Case Studies in Thermal Engineering 52 (2023) 103683

-

&

ELSEVIER

Case Studies in Thermal Engineering

journal homepage: www.elsevier.com/locate/csite

Contents lists available at ScienceDirect

A liquid desiccant-assisted free-cooling system for energy-efficient
data centers in hot and humid climates

Hyo-Lim Park, Soo-Jin Lee, Jae-Hee Lee, Jae-Weon Jeong -

Department of Architectural Engineering, College of Engineering, Hanyang University, Seoul, 04763, Republic of Korea

ARTICLE INFO

ABSTRACT

Keywords:

Data center
Free cooling
Liquid desiccant
Cooling tower
Heat recovery

Air conditioning and cooling are essential to ensure the reliable operation of data centers. Several
studies have been conducted regarding the use of free cooling for energy-efficient cooling.
However, free cooling faces challenges when used in hot and humid environments, which can
lead to a decline in cooling tower performance. To address this issue, we propose a cooling system
that utilizes a liquid desiccant to lower the humidity and improve the performance of the cooling
tower, thereby reducing the energy consumption of the refrigeration system. Simulations were
conducted in areas where the data centers were located, considering hot and humid climates.
According to the simulation results, it was possible to achieve an average reduction of 35.12 % in
cooling energy consumption by improving the performance of the cooling tower.

Nomenclature

a surface area-to-volume ratio of packing [m?%/m?]
cp: specific heat of air [kJ/kg °C]

g gravitational acceleration [kg/s%]

DBT inlet air temperature [°C]

G gas flow rate [kg/h]

h enthalpy [kJ/kg]

H total head [m]

L: liquid flow rate [kg/h]

m mass flow [kg/h]

ps vapor pressure of desiccant solution [kPa]
Q load [kW]

p: specific weight of liquid [kg/m?]

T temperature [°F, °C]

\% air velocity [m/s]

Z packing height [m]

Greek Symbols

&epsi effectiveness
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® humidity ratio [kg/kg]
function of vapor pressure depression of the desiccant solution to the vapor pressure of pure water [(Pyater — Psolution)/
Pyater]

n: efficiency

Subscripts

a air

abs absorber

c cooling water

eq equilibrium humidity

i inlet

o outlet

r refrigerant

reg regenerator

s solution

server  server of data center

sump:  water, solution sump

Abbreviations

cond condenser

CT cooling tower

evap: evaporator

HX heat exchanger

pPUE Partial power usage effectiveness

1. Introduction

Data centers are infrastructure designed to securely manage exponentially increasing data in the implementation and cultivation of
information and communications technology industries such as Internet of Things, cloud computing, big data, and mobile commu-
nication [1]. The number of data centers is increasing worldwide, owing to the growing amount of data available. The cloud market in
Southeast Asia is expected to expand significantly in line with the regional growth of the Internet economy. Data center occupancy
across Southeast Asia averages 60-70 %, with Singapore being a key country with an occupancy rate of over 85 % [2]. In 2020,
Singapore’s data center investments contributed to the growth in demand for data centers in Indonesia, Malaysia, and other countries.
The rapid increase in data center demand is driven by the expansion of hyperscale cloud service providers and internet service pro-
viders [2]. However, the increasing demand for data centers has led to higher energy consumption and increased heat-dissipation
density [3]. As a result of the analysis of data center energy consumption, cooling accounts for 50 % of the total energy consump-
tion, whereas servers and storage utilize 26 %, energy usage for power conversion amounts to 11 %, network hardware accounts for 10
%, and the remaining 3 % is attributed to lighting within the data center [4]. To achieve energy-efficient data centers, it is essential to
reduce energy consumption, specifically for cooling, which is the most energy-intensive aspect. Various cooling technologies have
been researched to minimize cooling energy consumption in data centers, most notably free cooling, which involves utilizing outside
air for data center cooling [5]. Free cooling often uses water-side economizers connected to cooling towers, evaporative coolers, or dry
coolers to remove heat from data centers [6]. It utilizes outside air as a cooling medium or directly supplies it to a data center when the
outside air temperature is sufficiently low. One of the advantages of using outside air in free cooling is its lower energy consumption
compared to traditional cooling systems that rely on refrigeration units.

INTEL [7] tested an air economizer that used outside air at temperatures up t032.2 °C to cool production servers, potentially
reducing annual operating costs by up to USD 2.87 million for a 10 MW data center. According to Miller [8], Google operates data
centers in Belgium using a free-cooling system without refrigeration to improve energy efficiency. According to Amado et al. [9], with
the implementation of free cooling systems in 14 states throughout Brazil, cities like Curitiba, Sao Paulo, Porto Alegre, and Brasilia
have the capability to utilize both airside and waterside economizer modes for over 3000 h annually; this is achievable even when
considering conservative data center thermal operating limits.

Siriwardana et al. [10] implemented airside economizers in certain states in Australia, taking advantage of the cool and dry climate
conditions. Consequently, they confirmed cost savings in data center cooling expenses, thus demonstrating the potential of airside
economizer usage. Lee and Chen [11] investigated the energy-saving potential of air-side free cooling technology with differential
enthalpy control in data centers spanning 17 climate zones. These findings unequivocally establish the viability of the free-cooling
system in mixed-humid, warm-marine, and mixed-marine climate zones. Udagawa et al. [12] conducted simulations in four regions
of Japan to develop guidelines for implementing free-cooling systems in data centers, which resulted in an 8 % reduction in power
consumption when using air-side economizers. Specialized cooling tower installations require space, cost, and capacity considerations,
whereas packaged air conditioners with expanded low-pressure ratio control have shown the lowest annual power consumption in all
regions. Capzzoli et al. [13] investigated the state-of-the-art and emerging technologies in datacenter cooling systems and performed a
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comparative analysis of their advantages and disadvantages. In addition, they examined waste heat technologies and proposed pos-
sibilities for improving energy efficiency.

However, free cooling has limitations in regions exhibiting hot and humid climates. The use of cooling towers in free-cooling
systems often cannot provide sufficient cooling for the coolant [14]; this is because, when hot and humid outside air enters the
cooling tower, the temperature of the incoming cold water and the evaporation cooling process are affected by the high humidity and
temperature of the outside air. Consequently, the temperature of the cold water increases, leading to challenges in maintaining
effective cooling. Therefore, to apply a free cooling system in Southeast Asia data centers, improvements in the evaporative cooling
performance of the cooling towers are required. This involves finding ways to reduce the humidity and temperature of the hot and
humid outside air to lower the temperature of the cold water during the evaporation-cooling process.

In this study, we propose the implementation of a cooling system using a liquid desiccant to enhance the performance of cooling
towers in hot and humid climate regions, specifically for free cooling purposes. This cooling system incorporates dehumidification and
regeneration processes in which the desiccant solution is sprayed to extract moisture from the incoming air in the dehumidification
section [15]. The primary research objective is to improve cooling tower efficiency and minimize the energy consumption related to
refrigeration, resulting in more effective cooling for data centers. Moreover, an assessment is conducted to evaluate the suitability of
this liquid-desiccant-based free-cooling system for deployment in Southeast Asia.

2. System overview

2.1. Reference system

The reference system is shown in Fig. 1. It consists of a chiller, a cooling tower, a heat exchanger, a fan, and a pump [16].

The cooling tower produces coolant through the evaporative cooling of outside air and water. If the coolant temperature does not
decrease to the design temperature required to remove heat from the data center, chiller units are employed to further lower the
coolant temperature. Heat from the condenser of the chiller unit is dissipated into the atmosphere.

2.2. Proposed system

The cooling system proposed for the data center in this study utilizes a liquid desiccant system. The goal of this system is to lower
the wet-bulb temperature to improve the performance of the cooling tower. The proposed system is illustrated in Fig. 2.

The cooling system is composed of a liquid-desiccant unit (absorber and regenerator), two types of cooling towers, a chiller, three
heat exchangers, fans, and pumps. During summer, the outdoor air passes through the absorber of the liquid desiccant system. In this
process, the inlet air and desiccant solution interact, causing the moisture in the outdoor air to be absorbed by the solution due to the
difference in vapor pressure between the air and moisture.

A solution with a lower concentration during the dehumidification process is collected in a sump. Similarly, the diluted solution can
be regenerated through a regeneration process to increase its concentration. The regenerated solution is heated to increase its tem-
perature and then flowed into the regenerator unit, where water vapor is removed through a desorption process. To maintain the
regeneration and dehumidification performance of liquid-desiccant solutions, it is essential to maintain the appropriate temperature
and consistent temperature and concentration levels [17]. There has been extensive research on the ranges of temperature and hu-
midity, and temperature ranges between 20 and 35 °C and humidity levels around 30-45 % have been suggested for optimal dehu-
midification [18] The desiccant solution exhibits effective dehumidification performance at low temperatures and high concentrations
[19,20]. After the dehumidification process, the solution becomes diluted due to an increase in moisture content. Heating is required to
remove the moisture content within the solution, and the heated solution must subsequently be cooled to lower temperatures [21]. In
this study, uses the method of recovering waste heat generated from the condenser of the chiller and increasing the concentration of the
diluted desiccant solution through a regenerator process. This method utilizes waste heat for heating the solution, allowing for the
omission of heating energy. In addition, a cooling tower is used to lower the temperature of the desiccant solution. The coolant and
solution discharged from the cooling tower for desiccant solution cooling can be brought to the desired design temperature for
dehumidification in heat exchanger 3 (HX3). After passing through the dehumidification process, the outside air experiences a
decrease in its wet-bulb temperature. When the outside air with a lowered wet-bulb temperature is introduced into the cooling tower, it
encounters the coolant and undergoes free cooling. The coolant, which is discharged from the cooling tower, flows through heat
exchanger 1 (HX1) to remove the heat generated by the data center. HX 1 is placed to prevent damage to the equipment in the data
center when the coolant flows directly into the data center. If the coolant temperature is not sufficient to remove the heat, the coolant is
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Fig. 1. Schematic diagram of Reference cooling system.
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Fig. 2. Schematic diagrams of proposed cooling system.

further cooled in the refrigeration unit to meet the design temperature; however, if the coolant temperature is sufficient to satisfy the
design temperature, it can be directly used for heat removal without additional cooling in the refrigeration unit.

3. Simulation overview
3.1. EnergyPlus weather data

Energyplus includes typical weather conditions based on previous years. This study selected weather data for five regions from
EnergyPlus to evaluate the dehumidification performance of the proposed system in hot and humid Southeast Asia and compared it
with the reference system. The five regions chosen were Singapore (Singapore), Vietnam (Hanoi), Indonesia (Jakarta), Malaysia (Kuala
Lumpur), and the Philippines (Manila), where data centers are currently situated. Weather data from June to Augu st were used for this
analysis.

3.2. Data center condition

Determining the total IT load plays a crucial role in guiding data centers to establish the appropriate IT power density for designing
the cooling system, as well as in making decisions regarding the cooling method and capacity. For this study, a total IT load of 150 kW
was assumed, which represents the accumulated minimum unit IT room configuration, as indicated in prior research [22]. It was
further assumed that each rack would generate 15 kW of heat with 10 racks deployed. The R134a refrigerant, introduced for the
purpose of dissipating the heat generated in the data center, enters the liquid state at a temperature of 17 °C (Tux1,,); after heat
removal, it undergoes a phase change into the gaseous state and is exhausted at 30 °C (Tyx1 o) It is assumed that a complete phase
change from liquid to gas occurs in the R134a refrigerant. The flow rate of the R134a refrigerant can be calculated using the heat
generated in the data center and the enthalpy difference between the refrigerant’s inlet and outlet (Rserver,0,r, Rserver.ir). As shown in Eq.
(1), considering the amount of heat and enthalpy.

server,o,r hserver,i.r

Mserverr =7 (€D

HX 1 is utilized to cool the refrigerant that returns from the data center servers after removing the heat from the servers in the
evaporator.

The refrigerant that is cooled in the evaporator and returns from the data center servers, circulating back to the servers for cooling,
is assumed to have a temperature of 17 °C, and the efficiency of HX 1 is assumed to be 75 % based on previous research [23]. The
capacity of the heat exchanger (Qgx;) can be calculated based on the enthalpy difference between the refrigerant flow entering the heat
exchanger (Mgerverr = Muxa) and the inlet and outlet of the R134a refrigerant (Eq. (2)).

Onx1 = mux (hHXl.u - thu) )

The temperature of the coolant in and out of HX 1 can be calculated using the temperature difference between the inlet coolant and
the refrigerant, as well as the heat exchanger efficiency (Egs. (3) and (4)). In this study, the outlet temperature of Tyx; ,. Was calculated
assuming a coolant outlet temperature of 12 °C for the coolant that is cooled and discharged from the chiller. Additionally, the coolant
flow rate (mpux; c) was determined using the heat exchanger capacity, the specific heat of the coolant, and the coolant temperature
difference in HX 1 (Eq. (5)).

THXl.i.r - THXI.(),r)

Tuxtic = Tux1ir — < 3

Enx1
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Tux1.0c = Thx1ic + €ux (THXl,i.r - THXl.i.c) 4)
Mpx1,c = QHXI (THXL,W, - THX].i.(-) (5)
CPHX1,i,c

3.3. Liquid desiccant unit

LiCl solutions are commonly used in liquid desiccant applications [24]. In this study, a LiCl solution was used in the liquid desiccant
system. The dehumidification effectiveness of the system was determined using Eq. (6); when absorber inlet and outlet absolute
humidity (@gpsi, @qps,0) are known in the absorber, the dehumidification effectiveness of the liquid desiccant system is determined as
the ratio of the change in actual moisture content of air removing the system to the maximum possible change in the moisture content
under a given operating condition [25].

The regeneration efficiency can be calculated using Eq. (7), given the regenerator inlet and outlet absolute humidity (@reg i, ®reg0)
states in the regenerator. The equilibrium humidity ratio (w.,) is determined using Eq. (8) [26], and the vapor pressure (p;) required to
determine can be calculated using Eq. (9) and the coefficients in Table 1.

Daps,i — Dabs.o
Eabs = (6)
WDaps,i — Dabs,eq

[ — Wyegi
Ereg = reg,0 reg,i (7)

a)reg,eq - a)reg.i

Ps
0622 P
@eq =06 (101.32571);) ®

ps:(ao-i-alTL"rusz) + <b0+blTL+b2Tz)C (€)

+(co+ 1T+ T7)Cp

3.3.1. Absorber

In this study, the model proposed by Chung and Luo was used to calculate the dehumidification effectiveness (Eq. (10)) [26]. L;, and
G; are the inlet mass flow rates of air and liquid, respectively, DBTg and T;, denote the inlet air temperature and inlet liquid tem-
perature, respectively. a is the surface-area-to-volume ratio of the packing, and Z is the packing height. 7 represents a function of the
vapor pressure depression of the desiccant solution to the vapor pressure of pure water. Based on the experimental results of this
model, approximately 80 % of the data points exhibited a deviation of +10 %, and the average error between the predicted and
experimental data was approximately 9.96 %. Therefore, the simulation results of this study show an error of approximately 9.96 %
[27].

0.6
G DBIG,
0.024| 7+ ) exp| 10Tt

(az) 0TS 7063

1-—

Eaps = (10)
DBIG,
TLi

0.195 exp <0.615

- 721498

The temperature of the solution entering the absorber must be cooled to within 15-30 °C to minimize the effects of heat generated
during the dehumidification process. The absorber solution in the proposed system is cooled using water-side free cooling through a
cooling tower, which is an easy way to reduce the cooling energy consumption. Considering the temperature limits of the coolant that
can be produced by free cooling during the summer, this study set the target temperature and concentration of the solution used in the
absorber to 20 °C and 30 %, respectively [28]. Moreover, the airflow rates of the cooling tower (m,;,) and absorber (mg ;) both equal

Table 1
Dehumidification and regeneration process constant [26].

Dehumidification process ap a ap by by
4.58208 —0.159174 0.0072594 —18.3816 0.5661
by Co 1 C2
—0.019314 21.312 —0.666 0.01332

Regeneration process a a; as bo by
16.294 —0.8893 0.01927 74.3 —1.8035
by Co 51 C2
—0.01875 —226.4 7.49 —0.039
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Mmux . due to the balanced flow setting of the coolant flow rate of HX 1 (myx1 ) with the cooling tower airflow (m;q).The mass flow
rates of the solution and air (Mgys; 4, Mapsis) Used in the absorber are set to a liquid-to-gas ratio of 1.0 [29]; thus, the flow rates of the
absorber solution (mgps;s) and air (Mg, ) are the same. The inlet air temperature (Tgs ;o) and absolute humidity (Wgps ;) of the absorber
unit are the same as the outdoor temperature (T,,) and absolute humidity (w,,) when outside air is directly introduced.

The dehumidification of air passing through the absorber unit yields the outlet humidity ratio of the processed air, which can be
calculated using Eq. (11) by considering the difference between the inlet air humidity ratio and equilibrium humidity, as well as the
dehumidification efficiency. Similarly, the outlet air temperature can be calculated using a comparable approach, as expressed in Eq.
(12), by considering the difference between the inlet air temperature and inlet solution temperature, along with the effectiveness of the
absorber. The description of the parameters indicated in each equation is as shown in Table 2.

Wabs,0.a = Wabs,ia — Eabs (Wahs,[.u - Weq,abs,[.s) (1 1)

Tnhs,z).a = Labsia — Eabs (Tah.\'.i.a - Tahs,i‘s) (12)

The difference between the inlet and outlet absolute humidities represents the change in absolute humidity and the amount of
dehumidification (Eq. (13), Eq. (14)). The outlet air mass flow can be estimated from the difference between the estimated dehu-
midification mass flow and the inlet air mass flow (Eq. (15)).

Wdehum = Wabs,iia — Wabs,0.a (13)
Mdehum = Mabs.i.a (Wabx.i,a - Wab:.u.a) (14)
Mabs.0.a = Mabs,ia — Mdehum (15)

After dehumidification, the outlet mass flow of the solution can be calculated as the sum of the dehumidified and inlet solution mass
flows, as shown in Eq. (16). This is because the moisture content within the solution increases after dehumidification, leading to an
increase in the mass flow.

Maps,0.s = Maehum + Mabsi.s (16)

The absorber outlet solution temperature can be derived from the concentration and enthalpy in the EES library. The outlet
concentration of the solution is given by Eq. (17), which is determined by the proportionality relationship between the inlet and outlet
solution mass flows and concentrations.

Mgps i sXabs,i,s
Xabs,o,s = —bsbaTabyiy (17)
Mabs,o,s
The enthalpy of the solution can be obtained using the energy balance equation in Eq. (18). This equation relates the dehumidified
mass flow, heat of vaporization of water, absorber inlet solution mass flow, absorber inlet solution enthalpy, and outlet solution mass
flow.

mdelmmhfg + Mps,i,s + habs,i.s

18)

Rabs.0.s =
v Mabs,o.5

After undergoing the dehumidification process, the solution becomes diluted and is directed towards the absorber sump. From

Table 2
Parameter of equation.
parameter  Explain parameter Explain
Eabs Absorber effectiveness Mdehum Dehumidification mass flow
G; Inlet gas flow rate Mabs.0.a Absorber outlet air mass flow
L; Inlet liquid flow rate Maps.o.s Absorber outlet solution mass flow
DBTg, Inlet air temperature Xabs.o.s Absorber outlet solution concentration
Ty Inlet liquid temperature Raps 0.5 Absorber outlet solution enthalpy
b2 Function of vapor pressure depression of the desiccant solution to the vapor Crnin,Hx2 Minimum capacitance rate of heat exchanger
pressure of pure water
a surface area-to-volume ratio of packing CDsump,reg Regenerator sump specific heat
V4 packing height CDsump,abs absorber sump specific heat
Wabs.o.a Absorber outlet air humidity ratio THx2.0.To.abs Outlet heat exchanger2 temperature (for
absorber)
Wabs.ia Absorber inlet air humidity ratio Tsump,reg Regenerator sump temperature
Weq.abs.iss Absorber inlet solution equilibrium humidity EHx2 Heat exchanger 2 effectiveness
Tabs.oa Absorber outlet air temperature Toump,abs Absorber sump temperature
Tapsia Absorber inlet air temperature Mapsis Absorber inlet solution mass flow
Tapsis Absorber inlet solution temperature THx2.0,To.reg Outlet heat exchanger2 temperature (for
regenerator)
Weehum Absolute humidity Mregis Regenerator inlet solution mass flow
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there, the collected solution is transferred to heat exchanger 2 (HX2). Leveraging the hot, concentrated desiccant released from the
regenerator, HX2 efficiently preheats the weak solution flowing into it. The use of HX2 in reduced thermal energy consumption for the
regenerator and decreased cooling requirements for the absorber. The two solutions undergo heat exchange with each other. The
efficiency of the heat exchanger is assumed to be 0.75, and the capacitance rate is determined by the mass flow and specific heat of the
solution in the absorber and regenerator, as shown in Eq. (19). The specific heat of the solution collected in the sumps can be tracked
using the temperature and concentration in the EES library. The temperature of the outgoing solution can be determined using Eqgs.
(20) and (21), based on the determined capacitance rate.

Cmill,HXZ =min (mabs,i,xcpsump.mp mreg.i.xcpsumpﬂb:) (19)
€rx2 (Comintix (Toumpyreg — Tsumpoabs ) )
THXZ.O,T().ub: = Tmmp.reg - N (20)
Mepy.i.sCPsump,reg
€nx2 (Cmin.HXZ (Tsump,rfg - Tsump,ab:))
THXZ.a.To,reg = L sump,abs + (21)
mreg.i,scpsump.abs

3.3.2. Regenerator

The absorber of the liquid desiccant system operates at a low solution temperature range to lower the vapor pressure and increase
dehumidification performance, while the regenerator operates at a high solution temperature range of 40-80 °C to increase regen-
eration performance [30-32]. The outlet air condition of the regeneration unit can be calculated assuming an efficiency of 40 % for the
regenerator. The inlet air temperature and humidity ratio of the regenerator are the same as those of the outside air, and the
regeneration process of the regenerator unit is similar to that of the dehumidifier. This process can be considered as the inverse of the
dehumidification process, which relies on the desorption and adsorption relationship between the solution and the air. The outlet
temperature and humidity ratio of the regenerator are calculated using the temperature difference, equilibrium humidity ratio dif-
ference, and efficiency, as shown in Egs. (22) and (23). The regenerated air flow rate can be calculated using Eq (24). This is derived
from the product of the humidity ratio difference between the air entering and leaving the regenerator part and the air flow rate
entering the regenerator part.

The air mass flow that exits after regeneration is determined using Eq. (25), which considers the increased water vapor mass flow
due to regeneration and the inflow rate. The regenerator outlet solution conditions are as follows: The outlet solution mass flow is
equal to the difference between the inlet solution mass flow and the increased water vapor mass flow after regeneration (Eq. (26)). The
solution concentration can be derived from the proportional relationship between the inlet and outlet solution concentrations and their
respective flow rates (Eq. (27)). The enthalpy is determined using the energy balance (Eq. (28)).

Wregoa = Wregia + Ereg (weq,,cg,l-,s — Wreg.i,a) 22)

Tregoa =Tregia + Ereg (Tregis — Tregia) (23)

Myeg = Myegia (Wr('g,o,a - Wreg,[,a) (24)

Myego.a = Mregia & Mreg (25)

Myegos = Mregis — Mg (26)

Xregos = Myeg i sXregi,s @7
mmg.a,.\

hrcg,o; — mreg.,i,.shregj,x + m,eg + h_[g (28)

Myego.s

3.4. Cooling tower unit types

In this study, two types of cooling towers were utilized: Cooling tower 1 (CT1), which provided coolant for heat removal, and
Cooling tower 2 (CT2), which cooled the liquid desiccant solution. Both cooling towers used the same type of tower with the same
performance. For CT 1, the coolant flow rate and cooling tower airflow were set to a balanced flow, resulting in the same airflow and
flow rate as the absorber, which can be calculated using Eq. (1). It was assumed that the inlet coolant temperature of CT 1 equaled
Tux 0, without any heat loss. An approach temperature of 2 °C was used for the cooling tower analysis. The outlet coolant temperature
of CT 1 can be determined using Eq. (29); based on this, the range was calculated using Eq. (30).

Approache =Tcr o0 — Whicriia (29)

Range., =Tcr1 0w — Tertiw (30)

To analyze the cooling tower (CT 2) for reducing the solution temperature, the following steps were performed. The inlet water
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mass flow to CT 2 was assumed to be the same as that to CT 1, and the inlet air mass flow was calculated by assuming a liquid-to-gas
ratio (LG) of 1 using Eq. (31). It was assumed that the water mass flowing in and out of the cooling tower circulated at a constant flow
rate without any reduction.

mcr2,ia = Mcr2,iw LG (31)

The temperature of the inlet water equaled the outlet temperature after heat exchange with the solution at HX 3. As a result of this,
the solution is cooled down to a target temperature of 20 °C at HX 3. The outlet water temperature of CT 2 can be determined using the
wet-bulb temperature and approach, which is assumed to be the same as CT 1 at 2 °C (Eq. (32)). The range of CT 2 is calculated using
Eq. (33), which computes the difference between the outlet and inlet temperatures of the coolant from CT 2.

Tera o =Whtcraia + Approachcer (32)
Rangecry =Tcraom — Terain (33)

3.5. Chiller unit

In this study, a chiller was used when the coolant leaving the cooling tower was not at a sufficiently low temperature to remove
heat. This is because the hot and humid outside air in Southeast Asia has peak times during which it cannot be adequately dehumidified
through the liquid desiccant process. However, by lowering the chilled-water temperature through dehumidification, the cooling
energy used by the refrigeration system can be reduced compared to the chilled-water temperature from conventional free cooling.
Various refrigerants are used in chiller systems; in this study, the widely used refrigerant R410A was selected. The chiller system
comprises an evaporator, condenser, compressor, and expansion valve, with the evaporator being the key component in this study.
Based on previous research, the efficiencies of the evaporator, condenser, and compressor were set to 75 %. This study focuses on
determining the temperature of the evaporator using the efficiency of the evaporator and coolant that exits CT 1 and enters HX 1 (Eq.
(34)).

Tevap = Lsump,CT1,0ld — M (34)
8evap

To improve the energy efficiency, this study proposes a method for recovering the heat generated by the condenser during the
cooling cycle. The temperature at which the condenser releases heat is determined by Eq. (35), which considers the solution tem-
perature at HX2 when it flows to regenerator Ty, 1o, the target temperature for heating the solution (Treg;s target) t0 40 °C, and the
condenser efficiency.

(35)

Econd

(Tre'g.i..\'.mrget - THXZ‘TrJ.reg)
Teona = THXZ,ToAreg +

3.6. Fan and pump

3.6.1. Fan

The proposed system comprises four fans, including the dehumidification and regeneration sections of the liquid desiccant, as well
as two fans for the cooling tower. The energy consumption of these fans can be determined using Egs. (36) and (37), where Eq. (37)
calculates the design fan power and air volume flow rate. The partial load ratio (PLR) represents the ratio of the real-time airflow rate
to the design airflow rate. In this study, the PLR for each component was assumed to be 1 while assuming that the ratio of the real-time
airflow rate to the design airflow rate was the same. The fan efficiency was set to 0.5, and the pressure rise for the absorber, regen-
erator, and cooling tower fans was set to 120 kPa based on the airflow rate [33].

vV \0.12
fandesign = (m) W (36)
fan = (fangeig, (0.0013 +0.1470PLR + 0.9506PLR> — 0.0998PLR’)) (37)
3.6.2. Pump

In this study, seven pumps were used: the absorber pump, regenerator pump, absorber-to-regenerator pump, HX1 pump, HX2
pump, HX3 pump, and solution cooling tower pump. In this simulation, it is assumed that the pumps are constant-flow-rate pumps, and
their output is determined using Eq. (38), which considers the fluid flow rate (V), a pump efficiency (npump) of 0.6, and a head (H) of 20
m [34].

pgVH

10007, (38)

pump =

3.7. Partial power usage efficiency (pPUE)

When assessing the thermal performance of a data center’s cooling system, ASHRAE recommends using the power usage effec-
tiveness (PUE) metric. However, PUE is a comprehensive concept that encompasses all electricity used in a data center, not just that of
the IT servers. In this study, partial PUE (pPUE) was used to evaluate the efficiency of a cooling system using a liquid desiccant system.
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The pPUE is defined as the total energy of the IT equipment and cooling energy within the boundary divided by the IT equipment
energy within the boundary [35]. In this context, Weooiing represents ITcoojing toad, Which is the sum of the compressor power of the chiller
and the total load of the fan and pump. The formula for calculating the pPUE is as follows Eq. (39):

ITe uipment power coolin;
PPUE — 1 eauioment pover - Weooling (39)

I Tequipmem power

4. Simulation result and discussion

4.1. The process air dehumidification effect and cooling tower water temperature

Energy simulations were conducted under hot and humid conditions during the cooling period of the simulation year. Under these
conditions, the sum of the dehumidification effect, the cooling tower outlet temperature, and the energy consumed were added to the
results. Fig. 3 shows the change in the outlet air conditions passing through the absorber. The red square (T,,) represents the outdoor
air temperature and humidity ratio, and the blue square (Ty;s,4) represents the temperature and humidity ratio of the dehumidified
air.

Table 3 shows the average wet-bulb temperature and humidity ratio of the outdoor air before passing through the absorber in the
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Fig. 3. Change in outdoor air temperature before and after liquid desiccant process in (a) Singapore (SGP - Singapore), (b) Vietnam (VNM - Hanoi), (c) Indonesia (IDN
- Jakarta), (d) Malaysia (MYS - Kuala Lumpur), (e) the Philippines (PHL - Manila).
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selected regions in Southeast Asia.

The humidity ratio of the hot and humid air passing through the absorber was confirmed to be reduced to an average of 0.0138 kg/
kg. After the absorber process, the average wet-bulb temperatures in the five regions decreased from 25.69 to 22.08 °C. Fig. 4 and
Table 4 show the variation in the cooling-tower outlet temperature after outdoor air dehumidification. This decrease in wet-bulb
temperature confirmed, using a relational approach, that the average outlet temperature of the cooling tower in each region was
24.14, 25.05, 23.66, 23.26, and 24.29 °C respectively.

4.2. Cooling energy consumption and pPUE

The changes in the cooling energy usage and pPUE of a data center cooling system with the application of a liquid desiccant system
is shown in Fig. 5. The cooling energy consumption in the reference system for each region was 46.05, 47.91, 44.39, 43.84, and 46.34
kW for Singapore (Singapore), Vietnam (Hanoi), Indonesia (Jakarta), Malaysia (Kuala Lumpur), and the Philippines (Manila),
respectively. However, the proposed system with the application of the liquid desiccant system resulted in an average cooling energy
consumption of 34.77 kW for Singapore (Singapore), 37.04 kW for Vietnam (Hanoi), 33.59 kW for Indonesia (Jakarta), 32.64 kW for
Malaysia (Kuala Lumpur), and 35.11 kW for the Philippines (Manila), showing an average improvement of 24.26 %. This improvement
was achieved by reducing the energy consumption of the refrigeration system by an average of 35.12 %.

The pPUE results used to assess the cooling energy efficiency of the data center are presented in Fig. 6.

When comparing the reference system with the proposed system, an average pPUE reduction of 5.82 % was observed across the five
regions. The simulation results showed that the proposed system had increased energy consumption owing to the higher number of
fans and pumps, as well as the increased airflow in the regeneration section. By improving the free-cooling performance of the cooling
tower with dehumidified outdoor air, the proposed system achieved a lower coolant production, thereby reducing the usage of the
compressor in the refrigeration system and enabling energy savings.

5. Conclusion

This study aims to achieve two main objectives. The first objective is to enhance the performance of free-cooling systems, and the
second objective is the efficient energy consumption of these systems in hot and humid regions, particularly in Southeast Asia. To fulfill
these goals, the proposed system combines a liquid-desiccant system with a free-cooling system.

To evaluate the efficiency and applicability of the liquid-desiccant-free cooling system in hot and humid climates, outdoor air data
from five Southeast Asia regions, namely Singapore (Singapore), Vietnam (Hanoi), Indonesia (Jakarta), Malaysia (Kuala Lumpur), and
the Philippines (Manila), were used. Simulation results demonstrated that the outdoor air, after passing through the liquid desiccant
dehumidification section, achieved an average reduction of 42.79 % in humidity ratio. The decreased humidity facilitated heat ex-
change with water in the cooling tower, resulting in lower cooling-tower outlet temperatures. The calculated cooling tower inlet
temperature was 25.6 °C, while the outlet water temperatures after free cooling in the reference system were 27.70, 28.52, 27.44,
26.96, and 27.84 °C for Singapore (Singapore), Vietnam (Hanoi), Indonesia (Jakarta), Malaysia (Kuala Lumpur), and the Philippines
(Manila), respectively, while the improved outlet temperatures in each region were 24.14, 25.04, 23.66, 23.26, and 24.29 °C,
respectively. By using dehumidified outdoor air and employing evaporative cooling with water in the cooling tower, the proposed
system produces coolant at lower temperatures than the traditional free-cooling system, reducing the cooling load on the refrigeration
system. Consequently, the energy consumption for data center cooling was reduced by an average of 26.02 %, leading to an average
PPUE reduction of 6.11 % and achieving the two main objectives of this study. The integration of liquid-desiccant dehumidification
with free cooling demonstrates the potential for energy savings in Southeast Asia.

With the increasing energy consumption of data centers, many engineers are considering the implementation of free-cooling
systems for efficient energy usage. However, such systems demonstrate ideal efficiency under colder outdoor conditions, and face
challenges in hot and humid climates, resulting in higher cooling energy consumption. The proposed liquid-desiccant free-cooling
system aims to address the limitations of traditional free-cooling systems by reducing the cooling energy consumption and improving
the free-cooling performance in hot and humid climates. Furthermore, this study was conducted using simulations to assess the
feasibility of implementing a data center cooling system with liquid desiccation and to determine trends in energy savings. The
simulation results obtained in this study will be validated later by comparing them with experimental operating results using the
system that will be constructed.
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Tabl
V:riaeti::n in humidity temperature and absolute humidity after dehumidification.
SGP (Singapore) VNM (Hanoi) IDN (Jakarta) MYS (Kuala Lumpur) PHL (Manila)
Toq Tabs.o.a Toa Tnbs.o.u Toa Tabs.u.a Toa Tﬂbs.o.u Toa Tabs.u.a
Average wet-bulb temperature [°C] 25.70 22.14 26.52 23.05 25.44 21.66 24.96 21.26 25.84 22.29
Average humidity ratio [kg/kg] 0.0199 0.0139 0.0208 0.0149 0.0188 0.0131 0.0188 0.0129 0.0200 0.0141
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Fig. 4. Cooling tower outlet temperature variations in (a) SGP - Singapore, (b) VNM - Hanoi, (c) IDN - Jakarta, (d) MYS - Kuala Lumpur, (e) PHL - Manila.

Table 4
Average variation in cooling tower outlet temperature.
SGP (Singapore) VNM (Hanoi) IDN (Jakarta) MYS (Kuala Lumpur) PHL (Manila)
Tct,n.w.ref Tcw,w,pra Tct,o,w,mf Tcw‘w .pro Tct,o,w,ref Tct.o.w.pro Tcr,mw‘ref Tct,o.wpm Tct,mw‘ref Tct,o.wpm
27.70 24.14 28.52 25.05 27.44 23.66 26.96 23.26 27.84 24.29
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wComp| 4095 [ 2649 | 4279 | 2876 | 3927 | 2531 [ 3872 | 2436 | 4122 | 2638

Fig. 5. Energy consumption for Southeast Asia region.

11



H.-L. Park et al. Case Studies in Thermal Engineering 52 (2023) 103683

13
132
13
128
126
5 124
122
12
L1s
116 -
ref | pro ref | pro ref | pro f [ pro f | pro
SGP VNM IDN MYS PHL
(Singapore) (Hanoi) (Jakarta) (Kuala Lumpur) (Manila)
pPUE| 131 [ 123 132 | 125 130 [ 122 120 [ 122 131 [ 123

Fig. 6. pPUE analysis of Southeast Asia regions.

CRediT author statement

Hyo-Lim Park: Conceptualization, Methodology, Data curation, Writing original draft preparation. Soo-Jin Lee: Methodology,

Validation. Jae-Hee Lee: Methodology, Validation. Jae-Weon Jeong: Supervision, Validation, Reviewing and Editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Data availability

Data will be made available on request.

References

[1]

[2]
[31

[4]
(5]
(6]
[7]
(8]
[91
[10]
[11]
[12]
[13]

[14]
[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]

A. Corallo, A.M. Crespino, V.D. Del Vecchio, M. Lazoi, M. Marra, Understanding and defining dark data for the manufacturing industry, IEEE Trans. Eng. Manag.
70 (2023) 700-712, https://doi.org/10.1109/TEM.2021.3051981.

Dublin, Southeast Asia Data Center Market — Investment Analysis & Growth Opportunities 2022-2027, 2022.

C. Nadjahi, H. Louahlia, S. Lemasson, A review of thermal management and innovative cooling strategies for data center, Sustain. Comput. Inform. Syst. 19
(2018) 14-28, https://doi.org/10.1016/j.suscom.2018.05.002.

M. Dayarathna, Y. Wen, R. Fan, Data center energy consumption modeling: a survey, IEEE Commun. Surv. Tutor. 18 (2016) 732-794, https://doi.org/10.1109/
COMST.2015.2481183.

H. Zhang, S. Shao, H. Xu, H. Zou, C. Tian, Free cooling of data centers: a review, Renew. Sustain. Energy Rev. 35 (2014) 171-182, https://doi.org/10.1016/j.
rser.2014.04.017.

J. Dai, M.M. Ohadi, D. Das, M.G. Pecht, Optimum Cooling of Data Centers Application of Risk Assessment and Mitigation Techniques..

D. Atwood, J. Miner, ‘Reducing data center cost with an air economizer,” Intel White Paper, Tech. Rep. (August) (2008) 1-4.

R. Miller, Google’s Chiller-Less Data Center, 2009. Data center knowledge, http://www.datacenterknowledge,Com/archives/2009/07/15.

E.A. Amado, P.S. Schneider, C.S. Bresolin, Free cooling potential for Brazilian data centers based on approach point methodology, Int. J. Refrig. 122 (2021)
171-180, https://doi.org/10.1016/j.ijrefrig.2020.11.010.

J. Siriwardana, S. Jayasekara, S.K. Halgamuge, Potential of air-side economizers for data center cooling: a case study for key Australian cities, Appl. Energy 104
(2013) 207-219, https://doi.org/10.1016/j.apenergy.2012.10.046.

K.P. Lee, H.L. Chen, Analysis of energy saving potential of air-side free cooling for data centers in worldwide climate zones, Energy Build. 64 (2013) 103-112,
https://doi.org/10.1016/j.enbuild.2013.04.013.

Y. Udagawa, S. Waragai, M. Yanagi, W. Fukumitsu, Study on free cooling systems for data centers in Japan, INTELEC Int. Telecommun. Energy Conf. (Proc.)
(2010) 1-5, https://doi.org/10.1109/INTLEC.2010.5525676.

A. Capozzoli, G. Primiceri, Cooling systems in data centers: state of art and emerging technologies, Energy Proc. 83 (2015) 484-493, https://doi.org/10.1016/j.
egypro.2015.12.168.

R. Kent, Energy Management in Plastics Processing: Strategies, Targets, Techniques, and Tools, Elsevier, 2018.

L. Mei, Y.J. Dai, A technical review on use of liquid-desiccant dehumidification for air-conditioning application, Renew. Sustain. Energy Rev. 12 (2008)
662-689, https://doi.org/10.1016/j.rser.2006.10.006.

Y. Zhang, Z. Wei, M. Zhang, Free cooling technologies for data centers: energy saving mechanism and applications, Energy Proc. 143 (2017) 410-415, https://
doi.org/10.1016/j.egypro.2017.12.703.

Y. Yin, J. Qian, X. Zhang, Recent advancements in liquid desiccant dehumidification technology, Renew. Sustain. Energy Rev. 31 (2014) 38-52, https://doi.org/
10.1016/j.rser.2013.11.021.

T. Katejanekarn, S. Kumar, Performance of a solar-regenerated liquid desiccant ventilation pre-conditioning system, Energy Build. 40 (2008) 1252-1267,
https://doi.org/10.1016/j.enbuild.2007.11.005.

S. Jain, P.K. Bansal, Performance analysis of liquid desiccant dehumidification systems, Int. J. Refrig. 30 (2007) 861-872, https://doi.org/10.1016/j.
ijrefrig.2006.11.013.

Y. Chen, Y. Yin, X. Zhang, Performance analysis of a hybrid air-conditioning system dehumidified by liquid desiccant with low temperature and low
concentration, Energy Build. 77 (2014) 91-102, https://doi.org/10.1016/j.enbuild.2014.03.050.

J. Liu, T. Zhang, X. Liu, J. Jiang, Experimental analysis of an internally cooled/heated liquid desiccant dehumidifier/regenerator made of thermally conductive
plastic, Energy Build. 99 (2015) 75-86, https://doi.org/10.1016/j.enbuild.2015.04.023.

J.K. Cho, Y.J. Lee, W.B. Lee, A study on the rack-based cooling approach applicability for stable IT environment of high-density and hyper-scale data centers,
Korean J. Air-Cond. Refrig. Eng. 34 (2022) 183-197, https://doi.org/10.6110/KJACR.2022.34.4.183.

J.H. Shin, J.Y. Park, M.S. Jo, J.W. Jeong, Impact of heat pump-driven liquid desiccant dehumidification on the energy performance of an evaporative cooling-
assisted air conditioning system, Energies 11 (2018), https://doi.org/10.3390/en11020345.

L. Xiu-Wei, Z. Xiao-Song, W. Geng, C. Rong-Quan, Research on ratio selection of a mixed liquid desiccant: mixed LiCl— CaCl2 solution, Sol. Energy 82 (2008)
1161-1171, https://doi.org/10.1016/j.solener.2008.05.015.

12


https://doi.org/10.1109/TEM.2021.3051981
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref2
https://doi.org/10.1016/j.suscom.2018.05.002
https://doi.org/10.1109/COMST.2015.2481183
https://doi.org/10.1109/COMST.2015.2481183
https://doi.org/10.1016/j.rser.2014.04.017
https://doi.org/10.1016/j.rser.2014.04.017
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref7
http://www.datacenterknowledge,Com/archives/2009/07/15
https://doi.org/10.1016/j.ijrefrig.2020.11.010
https://doi.org/10.1016/j.apenergy.2012.10.046
https://doi.org/10.1016/j.enbuild.2013.04.013
https://doi.org/10.1109/INTLEC.2010.5525676
https://doi.org/10.1016/j.egypro.2015.12.168
https://doi.org/10.1016/j.egypro.2015.12.168
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref14
https://doi.org/10.1016/j.rser.2006.10.006
https://doi.org/10.1016/j.egypro.2017.12.703
https://doi.org/10.1016/j.egypro.2017.12.703
https://doi.org/10.1016/j.rser.2013.11.021
https://doi.org/10.1016/j.rser.2013.11.021
https://doi.org/10.1016/j.enbuild.2007.11.005
https://doi.org/10.1016/j.ijrefrig.2006.11.013
https://doi.org/10.1016/j.ijrefrig.2006.11.013
https://doi.org/10.1016/j.enbuild.2014.03.050
https://doi.org/10.1016/j.enbuild.2015.04.023
https://doi.org/10.6110/KJACR.2022.34.4.183
https://doi.org/10.3390/en11020345
https://doi.org/10.1016/j.solener.2008.05.015

[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]

. Park et al. Case Studies in Thermal Engineering 52 (2023) 103683

M.H. Kim, J.S. Park, J.W. Jeong, Energy saving potential of liquid desiccant in evaporative-cooling-assisted 100% outdoor air system, Energy 59 (2013)
726-736, https://doi.org/10.1016/j.energy.2013.07.018.

R.Y. Zhao, C.Y. Fan, D.H. Xue, Y.M. Qian, Air Conditioning, third ed., Chinese Architecture Industrial Press, Beijing, China, 2000.

T.W. Chung, C.M. Luo, Vapor pressures of the aqueous desiccants, J. Chem. Eng. Data 44 (1999) 1024-1027, https://doi.org/10.1021/je990109q.

G.A. Longo, A. Gasparella, Experimental and theoretical analysis of heat and mass transfer in a packed column dehumidifier/regenerator with liquid desiccant,
Int. J. Heat Mass Tran. 48 (2005) 5240-5254, https://doi.org/10.1016/j.ijheatmasstransfer.2005.07.011.

H.X. Fu, X.H. Liu, Review of the impact of liquid desiccant dehumidification on indoor air quality, Build. Environ. 116 (2017) 158-172, https://doi.org/
10.1016/j.buildenv.2017.02.014.

Y. Yin, X. Zhang, Z. Chen, Experimental study on dehumidifier and regenerator of liquid desiccant cooling air conditioning system, Build. Environ. 42 (2007)
2505-2511, https://doi.org/10.1016/j.buildenv.2006.07.009.

P. Pasqualin, R. Lefers, S. Mahmoud, P.A. Davies, Comparative review of membrane-based desalination technologies for energy-efficient regeneration in liquid
desiccant air conditioning of greenhouses, Renew. Sustain. Energy Rev. 154 (2022), 111815, https://doi.org/10.1016/j.rser.2021.111815.

A.T. Mohammad, S.B. Mat, K. Sopian, A.A. Al-Abidi, Review: survey of the control strategy of liquid desiccant systems, Renew. Sustain. Energy Rev. 58 (2016)
250-258, https://doi.org/10.1016/j.rser.2015.12.333.

E. Kozubal, J. Woods, R. Judkoff, Development and Analysis of Desiccant Enhanced Evaporative Air Conditioner Prototype, National Renewable Energy
Laboratory, 2012 p. TP-5500-54755.

B.D. Vick, R.N. Clark, Experimental investigation of solar powered diaphragm and helical pumps, Sol. Energy 85 (2011) 945-954, https://doi.org/10.1016/j.
solener.2011.02.011.

ISO/IEC, 30134-2:2016 Information Technology—Data Centres—Key Performance Indicators—Part 2: Power Usage Effectiveness (PUE), ISO/IEC, Google
Scholar, Geneva, Switzerland, 2016.

13


https://doi.org/10.1016/j.energy.2013.07.018
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref26
https://doi.org/10.1021/je990109q
https://doi.org/10.1016/j.ijheatmasstransfer.2005.07.011
https://doi.org/10.1016/j.buildenv.2017.02.014
https://doi.org/10.1016/j.buildenv.2017.02.014
https://doi.org/10.1016/j.buildenv.2006.07.009
https://doi.org/10.1016/j.rser.2021.111815
https://doi.org/10.1016/j.rser.2015.12.333
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref33
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref33
https://doi.org/10.1016/j.solener.2011.02.011
https://doi.org/10.1016/j.solener.2011.02.011
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref35
http://refhub.elsevier.com/S2214-157X(23)00989-9/sref35

	A liquid desiccant-assisted free-cooling system for energy-efficient data centers in hot and humid climates
	1 Introduction
	2 System overview
	2.1 Reference system
	2.2 Proposed system

	3 Simulation overview
	3.1 EnergyPlus weather data
	3.2 Data center condition
	3.3 Liquid desiccant unit
	3.3.1 Absorber
	3.3.2 Regenerator

	3.4 Cooling tower unit types
	3.5 Chiller unit
	3.6 Fan and pump
	3.6.1 Fan
	3.6.2 Pump

	3.7 Partial power usage efficiency (pPUE)

	4 Simulation result and discussion
	4.1 The process air dehumidification effect and cooling tower water temperature
	4.2 Cooling energy consumption and pPUE

	5 Conclusion
	Funding
	CRediT author statement
	Declaration of competing interest
	Data availability
	References


