conditioner, the dehumidified air
can satisfy the air supply condition without using the chiller, thereby saving more energy. As shown
by the broken line diagram in Figure 11, the overall energy savings are approximately 30%.

Kashi’s daily average temperature is the fourth highest and its daily average HR is the second
lowest on the peak day; thus, it is concluded that the drying condition is similar to that in Beijing,
but the temperature is slightly lower than that in Beijing. However, because the elevation is much
higher than that of Beijing, the sensible load in the room is higher than that in Beijing. Therefore,
a more sensible load needs to be eliminated in the operation of the HPLD-IDECOAS. Consequently,
its energy-saving potential is not as good as that in Beijing. As a result, the energy consumption of the
HPLD-IDECOAS is similar to that of the DOAS.

In Kunming, the annual solar projection angle is large, and the hot-weather conditions are not
extreme. The average daily temperature is far lower than that of Beijing, and the HR shows that
this is a mild place, but the HR is higher than that in Beijing, at third place. Thus, the latent load in
the room that needs to be eliminated in Kunming is higher than that in Beijing when running the
HPLD-IDECOASD. The energy-saving potential is not as good as that of Beijing, but it is higher than
the DOAS in the same region, which is approximately 21%.

In Shanghai, the average daily temperature and the sensible load treated in the room are the
second highest, and the daily average HR is the highest. Due to its high humidity, the HPLD-IDECOAS
has the lowest energy-saving potential among the selected cities. However, owing to its mild climate,
Figures 8–10 show that the daily temperature difference is small, but the sensible load in the room is
higher than in Beijing. As mentioned earlier, the HPLD-IDECOAS needs to remove more latent load
owing to the efficiency effects of the IEC and DEC (set to 70% in this study), such that the process air
can reach the SA set condition after passing through the IEC and DEC, therefore, there is no significant
different in energy consumption between the two system on the peak day.

In summary the results of the peak day energy consumption analysis are as follows.
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(1) The energy-saving potential of the HPLD-IDECOAS is most affected by the sensible load that
needs to be eliminated from the room. For example, the energy-saving potential of Lhasa is
greater than those of Beijing, Kashi, Shanghai, and Guangzhou in turn.

(2) When the difference in the HR is large, the energy-saving potential of the HPLD-IDECOAS is
more affected by the HR, such as is Beijing and Kunming.

(3) The energy performance of the DOAS in each representative city is opposite to that of the
HPLD-IDECOAS. For example, when there is too much sensible load eliminated from the room,
the energy-saving effect is significantly higher than the HPLD-IDECOAS, and at other times, the
energy consumption is much higher than the HPLD-IDECOAS.

4.2. Comparison of Monthly Energy Consumption

As seen from Figures 13–18:

(1) In the cooling season and heating season, the energy consumption of the HPLD-IDECOAS running
in each city is lower than that of the DOAS operating in the same environment every month.

(2) In the heating season, except for Guangzhou and Kunming that are not cold in winter, there is no
signification different in the monthly energy consumption between the two system.

(3) It is concluded that in places with higher temperature and HR, in months of higher temperature
and HR, the HPLD-IDECOAS has better energy-saving potential than the DOAS.
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Figure 13. Comparison of monthly energy consumption in Guangzhou.
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Figure 14. Comparison of monthly energy consumption in Shanghai.
Energies 2019, 12, x FOR PEER REVIEW 18 of 27 

 

 
Figure 15. Comparison of monthly energy consumption in Kunming. 

 
Figure 16. Comparison of monthly energy consumption in Beijing. 

2 4 6 8 10 12
0

20

40

60

80

100

120

 
C

om
pa

ri
so

n 
of

 m
on

th
ly

 e
ne

rg
y 

co
ns

um
pt

io
n 

[k
gc

e]

DOASDOAS HPLD-IDECOASHPLD-IDECOAS

Month  

2 4 6 8 10 12
0

50

100

150

200

Month  

DOASDOAS HPLD-IDECOASHPLD-IDECOAS

C
om

pa
ri

so
n 

of
 m

on
th

ly
 e

ne
rg

y 
co

ns
um

pt
io

n 
[k

gc
e]

Figure 15. Comparison of monthly energy consumption in Kunming.
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Figure 17. Comparison of monthly energy consumption in Kashi.
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4.3. Comparison of Seasonal Energy Consumption (Cooling Season and Heating Season)

Figures 19–24 show the energy consumption of the two comparison systems operating in each
city during the cooling and heating seasons.
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Figure 19. Comparison of seasonal energy consumption in Beijing.

In Beijing, as shown in Figure 19, during the cooling season, the two systems heat the SA differently.
In the LD-IDECOAS, using the HC to heat the RA first and using the IEC as the sensible heat exchanger,
the OA reaches the SA temperature by heat transfer between the process air and the RA on the IEC.
In the DOAS, the OA is preheated by the EW and then directly heated to the SA set temperature by
the HC. Therefore, it is seen from the different heating modes of the two systems during the cooling
season that the energy consumption of the HC of the LD-IDECOAS is higher than that of the DOAS.
It is concluded that the greater the difference, the lower the local air temperature, which shows that
Beijing’s winter is cold.
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Figure 21. Comparison of seasonal energy consumption in Guangzhou.

In Shanghai, the difference in energy consumption between the dehumidifying parts of the two
systems seems to be larger than in Beijing (i.e., the energy consumption of the heat pump in the
HPLD-IDECOAS and that in the CC plus the RHC in the DOAS seem to be larger than in Beijing)
Similar to Beijing, the energy consumption of the RHC in the HPLD-IDECOAS seems to be larger
than that in DOAS. The difference in the energy consumption of the two systems is divided into two.
One appears in the dehumidification section and one has the ability to save energy compared to the
DOAS, because the HPLD-IDECOAS does not require parallel cooling and, instead, uses the IEC
and DEC.

The difference in energy consumption is mainly in two aspects. First, the energy consumption of
the chiller and RHC for dehumidification is the highest of the six selected cities. Owing to the large
difference, the proportion of the total energy consumption is also large. The relates to parallel cooling,
and accounts for a larger proportion. From the perspective of energy saving, the HPLD-IDECOAS
using the IEC and DEC instead of the chiller, in regions that have a higher temperature and need more
cooling, has a higher energy-saving potential.
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The annual solar projection angle of Kunming is large. The humidity is not high and, thus,
the energy consumption of the chiller and RHC for dehumidification is the lowest of the six selected
regions. The main difference is in the removal of the sensible load and latent load from the room,
although the difference is small. However, the total energy consumption is low and, thus, the proportion
is significant. In such climatic conditions, the HPLD-IDECOAS has more energy-saving potential in
terms of sensible load and latent load in the room compared with the DOAS.

The temperature of Kashi in winter is low but not extreme, there is a large change in the
annual temperature and daily temperature, and the temperature difference between day and night
is large. Therefore, it seen that in Kashi, heating consumes much energy compared to cooling and
dehumidification. Since both systems use parallel heating, the difference between the two systems is
not large in this region.

Lhasa has a large daily temperature difference, such that one can feel the temperature of four
seasons in a single day. However, it is on the whole a cold and dry city, with the energy consumption mainly
accounted for by heating. Therefore, the energy consumption of the two systems was essentially similar.

In summary, it can be seen that during the cooling season, similar to the peak day, owing to the
use of the heat pump in the HPLD-IDECOAS to reduce the regenerative heat, and then through the
IEC and DEC for cooling, the energy-saving effect in each comparison city is better than the DOAS,
which uses a chiller. In the heating season, because the HPLD-IDECOAS is designed to supply the
same temperature as the DOAS (i.e., 20 ◦C), parallel heating is required. The overall heating energy
consumption of the HPLD-IDECOAS is slightly lower than that of the DOAS, as the DOAS uses
the EW to recycle the EA and, thus, the heating energy consumption is slightly lower than that of
the HPLD-IDECOAS.

4.4. Comparison of Annual Energy Consumption

Beijing has four distinct seasons; summer is hot and rainy, the rainy season is concentrated in
summer, which often includes heavy raining, and winter is cold and dry. The RHC of the LD-IDECOAS
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is mainly used in winter, and the RHC of the DOAS is mainly used in summer. The difference in energy
consumption between the HPLD-IDECOAS and DOAS is mainly reflected in the dehumidification
part; although the difference is large, the overall proportion is not large. The overall energy difference
is 39%, shown in Figure 25.
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Shanghai has four distinct seasons, with a mild and humid climate. It exhibits a short spring and
autumn, and a long winter and summer. There is a moderate rainy season throughout the year, with
high humidity in winter. The total energy consumption of the HPLD-IDECOAS saves 14.8% compared
to the DOAS.

Guangzhou has a long summer and a short winter. It has a high temperature and high humidity.
In this case, the savings compared to the DOAS is 36%.

The summer in Kunming is not particularly hot, the winter is not particularly cold, and the four
seasons are as warm as spring. Therefore, the total energy consumption is lower in the six comparison
cities, only higher than the driest Lhasa. The annual energy consumption of the HPLD-IDECOAS
saves a total of 51% compared to the DOAS.

Although the summer of Kashi is long and hot, the low-temperature period is long. The total
energy consumption of the two systems is similar to Beijing at 30%.

Lhasa is a relatively dry place, and does not experience particularly extreme heat in summer;
it has the lowest temperature in summer compared to other cities, and the temperature of winter is not
too low. Because of the dryness, the LD system is not activated. In order to deal with the sensible heat
load in the room, the HPLD-IDECOAS exhibits higher energy-saving potential at 35% due to the use of
IEC and the DEC than the DOAS using a chiller.

4.5. Discussion

In the previous study, Kim et al. [3] compared the annual energy consumption of the LD-IDECOAS
with the traditional VAV system, and found that the energy-saving potential of the LD-IDECOAS system
is 68%. On this basis, Li et al. compared the energy-saving performance of the conventional VAV system
and the LD-IDECOAS in different climate regions of China, and the results show the LD-IDECOAS can
save considerable energy in all regions. Therefore, in this study, we obtained the difference in energy
consumption between the DOAS and the HPLD-IDECOAS in various climate regions.
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Similar to Li et al. [5], the simulation results also showed the HPLD-IDECOAS has higher
energy-saving potential in hot and humid areas, even in warm regions such as Kunming. Moreover, the
system which is used the CC to remove the sensible heating loads of the server room or dehumidification
will consume more energy compared to the system that is not used the CC. For Li et al. the LD-IDECOAS,
which does not used the CC, showed more energy-saving potential compared to the VAV system
that used the CC. In this study, the HPLD-IDECOAS, which does not used the CC, showed higher
energy-saving performance compared the DOAS with a parallel system that used the CC. The reason
is as follows, to demand the sensible heating loads of the server room, the HPLD-IDECOAS used the
direct and indirect evaporation cooling, what means that there is no energy consumption in this part,
however, the DOAS with a parallel system used a chiller (the energy consumption of the chiller is
expressed in Figure 25 as “parallel cooling”) to demand the sensible heating loads, which consumes
much energy. To remove the latent heating loads of the server room, the HPLD-IDECOAS used an
HPLD unit and the energy consumption of this part is expressed as “heat pump” in Figure 25, and
the DOAS with a parallel system used an EW for free cooling and then the remaining latent heating
loads will be removed by the chiller, which is expressed as “CC(chiller)” in Figure 25. Although
the DOAS with a parallel system had already used an EW to recycle the waste heat from the RA to
reduce the energy consumption, however, it can be easily seen in Figure 25 that the sum of the energy
consumption of the chiller part (the sum of the “parallel cooling” and the “CC (chiller)” in Figure 25) is
much higher than that of the “heat pump”.

Compared to the Li et al. [5], this study uses an HPLD unit instead of the LD system which is
used in Li et al. [5] to make control manageable, and existing results show the HPLD system is more
energy efficient than the LD system at the energy level [12].

5. Conclusions

This study compared the annual energy consumption of two 100% outdoor air systems by using the
same model building under the climatic conditions of six selected representative cities. The conclusions
drawn from this study are as follows:

• The higher the humidity, the higher the energy-saving potential of the HPLD-IDECOAS compared
to that of the DOAS. According to the humidity change chart (Figure 9) of the peak day,
in Guangzhou as the wettest city, the annual energy-saving potential between the selected systems
is 36%. As the second wettest city, Shanghai has an annual energy-saving potential of 35%,
and as the relatively cold and dry cities in the six cities, Beijing, Kashi, and Lhasa, the annual
energy-saving potential is 32%, 30%, and 18%.

• The HPLD-IDECOAS has more energy-saving potential in the selected cities than the DOAS,
because of the use of an HP instead of a chiller. Compared with the DOAS, the city that uses
the HPLD-IDECOAS, which has the most annual energy-saving potential, saving 37% of energy,
is Kunming, due to the use of the IEC and the DEC.

• In dry regions with high altitudes, the difference in annual energy consumption between the two
systems is small at 18%, such as the performance of the two systems in Lhasa.

• Compared to the DOAS, the HPLD-IDECOAS has higher energy-saving potential in warmer
regions, which is shown from the comparison of the energy-saving potential of the two systems
in wet regions (36% in Guangzhou, 37% in Kunming, and 35% in Shanghai) and relatively dry
regions (32% in Beijing, 30% in Kashi, and 18% in Lhasa).
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Abbreviations

DOAS Dedicated outdoor air system
HPLD-IDECOAS Heat-pump-integrated liquid-desiccant and evaporative-cooling-assisted 100%

outdoor air system
HPLD Heat-pump-integrated liquid-desiccant system
IDECOAS Indirect and direct evaporative-cooler-assisted 100% outdoor air system
LD Liquid desiccant
LD-IDECOAS Liquid-desiccant and indirect and direct evaporative-cooler-assisted 100%

outdoor air system
EES Engineering equation solver
HVAC Heating ventilation and air conditioning
VAV Variable air volume
RA Return air
SA Supply air
OA Outdoor air
EA Exhausted air
DEC Direct evaporative cooler
IEC Indirect evaporative cooler
WBT Wet-bulb temperature (◦C)
HC Heating coil
CC Cooling coil
RHC Reheat coil
SHE Sensible heat exchanger
HR Humidity ratio
EW Enthalpy wheel
DBT Dry-bulb temperature (◦C)
RH Relative humidity (%)
DFR Driving force ratio
SE Sensible efficiency
LE Latent efficiency

Nomenclature

a Surface area-to-volume ratio of the packing (m2/m3)
Z Packing height (m)
T Temperature (◦C)
Ta,in Indoor air temperature (◦C)
ps Vapor pressure of desiccant solution (kPa)
C Solution concentration (-)
cp Specific heat capacity (kJ/kg·K)
pa Water-vapor partial pressure (Pa)
Q Load (kW)
hfg Heat of water vaporization (=2257 kJ/kg)
.

m Mass flow rate (kg/s)
min Minimum
PLRc Function of the part-load ratio
Freq Compressor frequency
.

V Volumetric flow rate (m3/s)
W Effective mechanical power (W/m2)
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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)

Subscripts

air Air
out Outlet
in Inlet
sol Desiccant solution
sen Space sensible
lat Space latent
eq Equilibrium
reg Regenerator
pri Primary side
sec Secondary side
deh Dehumidification
Spd Speed
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