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Abstract: The rapid development of data centers (DCs) has led to a marked increase in energy
consumption in recent years, which poses a direct challenge to global efforts aimed at reducing
carbon emissions. In regions with hot and humid climates, the energy demand is largely driven
by air conditioning systems necessarily to maintain appropriate operational temperatures. This
study proposes a novel multi-stage indirect evaporative cooling (IEC) system, incorporating a liquid
desiccant in the primary air channel to address the cooling demands of such DCs. Our approach
involves a two-stage process where the first stage uses a liquid desiccant-based IEC (LD-IEC) for air
dehumidification and the second stage utilizes the treated air from the first stage as the secondary
air to enhance the cooling effect. A simulation model of the proposed system is established with
validation, and the performance of the multi-stage system was also discussed based on different
operation modes. Furthermore, a case study was conducted to investigate the feasibility of using
this system in the DC under a typical hot and humid zone. The findings reveal that the first-stage
LD-IEC is capable of diminishing the wet-bulb temperature of the ambient air. Furthermore, the
case study demonstrates that the proposed system can greatly improve the temperature drop by
72.7% compared to the single IEC, which noticeably reduces the operation time of energy-intensive
supplementary cooling equipment from 5092 h to 31 h given the supply air temperature threshold of
25 ◦C. In summary, the proposed system could substantially decrease reliance on traditional cooling
systems, which demonstrates a promising avenue to fully use this passive cooling technology for
cooling DCs.

Keywords: air conditioning; indirect evaporative cooling; data center; liquid desiccant

1. Introduction

As stated by the most recent Sixth Assessment Report from the United Nations Inter-
governmental Panel on Climate Change (IPCC), capping global warming to 1.5 ◦C will
require a significant shift towards zero- or low-carbon sources for nearly all electricity
generation by 2050 [1]. This transition would involve embracing renewables, fossil fuels
with carbon capture and storage technology, and increased electrification of energy demand.
In addition to transforming existing energy systems, reducing energy use in economies is
important as well to relieve the pressure on the supply side, which is conducive to carbon
peaking and neutrality [2].

As one of the major energy consumers, buildings have received significant attention
in the context of dual carbon goals [3,4]. In China, the urbanization rate has shifted from
rapid growth to steady growth, resulting in a gradual slowdown in the development pace
of new residential and commercial buildings. However, data centers (DC), which are more
important in the digital age, become a rapidly growing type of building. They link a
large number of computing resources and storage resources together and are the center of
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massive data computing, exchange, and storage [5,6]. Nowadays, various activities, online
communications, entertainment, and knowledge generation and spread increasingly rely on
the internet. The increasing demand for timely interaction through the Internet has led to a
sharp increase in human demand for DCs [7]. Therefore, the scale of DCs is becoming larger,
the computational complexity is constantly increasing, and the structure is becoming more
and more precise. However, the expansion of DCs is associated with significant energy
demands, with the cooling systems alone accounting for approximately 40% of the total
electricity consumption [8]. As devices progress, electronic devices are capable of delivering
enhanced computational performance while also generating increased heat dissipation.
Therefore, it is imperative to give due attention to both cooling and thermal management
aspects [9,10], while a high percentage of cooling energy consumption obviously runs
counter to dual-carbon goals.

To lessen the energy consumption of cooling systems in data rooms, researchers have
focused on how to take full advantage of natural cooling, extend the operating time of
natural cooling approaches, and reduce the working time of the mechanical vapor com-
pression system (MVCS). Indirect evaporative cooling (IEC) is one of the emerging air
conditioning (AC) approaches [11–13]. Figure 1 illustrates a cross-flow IEC system wherein
the primary air stream to be cooled flows perpendicular to the secondary air stream that
facilitates evaporation. In this configuration, the secondary air flows vertically and is in
direct contact with water within the heat exchanger. As the air flows through the secondary
air channel, due to the gradient in moisture content between the water film and air, water
evaporation occurs and removes the latent heat. Then, the sensible heat from the primary
air transfers to the secondary air stream, which is then vented externally. This approach
enables the air cooling process to maintain the same humidity level and effectively pre-
vents cross-contamination [14–16]. Furthermore, this system circumvents energy-intensive
compressors or environmentally hazardous refrigerants. The air conditioning process relies
on a natural phenomenon, namely the evaporation of water, with the system’s main energy
consumption stemming from the operation of fans and the pump. As a result, the COP and
energy consumption of the IEC system are lower than those of traditional air conditioning
systems, which also correlates with reduced carbon emissions [17,18].
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2. Literature Review

Over the past decades, fruitful research has been conducted. At the heat exchanger
level, advancements have been made in both novel structures and optimal water spraying.
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For instance, De Antonellis et al. evaluate the effect of spraying nozzle locations and airflow
orientations on the cooling capacity of an IEC system [12]. Baffles were incorporated
into the channel surface to create a small internal vortex, thereby enhancing the heat
transfer coefficient [15]. Sun et al. developed a ceramic-based tubular IEC model and
fabricated a prototype to test its performance under intermittent spraying [19]. Shi et al.
proposed a novel IEC with porous secondary air channel surfaces to enhance the water
absorbent ability and implemented periodic spraying modes to minimize operational
energy consumption [20]. Corrugated channels were designed and produced to increase
the contact area in comparison to traditional IECs [21]. Ahmed et al. assessed the external,
internal, and mixed spraying modes for the same IEC under varying inlet conditions,
identifying the internal spraying plan as a reliable method to improve mass transfer in
the hexagonal IEC [22]. After evaluating six configurations, they recommended a top or a
horizontal spraying scheme for optimal water distribution.

At the system level, hybrid IEC systems have been developed to meet cooling require-
ments and decrease energy consumption. Wan et al. evaluated the IEC system integrated
with a paraffin-based phase change material (PCM) under commercial operating condi-
tions. The use of PCMs shifts the peak load and enables a higher temperature of the chiller
water [23]. Nemati et al. proposed to precool the air by the ground source heat exchanger
and further cool the supply air through the IEC, which resulted in a 45% reduction in
water consumption [24]. Shi et al. performed a techno-economic evaluation of a dedicated
outdoor air system using an IEC and an auxiliary cooling coil in an office building. Their
findings underscore the viability of extending IEC applications in regions characterized by
hot and humid climates [25]. Chen et al. incorporated an IEC into a mechanical vapor com-
pression system to partially undertake the cooling load, reducing the energy consumption
by at least 19% [26]. Yan et al. proposed a DXAC-IEC system with an adaptive controller
and evaluated the performance under hot and arid climates, which saved 27.7% of energy
during the transition season compared to the standalone IEC [27]. Tripathi and Kumar et al.
investigated a tubular IEC system powered by solar photovoltaic panels under various
inlet conditions in a hot and arid city in India [28]. Hu et al. proposed a novel synergy
between IEC and radiative cooling, which obtained an 11.9% improvement in dew-point
effectiveness and superior cooling performance in dry climates [29].

Since the load in the DC is mainly from equipment heat dissipation, the proportion
of sensible heat is extremely high. The handling of sensible heat loads is a key feature
and advantage of IECs. Consequently, in recent years, projects in hot and arid areas have
begun to incorporate direct evaporative cooling (DEC) and IEC in the DC’s AC system,
which have received noticeable energy saving benefits [30–32]. The implementation of
the DEC for fresh air at the Facebook DC achieves significant energy savings in Plinville,
a dry region in the USA [33]. Kao Data in London yielded an average PUE of 1.21 at a
full IT load by incorporating an IEC in its AC infrastructure [34]. Yan et al. performed
multi-objective optimizations of a counterflow IEC for DCs under hot and dry climate
conditions based on response surface methodology [35]. Cui et al. analyzed the climatic
applicability of a single-stage IEC with mechanical cooling for DCs in China. Results show
sufficient cooling in western arid regions, while supplementary cooling is necessary with a
prolonged operation period in hot and humid regions [36].

From the literature above, despite these successes in the application of IEC technology
in DCs of arid regions, some research gaps still remain to be addressed, especially in hot and
humid regions. Firstly, due to the high humidity of ambient air, evaporation is constrained
so that the cooling effect will be noticeably reduced, and this is the main reason why IEC
technology is yet to be adopted in DCs of such areas. Secondly, the cooling performance
of an IEC system through the addition of a liquid desiccant to overcome geographical
limitations in hot and humid areas has not been quantitatively detailed. Thirdly, the
system feasibility remains to be analyzed based on the local weather profile of a typical
hot-humid region.
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In response to these gaps, this study proposed a novel multi-stage IEC system tai-
lored for a DC situated in hot-humid regions. A simulation model was established with
validation, and the cooling performance of the system was investigated under a variety
of conditions through parametric analysis. Then, a case study was performed to assess
the viability of the hybrid system in a typical hot-humid area (Hong Kong), indicating a
potential approach to lessen the reliance on traditional AC systems and fully use passive
cooling technology for DC cooling in similar climatic conditions. The limitations and future
works are summarized as well to guide the further research steps.

3. Methodology
3.1. System Configuration

As illustrated in the Section 1, the evaporative cooling process is inherently constrained
by climatic conditions. Particularly in the summer months, the ambient outdoor relative
humidity tends to be substantially elevated when the cooling requirement intensifies.
Typically, both the primary air and secondary air are derived from outdoor air in an IEC.
The secondary air is intended to facilitate evaporation upon contact with the water through
the humidity difference with the saturated liquid surface. Nonetheless, in hot and humid
regions, the relative humidity during summer can be so high that it sometimes reaches
100%, at which point the evaporation process in the IEC becomes very difficult. This
impediment can lead to a cooling output that fails to satisfy the requisite standards for
thermal management. To mitigate this limitation and procure drier air for an improved
cooling effect, this study proposes a multi-stage evaporative cooling system tailored for
DC applications. The proposed system encompasses a liquid-desiccant-based (LD) IEC, a
conventional IEC, and an auxiliary cooling section to fulfill the cooling demand. In DCs,
there is typically no need for fresh air, or a separate AC system is responsible for handling
outdoor fresh air and delivering it to specific personnel areas. The hot air produced by the
electronic devices is handled using AC equipment and circulated. The schematic diagram
of the airflow configuration used in a DC is shown in Figure 2. The LD-IEC and the
normal IEC are made of a metal material with good anti-corrosion. In summer (Figure 2a),
liquid desiccant dehumidification is needed to reduce the humidity of outdoor air so that
evaporation can happen under a larger gradient in the secondary air channel. The outdoor
fresh air passes the LD-IEC as primary air, and the liquid solution is sprayed into the
primary air channel to dehumidify moist fresh air. The primary outlet air from LD-IEC is
divided into two air streams. Air stream 1 is delivered to the second-stage IEC as secondary
air, while air stream 2 is introduced to the secondary air channel of the first-stage LD-IEC.
As air stream 2 has been dehumidified, it can result in a greater humidity differential
between it and the water film on the secondary channel, which enhances the evaporation
process. This, in turn, contributes to a decrease in the temperature of the total air stream in
the primary air channel compared to the situation without dehumidification and removes
some latent heat released during the dehumidification process. After passing through the
secondary air channel and aiding in the evaporation process, air stream 2 is discharged
into the ambient environment at the exit. Then, the circulated hot air from the DC can be
cooled when it is passing the primary air channel of the second-stage IEC. To ensure that
the supply air temperature is able to cool the electronic device in the DC, a supplementary
cooling section is positioned after the second-stage IEC. In spring and autumn (Figure 2b),
only the second-stage IEC needs to operate, and the on/off status of the water spraying
depends on the supply air temperature and weather conditions.
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3.2. Model Establishment

To facilitate the modeling of the aforementioned air conditioning (AC) devices, it is
imperative to delineate certain assumptions, which are also widely endorsed in existing
literature [37,38] as follows: (1) The external environment is considered to be isolated from
the LD-IEC/IEC, negating any heat or mass exchange with the surroundings; (2) Both air
and water are treated as incompressible fluids in steady state; (3) Due to their small Re
number, the states of the fluids can be considered as laminar flow; (4) Thermal resistance of
the thin channel sheet and the liquid membrane is negligible because their tiny thickness;
(5) The solution and water are distributed uniformly over the whole of the passages;
(6) The desiccant solution is maintained at a consistent concentration, with the potential for
regeneration via a heat source such as solar energy; (7) The heat and mass transfer occur
solely along the fluid’s flow direction.

3.2.1. IEC Model

The 2D numerical model of the IEC has been developed according to the general
assumptions outlined in our previous study, and the essential equations are briefly summa-
rized as follows. The core equations that govern the behavior of the secondary air and its
interaction with the water membrane are expressed from Equations (1)–(3):

hs(tw − ts)·dxdy + h f ghms(ωtw − ωs)dxdy =
.

ms
∂is

∂y
dy (1)
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hms(ωs, sat − ωs)·dxdy = ms
∂ωs

∂y
·dy (2)

.
ms =

dx
L

ms (3)

The heat transfer equation for the primary air is:

hp
(
tp − tw

)
·dxdy = cpa

.
mp

∂tp

∂y
dx (4)

.
mp =

dy
H

mp (5)

The energy balance can be written as:

.
ms

∂is

∂y
− cpa

.
mp

∂tp

∂x
= cpwtew

∂me

∂y
(6)

∂me

∂y
=

.
ms

∂ws

∂y
(7)

The convective heat and mass transfer coefficients are connected through the Lewis
number, as shown in Equation (8) [39], while the convective heat transfer coefficient is
correlated with the Nusselt number, as seen in Equation (9).

Le
2
3 =

hs

hmscpa
(8)

h =
Nu·λ

de
(9)

Nu = 0.664Re
1
2 Pr

1
3 (10)

where the Lewis number is determined as 1 [40]; cpa = 1.005 kJ/(kg·◦C).
The saturated humidity ratio of the interface of the liquid film and secondary air is

formulated by Equation (12) [18]:

ln(Psat) =
e1

tw
+ e2 + e3tw + e4tw

2 + e5tw
3 + e6 ln(tw) (11)

ws, sat = 0.622
Psat

Patm − Psat
(12)

where: e1 = 5800.2206; e2 = 1.3914993; e3 = −0.04860239; e4 = 4.1764769 × 10−5;
e5 = −1.4452093 × 10−5; e6 = 6.5459673; Patm = 101.325 kPa; and tw is the water film
temperature, ◦C.

3.2.2. LD-IEC Model

For the LD-IEC, the liquid desiccant is dispersed into the primary air channel to extract
water vapor from the humid air. Thus, Equations (13) and (14) are added to characterize the
gradient of the moisture content, and the new energy balance formula is written as Equation
(15). The equations to illustrate the heat and mass transfer in the secondary air channel are
identical to that shown in the IEC model in Section 3.2.1. A lithium chloride solution, as a
common desiccant material, is utilized in this study. The dehumidification of the moist air
is driven by the vapor pressure difference between the air–solution interface and the main
moist air stream. The equilibrium vapor pressure on the desiccant solution film surface is a
function of both its temperature and concentration. Based on the thermodynamic properties
acquired from published studies [41], the equilibrium vapor pressure and corresponding
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moisture content at the liquid desiccant interface within the primary air channel can be
obtained through Equations (16) and (17).

hmp
(
ωsol − ωp

)
·dxdy =

.
mp

∂ωp

∂x
·dx (13)

− .
mp

∂ωp

∂x
=

∂md
∂y

(14)

.
ms

∂is

∂y
− .

mp
∂ip

∂x
= cpwtew

∂(me)

∂y
+ cpwtdw

∂(md)

∂y
(15)

Psol = C1 + C2tsol + C3σ + C4tsol
2 + C5σ2 + C6tsolσ (16)

where C1 = −1.004; C2 = 0.1265; C3 = 5.982; C4 = 0.003644; C5 = 11.13; C6 = −0.7975; tsol is
the solution film temperature, ◦C; σ is solution concentration; and cpw = 4.18 kJ/(kg·◦C).

wsol = 0.622
Psol

Patm − Psol
(17)

where tsol is the solution temperature within the range from 20 to 50 ◦C in Equation (13),
and the solution concentration (σ) is limited within the range from 0.20 to 0.40 to avoid
crystallization [42].

Referring to the system configuration in Figure 2, the boundary conditions of the
first-stage LD-IEC and the second-stage IEC models are listed as follows. For the LD-
IEC: tp,in,LD−IEC = tamb; wp,in,LD−IEC = wamb; mp,in,LD−IEC = min, total ; ts,in,LD−IEC =
tp,out,LD−IEC; ws,in,LD−IEC = wp,out,LD−IEC; ms,in,LD−IEC = mp,in,LD−IEC(1 − r). For the
IEC: tp,in,IEC = tcirc,DC; wp,in,IEC = wcirc,DC; mp,in,IEC = mp,LD,inr; ts,in,IEC = tp,out,LD;

ws,in,LD = wp,out,LD; ms,in,IEC = mp,LD,inr; r =
mp,LD,in−ms,LD,in

mp,LD,in
.

3.3. Model Solution and Grid Independence Monitoring

The multi-stage IEC system consists of the first-stage LD-IEC and the second-stage
IEC. For the first-stage LD-IEC, we use Equations (1)–(3) and (8)–(17). For the second-stage
IEC, we use Equations (1)–(12) for calculation. The finite difference method was utilized to
discretize the aforementioned sets of partial differential equations into algebraic equations.
Combined with the boundary conditions, MATLAB 2018b software was employed for code
programing and solving. The numerical solution procedures are illustrated as follows:
(1) Input air inlet conditions and geometry data (and concentration ratio and mass flow ratio
for LD-IEC); (2) Calculate heat and mass transfer coefficients; (3) Assume the channel plate
temperature and calculate saturated humidity; (4) Solve the governing equations of LD-IEC
or IEC; (5) Figure out the new channel plate temperature, compare it with the assumed one,
and judge the convergence; (6) Output the results or adjust the channel plate temperature
if it cannot meet the convergence criteria. The grid number is checked to achieve a balance
between accuracy and computational efficiency. As depicted in Figure 3, the variations
of the results are within 0.05% when the number exceeds 140, indicating that the effect
of increasing the grid number is tiny and negligible. Therefore, 140 × 140 is selected for
further calculations. A threshold of 0.001 is determined as the convergence criterion.
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3.4. Model Validation

With respect to the model validation, the multi-stage IEC system for DC cooling has not
been explicitly proposed in the existing studies so it may not be straightforwardly validated.
Nonetheless, the two components in the system can be verified individually using the
published results [43,44]. Comparisons between the results from the models and published
studies are exhibited in Figure 4. The maximum relative deviation of the IEC primary air
outlet temperature is 3.3%, while the greatest relative discrepancies of the primary air outlet
temperature and humidity of the LD-IEC are −6.4% and 2.6%, respectively. These values
underscore the acceptable predictive precision of the established models, thereby indicating
their applicability for subsequent analysis of the proposed system for DC cooling.
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Figure 4. Comparisons between the results from the present models and published research on
(a) IEC [44], (b) LD-IEC [43].

4. Results and Discussions

To assess the thermal performance of the proposed multi-stage IEC system for DC
cooling, the effects of essential parameters are presented. The outlet air temperature and
humidity of the LD-IEC, the outlet air temperature (supply air) of the IEC, the primary air
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temperature drop of the IEC, and wet-bulb efficiency are illustrated in various conditions
in this section. The ranges of analyzed parameters are listed in Table 1.

Table 1. Ranges of essential parameters.

Symbol (Unit) Range Basic Value

tp,in,LD-IEC (◦C) [26:2:34] 30
RHp,in,LD-IEC (%) [65:5:95] 80

σ (-) [0.2:0.05:0.4] 0.3
r (-) [0.5:0.1:0.9] 0.7

tp,in,IEC (◦C) [32:2:40] 34
up,in,IEC (m/s) [2:0.5:4] 3

mp,in,LD = 0.003 kg/s; L = 400 mm; one channel pair for both IEC and LD-IEC
Note: [a:b:c]: a is the start value; c is the end value; b is the interval.

4.1. Effect of Primary Air Temperature

Figure 5 delineates the impact of outdoor ambient air temperature (primary air tem-
perature of the LD-IEC) on the thermal performance of the proposed system. A direct
correlation is noticed in Figure 5a between the outdoor air temperature and the system’s
outlet conditions. As the outdoor air temperature rises, both the outlet temperature and
humidity of the first-stage LD-IEC experience an increase. Specifically, when the outdoor
air temperature at the LD-IEC inlet increases from 26 ◦C to 34 ◦C, the outlet primary
air temperature and humidity of the LD-IEC increase from 23.3 ◦C to 30.3 ◦C and from
10.79 g/kg to 16.64 g/kg, respectively. In each case, there is a significant decrease in the
wet-bulb temperature of the LD-IEC outlet air compared to the inlet air, decreasing from
23.3–30.9 ◦C to 18.1–24.3 ◦C.
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Figure 5. Effect of primary air temperature on the thermal performance of (a) first-stage LD-IEC,
(b) second-stage IEC.

Due to the utilization of a fraction of the LD-IEC primary air as the secondary air for
the second-stage IEC, the supply air temperature (primary air outlet temperature of the IEC)
increases from 26.3 ◦C to 29 ◦C. The associated temperature decrement achieved by the IEC
is observed to decrease from 7.7 ◦C to 5.0 ◦C. DCs typically require the supply temperature
to be controlled within the range of 18 ◦C to 27 ◦C. Consequently, when the inlet air
temperature of the LD-IEC exceeds 28 ◦C, the proposed system fails to meet the specified
supply temperature under this operating condition. An auxiliary cooling mechanism is
necessitated to maintain the supply air within the prescribed thermal range. In addition,
the wet-bulb efficiency of the IEC is influenced by both the primary air temperature drop of
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the IEC and the secondary air (i.e., outlet air status of the LD-IEC). As depicted in Figure 4b,
a marginal enhancement in wet-bulb efficiency is noted with increasing inlet temperatures,
with the wet-bulb efficiency ascending from 0.482 to 0.517.

4.2. Effect of Primary Air Relative Humidity

Figure 6 presents the effect of variations in the relative humidity (RH) at the inlet of
the primary air on the thermal performance of the multi-stage IEC system. As the RH
of the primary air increases, although the liquid desiccant can remove moisture content
from the air, the overall humidity ratio increases, and the air’s capacity to evaporate water
diminishes, leading to a higher wet-bulb temperature and thus elevated outlet temperature
and humidity after passing through the first-stage LD-IEC. As shown in Figure 6a, an
escalation in the RH of the primary air from 65% to 95% at the LD-IEC inlet leads to
an increase in both the temperature and humidity at the primary air outlet, with values
ranging from 26.3 ◦C to 27.3 ◦C and 17.39 g/kg to 25.75 g/kg, respectively. The LD-IEC
contributes to a significantly lower wet-bulb temperature compared to directly utilizing
high-humidity outdoor air as the secondary air for the IEC. The wet-bulb temperature
exhibits a considerable decrease from a span of 24.7 ◦C to 29.3 ◦C down to a range of 19.6 ◦C
to 22.7 ◦C, indicating a more favorable potential for air cooling.
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Figure 6. Effect of primary air relative humidity on the thermal performance of (a) first-stage LD-IEC,
(b) second-stage IEC.

Furthermore, the increased temperature and humidity of the primary air emerging
from the LD-IEC, which subsequently functions as the secondary air for the second-stage
IEC, causes an upsurge in the supply air temperature from 26.9 ◦C to 28.3 ◦C. Consequently,
the cooling ability of the second-stage IEC for the primary air decreases from 7.1 ◦C to
5.8 ◦C. Notably, even at an RH of 65%, the supply air temperature nears the upper threshold
of 27 ◦C, prompting the need for an auxiliary cooling section to maintain the supply air
temperature within the desired parameters. Additionally, the wet-bulb temperature of the
IEC is influenced by both the temperature difference of the primary air and the secondary
air conditions (i.e., outlet air temperature of the primary air from the LD-IEC in this study).
As observed in Figure 6b, an increase in the RH of the air at the LD-IEC inlet results in a
slight improvement in the wet-bulb efficiency, rising from 0.491 to 0.507.

4.3. Effect of Mass Flow Ratio

Figure 7 illustrates the effect of variation in the mass flow ratio (r) on the thermal
performance of the proposed system. When the r value grows, the outlet temperature and
humidity of the LD-IEC rise, with a steeper slope. As presented in Figure 7a, it is noticed
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that the higher r value from 0.5 to 0.9 corresponds to a decrease in the mass flow rate of the
secondary air, resulting in greater outlet temperature and humidity of the primary air of
the LD-IEC from 26.2 to 28.0 ◦C and from 13.13 to 13.93 g/kg, respectively. The wet-bulb
temperature of the air processed by the LD-IEC ranges from 20.8 to 21.9 ◦C, significantly
lower than the inlet wet-bulb temperature (27.1 ◦C), indicating a greater potential for air
cooling as the secondary air for the IEC.
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Figure 7. Effect of primary air to secondary air ratio on the thermal performance of (a) first-stage
LD-IEC, (b) second-stage IEC.

In contrast to the consistent trends observed in the previous parameters, Figure 7b
presents a more complex relationship when it comes to the supply air temperature as r
increases. It is seen that as the r value increases from 0.5 to 0.8, the supply air temperature
gradually decreases, albeit at a reduced rate. However, the supply air temperature tends to
grow when r is greater than 0.8. Correspondingly, the temperature drop generated by the
second-stage IEC initially increases from approximately 6.0 ◦C to 6.5 ◦C, and then slightly
decreases to 6.4 ◦C. This phenomenon can be explained by the fact that although the outlet
temperature of the first-stage LD-IEC increases with an increase in the r value, the primary
air from the LD-IEC serves as the secondary air for the second-stage IEC. An increase
in the r value implies an increase in the flow rate entering the secondary channel of the
IEC. With a constant channel spacing, a larger flow rate results in a higher convective heat
and mass transfer, allowing the supply air temperature of the IEC to continue decreasing
until an r value of 0.8. However, as the wet-bulb temperature also increases, its influence
on the supply air temperature gradually becomes greater than the effect of the increased
convective heat transfer coefficient, ultimately leading to an increase in the supply air
temperature. An essential insight from this analysis is that optimizing the r value is critical
to maintaining the cooling performance of the proposed system. A value that is too high
may lead to less effective cooling, as demonstrated by the supply air temperature increasing
beyond the optimal range for r values greater than 0.8.

In the analysis of this parameter, the supply air temperature exceeds 27 ◦C, indicating
the need for supplementary cooling to ensure the desired supply air temperature. Regard-
ing the wet-bulb temperature of the IEC, Figure 7b shows a significant increase in wet-bulb
efficiency from 0.453 to 0.533 as the r value increases.

4.4. Effect of the Solution Concentration

Figure 8 presents the influence of variations in the concentration of the desiccant
solution (σ) sprayed in the primary air channel of the LD-IEC on the system’s thermal
performance. As the concentration becomes stronger, the difference in vapor pressure
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between the air–liquid interface and the main moist airstream increases, creating a larger
gradient and facilitating moisture migration in the humid air. Consequently, the outlet
temperature and humidity of the LD-IEC decrease as the concentration of the desiccant
solution increases. In Figure 8a, it is observed that an increase in σ from 0.2 to 0.4 cor-
responds to a decrease in the outlet temperature and humidity of the primary air of the
LD-IEC from 27.7 ◦C to 26.2 ◦C and from 17.24 g/kg to 11.30 g/kg, respectively. Moreover,
the wet-bulb temperature of the air processed by the LD-IEC decreases from the inlet
temperature of 27.1 ◦C to a range of 19.5–24 ◦C. As the temperature and humidity of the
primary air from the LD-IEC (which serves as the secondary air for the second-stage IEC)
decrease, the supply air temperature of the second-stage IEC increases from 28.9 ◦C to
26.9 ◦C, and the cooling ability of the IEC for the primary air increases from 5.1 ◦C to 7.1 ◦C.
When σ reaches 0.4, the IEC’s supply air temperature falls below 27 ◦C, indicating that
supplementary cooling can be suspended at this point. This implies that at higher σ values,
the multi-stage IEC system could potentially meet the cooling requirements without the
need for additional cooling methods. It is important to mention that the regeneration of the
desiccant solution, which involves restoring the diluted solution that has absorbed moisture
from the humid air, requires a dedicated regeneration device. This ensures a continuous
and stable humidity gradient between the primary air and the solution surface. The regen-
eration process can utilize waste heat or solar thermal energy, and further investigation
will be conducted in future research to optimize this aspect. The discussion of solution
regeneration is beyond the scope of this paper. Regarding the wet-bulb temperature of
the IEC, it is seen from Figure 8b that as the concentration becomes stronger, the wet-bulb
efficiency slightly decreases from 0.513 to 0.491.
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Figure 8. Effect of solution concentration on the thermal performance of (a) first-stage LD-IEC,
(b) second-stage IEC.

4.5. Effect of Temperature of Circulated Air from the DC

Figure 9 presents the impact of variations in the inlet air temperature of the second-
stage IEC’s primary air channel on the system’s thermal performance. The impetus for this
investigation stems from the fluctuating air temperatures in the DC, attributable to heat
emissions from electronic components, which are influenced by factors such as the DC size,
energy-saving requirements, and density of the installed equipment. Initially, the first-stage
LD-IEC reduces the wet-bulb temperature of the humid air from 27.1 ◦C to 21.1 ◦C, which
is then utilized as the secondary air for the second-stage IEC, significantly enhancing the
IEC’s cooling capacity. As the inlet temperature of the circulating air gradually increases,
the outlet air temperature of the IEC also rises. Figure 9 demonstrates that when the inlet
temperature increases from 32 ◦C to 40 ◦C, the IEC’s outlet air temperature increases from
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26.6 ◦C to 30.4 ◦C, resulting in an increase in the IEC’s cooling capacity for the primary air
from 5.4 ◦C to 9.7 ◦C. Upon the circulating air temperature surpassing 32 ◦C, the outlet air
temperature of the second-stage IEC exceeds 27 ◦C, signifying the requisition of auxiliary
cooling to attain the prescribed supply air temperature for DCs. Regarding the wet-bulb
temperature of the IEC, Figure 9 shows a slight increase in wet-bulb efficiency from 0.495
to 0.510 as the temperature of the circulating air rises.
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Figure 9. Influence of temperature of circulated air from the DC on the thermal performance of
second-stage IEC.

4.6. Effect of Velocity of Circulated Air from the DC

Figure 10 illustrates the effect of variations in the air velocity of the second-stage IEC’s
primary air channel on the system’s thermal performance. Since the velocity of the second-
stage IEC does not impact the air treatment process of the first-stage LD-IEC, as discussed in
the previous section, the first-stage LD-IEC significantly reduces the wet-bulb temperature
of the inlet humid air to 21.1 ◦C, which serves as the secondary air for the second-stage IEC.
It is observed that as the velocity of the primary channel of the second-stage IEC increases,
the outlet air temperature of the IEC also grows. If the air is accelerated from 2 m/s to 4 m/s,
the IEC’s outlet air temperature rises from 25.5 ◦C to 27.4 ◦C. This inversely affects the IEC’s
temperature drop of the primary air from 6.5 ◦C to 4.6 ◦C. Although an increase in velocity
enhances convective heat transfer, it also raises the mass flow rate, and the latter has a
more significant effect, leading to an increase in the temperature of the supply air as the
circulated air velocity increases. When the air velocity in the channel exceeds 3.5 m/s, the
IEC’s outlet air temperature surpasses 27 ◦C, indicating the need to activate supplementary
cooling to meet the desired supply air temperature for data centers. Regarding the wet-bulb
temperature of the IEC, Figure 10 demonstrates a rapid increase in wet-bulb efficiency from
0.602 to 0.424 as the air velocity rises. This efficiency upsurge is predominantly ascribed
to the intensified air flow, which, despite enhancing convective heat transfer to a certain
degree, primarily leads to a notable temperature increment. Thus, the primary air velocity
in the IEC should be carefully considered in practical engineering projects.
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Figure 10. Effect of velocity of circulated air from the DC on the thermal performance of second-
stage IEC.

4.7. Case Study for the Application in a Hot and Humid Region

As mentioned in the previous section, the integration of the liquid desiccant in the IEC
system mitigates the detrimental effects of high ambient humidity levels on the evaporation
process, particularly within hot and humid climates. To present the annual feasibility of
employing the multi-stage IEC system, Hong Kong’s weather conditions in the typical
meteorological year (TMY) are input as the primary air of the LD-IEC. According to the
existing literature on the AC operation status of the typical DC, the circulated air after
removing the heat from the IT equipment can be determined as 34 ◦C. In addition, the
recommended range of supply air temperature to the electronic equipment zone is from
18 ◦C to 27 ◦C.

Figure 11 presents the supply air temperature of a single IEC and the proposed IEC
system given the outdoor air conditions in Hong Kong. When the multi-stage IECs or
the single IEC cannot handle the circulated air to the required temperature (27 ◦C), the
rest of the cooling load will be treated by the supplementary cooling section, and the
operating hour is counted. As shown in Figure 11, both the standalone IEC system and
the multi-stage IEC system demonstrate effective cooling of circulating air when outdoor
temperatures and humidity are relatively low, such as in early spring, late autumn, and
winter. However, the cooling capacity of the single IEC diminishes greatly during the
summer months due to the severe constraints imposed by high outdoor temperatures and
humidity on water evaporation. The average temperature drop is only 5.5 ◦C in summer,
which is much lower than the annual average temperature drop of 8.7 ◦C. The number of
hours exceeding the upper temperature limit (27 ◦C) reaches as high as 3550 h, necessitating
prolonged operation of supplementary cooling equipment, particularly in the summer.
Furthermore, for engineering projects where the supply air temperature is designed to
be 25 ◦C, this would significantly increase the operational time of supplementary cooling
equipment to 5092 h annually. In comparison to a single IEC, this system benefits from
the incorporation of an LD-IEC, which provides a lower wet-bulb temperature for the
secondary air used in the IEC. Consequently, this enables the IEC to consistently reduce the
supply air temperature to below 27 ◦C. During the summer months, the system achieves
an average temperature difference of 9.5 ◦C, which is improved by 72.7% compared to
that of the standalone IEC. The annual average temperature drop is 11.5 ◦C, both of which
are significantly superior to a standalone IEC system. Given that the supplementary
cooling module is activated if the supply air exceeds 25 ◦C, this multi-stage IEC system
reduces the operational hours of the supplementary cooling module to a mere 31 h per
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year, substantially cutting down the runtime of the supplementary cooling system. This
advancement represents a significant stride toward the goal of relying solely on passive
cooling methods for DC cooling.
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4.8. Discussions

In hot and humid regions, the interaction between the primary air temperature and
humidity with the system’s outlet conditions underscores the reliance of evaporative
cooling processes on ambient air properties. The increased temperature and RH challenge
the cooling performance due to the diminished humidity gradient between the air and
the wet surfaces within the IEC. The LD-IEC’s role in pre-treating the air before it enters
the second-stage IEC is instrumental in enhancing the overall thermal performance. By
reducing the humidity, the first-stage LD-IEC effectively lowers the wet-bulb temperature of
the air, which is an essential factor of the evaporative cooling potential. The mass flow ratio
(r) emerges as a critical parameter, with an optimal range necessary to balance the cooling
efficiency against the system’s cooling performance. The desiccant solution concentration
(σ) dictates the dehumidification strength and the subsequent cooling potential as well.
Regarding the second-stage IEC, inlet circulated air temperature from the DC and the
channel velocity influence the cooling capacity, where increased air temperatures can
improve the IEC’s temperature drop and wet-bulb efficiency. The elevated air velocity can
improve the convective heat transfer, but the increased mass flow rate is the predominant
factor that ultimately leads to higher outlet temperatures. Lastly, the case study involving
Hong Kong’s climatic conditions indicates that the multi-stage IEC system’s ability to
maintain the supply air temperature within the desired threshold for the majority of
the year marks a substantial improvement over conventional single-stage IEC systems,
which offers insights into the system’s annual operational feasibility and demonstrates
the system’s capability in reducing the reliance on the energy-intensive traditional cooling
system for DCs in hot and humid regions.

Table 2 presents a comparison between recent studies on hybrid IEC systems and
this study. Currently, a few composite systems related to DCs are reported, especially
in hot and humid regions. In hot and arid regions, both the primary and secondary
air for IEC can be sourced from outdoors, as the lower wet-bulb temperature outside
makes it possible for a single-stage IEC to achieve the required supply air temperature.
However, in hot and humid regions, the high outdoor humidity significantly limits the
effectiveness of evaporative cooling. Therefore, some researchers propose to utilize exhaust
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air from air-conditioned spaces as the secondary air to enhance the cooling effect of the
IEC [23,25]. However, for buildings with specialized uses such as DCs which typically
involve air recirculating between the indoor space and air handling units without fresh
air [30], the source of secondary air can only be from outdoors, and this outdoor air needs
to be pre-treated to reduce its humidity and wet-bulb temperature before it can be used
as the secondary air in the second-stage IEC. Hence, this study has proposed the LD-IEC
to achieve this purpose. Compared to existing studies, the achieved temperature drop is
satisfactory, demonstrating the potential of using this system in hot and humid regions.

Table 2. Comparison with the published studies.

Research Nemati et al. [24] Hu et al. [29] Wan et al. [23] Present Study

Type of IEC Counter flow Counter flow Counter flow Cross flow

IEC size (L × H, m2) 0.5 × 0.5 1 × 1 0.6 × 0.15 0.6 × 0.6

System configuration Earth-air heat
exchanger + IEC RC + IEC IEC + cooling coil LD-IEC + IEC

Building type Residential building Residential building Commercial building Data center

Climate region Hot and arid Hot and arid Hot and humid Hot and humid

Working air source Outdoor space Outdoor space Indoor AC space Outdoor space

Temperature drop (◦C) 4.2 8.8 10 9.5

In addition to being a technical solution to DC cooling in hot-humid regions, this
study may be possible to motivate the update of some policies related to IECs and DCs.
Firstly, IEC systems are originally suitable for use in arid and hot regions. However, the
results mentioned above have demonstrated that with the assistance of a desiccant solution,
a composite IEC system can be effectively applied in hot and humid areas. Consequently,
policies can encourage the adoption of IEC systems in DCs within hot and humid regions,
supplemented by the liquid desiccant described in this paper (i.e., spraying the desiccant
solution in the primary air channel in the first stage). In addition, DCs are typically low-rise
buildings with ample roof area. Policies can suggest making full use of the rooftop space
to install solar energy equipment for regeneration of the desiccant solution or even power
supply to such IEC systems.

5. Limitations and Future Works

This study has conceptually proposed a multi-stage system and analyzed its thermal
performance for data center (DC) cooling in hot and humid climates. Nevertheless, the
system’s integration remains unrealized in the laboratory in reality. The detailed approach
for regenerating the liquid desiccant—a critical component of the system—has not been in-
cluded in this research. The strategies to incorporate renewable energy such as solar energy
are not presented as well. Furthermore, the integrated system is not optimized to contribute
a better cooling performance. Additionally, a comprehensive economic analysis, which
would include the determination of potential economic benefits and payback periods, is
requisite for practical engineering applications. Therefore, future works will be carried out
based on the above limitations: (1) To assemble the multi-stage IEC on the laboratory scale
or in a pilot-scale setting; (2) To incorporate the liquid desiccant regeneration system for
further investigation; (3) To involve a renewable energy system to enhance the low-carbon
and sustainability aspects; (4) To optimize the proposed system for optimal operating
conditions; (5) To carry out an economic analysis to estimate the system’s cost effectiveness,
operational expenses, and return on investment.

6. Conclusions

In this study, a multi-stage IEC system was developed for the cooling of data centers
(DCs) situated in hot and humid regions. Liquid desiccant (LD) was incorporated into
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the first-stage IEC to mitigate the influence of high-humidity ambient air on the cooling
performance and expand the application range of the IEC technology. The model of the
proposed system was constructed with validation from the published literature, and the
parametric analysis was carried out to investigate the thermal performance under various
inlet conditions. Furthermore, a case study was conducted based on a typical hot-humid
climatic zone (Hong Kong) to demonstrate the feasibility of the proposed system for
achieving the required supply air temperature for a DC. The main findings are summarized
as follows.

(1) The first-stage LD-IEC effectively reduces the wet-bulb temperature of the ambient
air, thereby enhancing the cooling performance of the second-stage IEC. However, a
higher ambient air temperature, relative humidity, and circulated air velocity may di-
minish the temperature drop, while an increased solution concentration and circulated
air temperature can expand the temperature drop.

(2) The cooling performance of the system improves with an increasing mass flow ratio
up to 0.8, but experiences a reduction as the mass flow ratio continues to grow to
0.9. This highlights the importance of determining the optimal value during the
design stage.

(3) The case study illustrates that the multi-stage IEC system can alleviate the constraints
of high-humidity ambient air on the cooling effect compared to a single IEC, which
greatly improves the temperature drop by 72.7%. This results in a significant reduction
in the operation time of energy-intensive supplementary cooling equipment from
5092 h to 31 h given the supply air temperature threshold of 25 ◦C. This advancement
brings us closer to the goal of utilizing fully natural passive cooling technology for
the cooling of DCs in hot and humid regions.

(4) Future works should include the integration of the multi-stage IEC in real practice,
the combination of the liquid desiccant regeneration system and a renewable energy
system, optimization, and economic analysis, which should demonstrate the reliable
cooling, energy saving, and cost-friendliness of the proposed system in DCs of hot-
humid regions.
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Nomenclature

cpa Specific heat of air, J/(kg·◦C)
d Channel height, mm
de Hydraulic diameter of channel, m
h Heat transfer coefficient, W/(m2·◦C)
hm Mass transfer coefficient, kg/(m2·s)
hfg Heat capacity of vaporization, 2501 kJ/kg
H Height, m
i Specific enthalpy, kJ/kg
L Length, m
Le Lewis number
m Mass flow rate of air, kg/s
Nu Nusselt number
P Pressure, kPa
Pr Prandtl number
r Mass flow ratio
Re Reynolds number
t Temperature, ◦C
u Air velocity, m/s
w Humidity ratio, g/kg
Greek symbols
σ Solution concentration
λ Thermal conductivity, W/(m·◦C)
Abbreviation
AC Air conditioning
DC Data center
LD-IEC Liquid desiccant-based indirect evaporative cooling
IEC Indirect evaporative cooling
RH Relative humidity
Subscripts
amb Ambient air
atm Atmospheric
circ Circulated air
d Dehumidification
e Evaporation
p Primary air
s Secondary air
sat Saturated status
sol Solution
w Water film
in Inlet
out Outlet
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