H buildings

Article

Performance and Applicability Analysis of Indirect Evaporative
Cooling Units in Data Centers Across Various Humidity Regions

Qian Wei 1@, Jun Lu 1*{), Xiaoping Xia 2, Bin Zhang 3, Xiang Ying ! and Leihong Li !

check for
updates

Citation: Wei, Q.; Lu, J; Xia, X,;
Zhang, B.; Ying, X.; Li, L. Performance
and Applicability Analysis of Indirect
Evaporative Cooling Units in Data
Centers Across Various Humidity
Regions. Buildings 2024, 14, 3623.
https://doi.org/10.3390/
buildings14113623

Academic Editor: Paulo Santos

Received: 6 September 2024
Revised: 5 November 2024
Accepted: 9 November 2024
Published: 14 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Civil Engineering, Chongqing University, Chongging 400045, China; wqqw977@163.com (Q.W.);
syourussell0703@gmail.com (X.Y.); 1h245679@163.com (L.L.)

Southern Power Grid Integrated Energy Co., Guangzhou 510635, China; xiaxp@csg.cn

35 Yue Neng Building, No. 45-6, Tianhe Road, Yuexiu District, Guangzhou 510075, China; zhangbin4@csg.cn
Correspondence: lujun@cqu.edu.cn

Abstract: Indirect evaporative cooling (IEC), which utilizes natural cooling sources, is an advanced
and promising technology to reduce the energy consumption of cooling systems in a data center
(DCQ). This study presents a model of an IEC air-conditioning unit in a DC using TRNSYS simulation
software validated using actual operational data to investigate the adaptability of IEC units in data
centers located in regions with varying humidity levels, providing a reference for their application
and promotion in DCs. Based on this premise, the authors analyzed the meteorological characteristics
of Urumgqi (a dry region), Beijing (a region with medium humidity), and Shanghai (a region with
high humidity), which are representative cities in different humidity zones. The analysis identified
the annual operating hours of the unit’s three operation modes, including fresh-air indirect heat
transfer (FAIHT), IEC, and hybrid. Simultaneously, the authors conducted a simulation of the unit’s
yearly energy consumption and determined time change curves for annual energy consumption,
hourly coefficient of performance (COP) throughout the year, and mechanical cooling in various
locations. The results indicate that IEC air-conditioning systems are highly effective in promoting
the efficiency of data centers in various humidity regions. Dry locations demonstrate the greatest
adaptability, followed by regions with medium humidity and, finally, regions with high humidity.
The findings indicate that IEC units provide significant energy efficiency and cost-effectiveness
when deployed in typical urban DCs across various humidity zones in China. The average annual
power-usage effectiveness (PUE) of each city’s DC utilizing the unit is less than 1.3, and the unit’s
annual operational cost savings exceed 30%.

Keywords: data center; fresh-air indirect heat transfer; coefficient of performance; indirect evaporative
cooling; power-usage effectiveness

1. Introduction

As the digital era progresses, the fourth industrial revolution, led by digital technology,
is bringing about remarkable transformations in human productive activities and daily life.
Since the commercial application of 5G technology began in 2019, the DC, as the physical
support platform for various digital technology applications, has seen its heyday [1]. With
reference to the annual growth trend of the global server market, the number of new servers
added worldwide has remained relatively stable in recent years, and it is expected that
this steady growth trend will be maintained in the coming years. China’s development
in this field is also aligned with this trend. By the end of 2021, the number of DC racks
in China reached 5.2 million, with an average annual growth rate of over 30% during the
past five years, and the proportion of large DC racks has reached 80% [2]. As of 2017,
global DC energy consumption accounted for 3% of the world’s total energy consumption.
Based on current electricity price estimates, it is expected that by 2025, global DC electricity
costs will exceed USD 10 billion, of which cooling systems will account for 60% of the total
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electricity consumption [3,4]. Therefore, reducing the energy consumption of DC cooling
systems is essential for achieving energy savings while maintaining the stable running of
IT equipment [5].

In the field of energy efficiency optimization in DCs, the adoption of natural cooling
technologies to replace or supplement traditional mechanical cooling systems has become
a research focus [6], with IEC being a key research priority. The indirect evaporative
cooler represents the most significant carrier of IEC technology. Consequently, scholars
worldwide have conducted extensive research on the performance and influencing factors
of the indirect evaporative cooler. Manfredo et al. [7] experimentally analyzed two different
IEC systems, one using a plate heat exchanger with a standard epoxy coating (STD) and
the other with a new hydrophilic coating (HPHI). It was found that the contact angle
of the HPHI coatings was always lower than that of the STD coatings when water was
sprayed on the indirect cooler side, but there was no significant difference in the wet
bulb efficiency of the two coatings. Velasco et al. [8] experimentally investigated IEC heat
exchangers using polycarbonate due to its low cost, light weight, and corrosion resistance,
effectively controlling the plate thickness reduction due to low thermal conductivity. It
was found that the cooling capacity of the cooler increased significantly as the inlet air
temperature gradually increased from 25 °C to 40 °C. Sun [9] used response surface
methodology (RSM) to experimentally design the effect of different influencing factors on
the performance of a tubular indirect evaporative cooler, optimized the performance of the
indirect evaporative cooler, and finally predicted the optimum efficiency under specific
conditions and analyzed its reliability, which provided a reference for optimizing the unit
for application in engineering.

Research on IEC in DCs has been conducted extensively. DC cooling systems utilizing
IEC technology have great energy-saving potential in comparison to conventional cooling
systems. Ham et al. [10] investigated the energy conservation of DC powered by wind
energy. The wind-side IEC system in the DC simplifies the system and saves between 47.5%
and 67.2% of energy compared to traditional cooling systems. Chen et al. [11] investigated
the energy-saving capacity of IEC combined with mechanical cooling in major cities of
Saudi Arabia, considering different operational scenarios. Yin Bi et al. [12] conducted an
experimental study of dew-point IEC systems in several climates and found that up to
91.6% savings in air-conditioning power consumption could be achieved in DCs using IEC
systems. BA Weert [13] presented a plan to implement energy-efficient changes in order
to create environmentally friendly DCs. By implementing the new IEC air-conditioning
system and efficiently utilizing the air-side cold source, the DC can achieve a 70% reduction
in cooling energy consumption during summer and over 90% reduction during winter
under constant load conditions. Bogdan [14] provided a comprehensive explanation
of the theory and principle of IEC. Additionally, Bogdan applied this cooling method
and its associated equipment and technology to evaluate its suitability for commercial,
DC, and residential applications. The findings indicate that, despite the increased water
consumption associated with IEC systems, their overall energy use has a negligible impact
on global warming.

Researchers and teams worldwide are collaborating with companies to integrate IEC
with mechanical refrigeration systems through research, development, and platform testing.
They are working together to design and experiment with modular units. This technologi-
cal convergence fosters innovation in cooling equipment and provides a novel solution for
energy conservation and emission reduction [15]. SPEAKMAN introduced the AIRMAX
unit, which modifies the operating mode of the IEC unit to incorporate various operation
modes. This allows the unit to adjust its functioning based on changes in the outdoor
wet bulb temperature, reducing the unit’s operating energy usage by 40% to 80% [16].
X. Cui et al. conducted a preliminary analysis of the indirect evaporative heat exchanger
and steam-compression refrigeration system [17]. The indirect evaporative heat exchanger
functions as an energy-saving pre-cooling device, while the introduction of outdoor low-
temperature air reduces the mechanical refrigeration load by 35%. A Swedish company
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developed a composite system consisting of a mechanical refrigerator and a tubular in-
direct evaporative cooler for DCs located in Sydney and Norway. A study revealed that
for 70% of the year, changing the unit’s settings to different modes did not require acti-
vation of the compressor. This greatly decreases the energy consumption of the DC [18].
Min-HWi Kima et al. [19] designed and tested an IEC heat exchanger in an IEC unit. The
results showed that the air-conditioning system had a good energy-saving effect, reducing
the total annual energy consumption by 46%.

Container DC and modular DC demonstrate the trend toward modular and integrated
refrigeration systems [20-23]. Therefore, the researchers merged IEC technology with
mechanical refrigeration functions to develop a modular and integrated structural design.
This innovation presents novel approaches, technologies, and equipment for cooling DCs.
IEC air-conditioning units can be preassembled or installed on-site to expedite the delivery
of data centers [24]. Hence, the combination of IEC and mechanical refrigeration technology
in a composite air-conditioning unit is expected to gain popularity and have a promising
future in large-scale new DC air-conditioning systems.

Most current research focuses on the performance of IEC units, such as those studies
conducted by Romero et al. [25], Pacak et al. [26], Li et al. [27], and Yan et al. [28], but there
is a lack of research on how to use these units in DCs located in China’s humid regions.
The primary focus of this paper is to develop a TRNSYS simulation model for an IEC air-
conditioning unit. This model will simulate the unit’s annual dynamic energy consumption.
The simulation will be based on determining the temperature parameters of the DC’s
supply and return air. This study examines the yearly performance of IEC air-conditioning
systems in various humidity regions in China. It also evaluates the suitability and energy
usage of IEC air-conditioning units employed in typical urban DCs in different humidity
regions. Simultaneously, the energy-saving assessment index of the unit is compared to that
of the traditional cooling unit in the DC, depending on the cooling load of air conditioning.

2. Material and Methods
2.1. Model Parameter Design of the DC

The main focus of this study is the data center room located in a small DC in Datong,
Shanxi Province, China. The cooling load of the DC is simulated using DeST-c (commercial
building version). The model is depicted in Figure 1. The DC covers a total area of 1760 m?.
The data center room, test room, switch room, battery room, and rest room are all functional
areas within a DC. The DC has a height of 5 m and a primary room area of 957 m?. The DC
operated 192 cabinets, dissipating a total of 1497.6 kW of power (192 cabinets at 7.8 kW each)
continuously throughout the year. The DC employs a closed design with separate cold and
hot channels to minimize the occurrence of bypass airflow, thereby conserving energy.

The relevant parameters of this small DC are designed as shown in Table 1 below.
There are no permanent staff in the DC area, the indoor-light power density is 13.5 W/m?,
the fresh-air volume is set at 40 m>/h per person in the lounge and office areas, and the air
change rate in the test room, distribution room, and other rooms is set at 0.7 times/h.

Table 1. Interior design parameters of each functional area of the DC.

Functional Area Room Size (m?) Temperature Range Relah‘l;e Humidity
ange
Data room (cold aisle) —_— 24 °C 40~60%

Data room (hot aisle) —_— 36 °C

Switching room 6 x 20 20~30 °C 23~27%
Battery room 6 x 20 15~25°C 40~70%
Lounge 8x 14 20~24°C 50~60%
Office area 8 x 20 18~26 °C 50~60%

Test room 6x8 22~26 °C 40~70%
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Figure 1. Physical model diagram of the DC.
2.2. Location Selection for DC Model

China’s vast territory, covering approximately 9.6 million square kilometers, and its
diverse and intricate topography have collectively shaped a distinctive climatic landscape.
Meteorological data indicate a gradual decrease in relative humidity from the southeast to
the northwest geographically. The applicability of IEC technology is strongly influenced by
environmental parameters. Consequently, the greater the duration over which a DC utilizes
evaporative cooling, the more effective the IEC technology becomes. The application of IEC
technology in China can be divided into three categories according to the specific climatic
conditions: dry, medium-humidity, and high-humidity regions [29]. Accordingly, this
paper selects the dry region of Urumgi, the medium-humidity region of Beijing, and the
high-humidity region of Shanghai to analyze and discuss, thus laying the foundation for
the equipment selection and comparison for data centers. The cities” climatic characteristics
are shown in Table 2.

Table 2. Typical urban climate characteristics.

Wet Bulb Dry Bulb Dry Bulb Dry Bulb Dry Bulb
Temperature for Temperature for Temperature for Temperature Temperature for Cli .
. . . . imatic
City Summer Air- Summer Air- Summer Calculated for Winter Characteristics/°C
Conditioning Conditioning Ventilation Air Conditioning Ventilation
Calculations/°C Calculations/°C Calculations/°C in Winter/°C Calculations/°C
Urumgqi 18.5 34.1 27.4 —27.0 —19.2 Ts <23 °C
Beijing 26.5 33.5 29.9 —9.9 —7.6 23°C<Ts <28°C
Shanghai 28.3 34.0 30.8 —4.0 3.5 Ts>28°C

2.3. Calculation and Analysis of Operating-Mode-Switching Set Values

The basic structure of the unit is shown in Figure 2. below. The unit mainly consists of
a set of IEC equipment and a set of mechanical refrigeration (direct expansion) equipment.

In Figure 2, the components are: 1—fresh-air inlet (secondary air); 2—water pump;
3—IEC spray system; 4—IEC heat-exchange core; 5—evaporator; 6—throttling device;
7—primary air side fan; 8—primary air outlet (DC supply air); 9—primary air inlet
(DC return air); 10—water-collection flume; 11—air-cooled condenser; 12—compressor;
13—secondary air side fan; 14—secondary air exhaust outlet.
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Figure 2. Schematic diagram of the structure of an indirect evaporative cooling air-conditioning unit.

The IEC unit operates in three operation modes: fresh-air indirect heat-transfer (FAIHT)
mode, IEC mode, and hybrid mode. In the FAIHT mode, only the primary and secondary
air fans are running, providing 100% natural cooling. In the IEC mode, the spray pump
and recirculation water pump are active, while the mechanical cooling system is off. In
the hybrid mode, both the evaporative cooling and mechanical cooling systems are active,
with all components running to meet cooling requirements.

The switching between the three operation modes depends on the dry and wet bulb
temperatures of the external environment. Determining these temperatures relies on the
temperature settings of the supply and return air in the data center’s server room and
the heat-transfer efficiency of the heat-transfer core. Based on the 17th edition of China’s
design specification and the set temperature of the DC, the set switching temperatures of
the aforementioned three operating modes are calculated.

FAIHT mode: This operation mode is suitable for winter and some spring and fall
periods, when the outdoor dry bulb temperature is relatively low. The heat-transfer
efficiency of the unit’s heat-transfer core is about 60% under the FAIHT mode [30], and
under the premise of meeting the DC’s supply/return-air temperature, the maximum
fresh-air dry bulb temperature under the FAIHT mode can be obtained according to the
heat-transfer efficiency, so as to carry out the switching of the different modes.

_ gty
177 t _t/
gl

(1)

gl

where 7 = heat-transfer efficiency of IEC cores (%);

tg = dry bulb temperature of air-conditioned return air in the DC (°C);

tgo» = dry bulb temperature of air-conditioned air supplied to the DC (°C); and

tél = dry bulb temperature of fresh outdoor air (°C).

IEC mode: This operation mode is generally suitable for the spring and fall transition
seasons when the external dry bulb temperature is relatively moderate. In this mode, the
low-temperature air generated in the evaporative cooling process is used as the cooling
source to cool the indoor air. The heat-transfer efficiency of the heat-transfer core of the
unit under the IEC operation mode is about 70% [30], and under the premise of meeting
the supply/return-air temperature of the DC, the maximum wet bulb temperature of fresh
air corresponding to the IEC mode can be obtained according to the heat-transfer efficiency.

tgl - th

= @

gl — ts1

where 7 = heat-transfer efficiency of IEC cores (%);

tg1 = dry bulb temperature of air-conditioned return air in the DC (°C);

tgo = dry bulb temperature of air-conditioned air supplied to the DC (°C); and

tg = wet bulb temperature of fresh outdoor air (°C).

When the outdoor wet bulb temperature is higher than the maximum fresh-air wet
bulb temperature tg, the IEC mode is no longer able to process the DC’s hot return air to
meet the set air-supply temperature, and mechanical refrigeration is needed to make up for
the cooling requirement. At this time the unit is running hybrid mode.
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In summary, according to Formulas (1) and (2), the supply-air temperature of the DC
machine room is set to 24 °C, and the return-air temperature is set to 36 °C. The unit’s
heat-transfer core has a heat-transfer efficiency of 60% in FAIHT mode and 70% in IEC
mode, as shown in Table 3, which shows the calculation of the switching values for the
three modes of operation of the IEC air-conditioning unit.

Table 3. Outdoor-environment parameter switching setpoints.

Unit Operation Outdoor Dry/Wet Bulb . Water
Mode Temperature Ventilator Storage Compactors
FAIHT mode T<16°C On Off Off
IEC mode T>16°Cand Ts <19 °C On On Off
Hybrid mode Ts>19°C On On On

2.4. Unit Model Establishment

TRNSYS18 is a simulation software specifically designed for HVAC systems, featuring
a unique modular analysis approach with modules for HVAC, solar collectors, and indirect
evaporative cooling, allowing for quick and easy model construction. It calculates parame-
ters for each component based on energy balance principles and performs system control
analysis and controller design. Additionally, TRNSYS’s open code allows for customization
using languages such as C and Fortran, making it highly adaptable to different scenarios.
The software can obtain dynamic energy-consumption data throughout the year, making it
one of the most flexible and user-friendly tools in the field of building-energy simulation.
Based on TRNSYS, this paper develops a simulation model for indirect evaporative cooling
units and simulates their energy consumption in typical cities with various humidity levels
as a reference for data center applications.

To comprehensively evaluate the energy efficiency of the system, the coefficient of
performance (COP) and power-usage effectiveness (PUE) are analyzed. The COP is defined
as the ratio of the cooling output to the energy input of the system, serving as a key index
for assessing cooling efficiency.

The power-usage effectiveness PUE metric, introduced by ASHRAE and Green Grid,
seeks to thoroughly assess the energy efficiency of DC infrastructures [31]. The use of
PUE enhances energy efficiency in DC, while effectively addressing the requirements of
societal progress.

The basic calculation method for the PUE is [32]:

Total facility power

PUE = ,
IT equipment power

=14 CLF 4 PLF 4+ OLF. 3)

In the formula, CLF is the cooling-load factor, PLF is the power-load factor, and OLF
is other load factors.

PUE represents the actual power capacity that a DC can provide to its IT equipment. A
lower PUE value indicates a higher proportion of the DC’s power consumption used by the
IT equipment, resulting in lower energy consumption by other equipment in the machine
room and greater energy savings for the room [33]. The CLF measures the proportion of
energy used by the cooling system compared to the total energy used by the IT devices
in the data room. A smaller CLF value indicates lower energy consumption by the air-
conditioning system in the data center and, therefore, a higher level of energy efficiency in
the climate system. A more comprehensive assessment of the cooling system and overall
energy efficiency of the data center can be conducted by computing these two metrics.

IEC air-conditioning-unit model building mainly uses the following modules: meteoro-
logical data-processing module (Typel5), IEC module (Type757b), air-to-air heat-exchange
module (Type760a), fixed-frequency fan module (Typell2b), variable-frequency fan mod-
ule (Typelllb), mechanical cooling module (Type665), and other auxiliary modules such as
calculator (Equation), output component (Type65), and integrator (Type24).
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The air-inlet temperature of the fixed-frequency fan is set to 36 °C, with an air volume
of 56,000 m3, and the power of the fan is 23 kW. When the outdoor temperature is lower
than 16 °C, the IEC module does not spray water.

The connection between the different parts is established sequentially, following the
unit model and the specific characteristics of each module. This aids in troubleshooting
the entire IEC air-conditioning system. The annual simulation duration is 8760 h, with
each individual simulation step lasting for one hour. The unit is configured according
to the various operating modes of the IEC unit to achieve the desired supply/return-air
temperature [34] in the DC. The TRNSYS model interface of the unit is selected, as depicted
in Figures 3 and 4.
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Figure 3. IEC air-conditioning unit FAIHT-mode simulation diagram.
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Figure 4. TRNSYS simulation diagram of IEC air-conditioning unit.

2.5. Verification of Unit Model

To validate the accuracy of the simulation model for the IEC unit, the simulation results
are compared to the real-world operational data of the unit. During TRNSYS operation, the
machine room’s return-air temperature is adjusted to 36 °C, and the supply-air temperature
is set to 24 °C. Energy consumption and coefficient of performance (COP) values are
analyzed based on the return-air temperature requirements. This analysis will consider the
different operation modes of the unit and compare the actual operation data from a DC in
Datong, Shanxi, under the same working conditions.

Figure 5 illustrates that the average relative error of the simulation value for the
secondary fan in the FAIHT mode is 4.82%. Additionally, the average relative error of the
simulated value for total energy consumption compared to unit operation data is 5.95%,
while the average relative error for the COP simulation value and unit operation data
is 2.13%. The average relative error between the simulated value of the secondary fan



Buildings 2024, 14, 3623

8 of 25

Power (kW)

in the IEC mode and the actual operating data is 9.10%. Similarly, the average relative
error between the simulated value of the total power and the actual operating data is
approximately 6.22%. Lastly, the average relative error between the simulated value of the
COP and the actual operating data of the unit is 6.60%. When operating in hybrid mode,
the average discrepancy between the simulated and actual values of the unit’s total power
is 4.17%. Similarly, the average discrepancy between the simulated and actual values of
the compressor’s energy consumption is 8.54%, and the average discrepancy between the
simulated and actual values of the unit’'s COP is 4.50%. The relative error falls within
acceptable thresholds. Since all relative errors are less than 10%, it can be assumed that the
simulation experiments are basically in agreement with the actual operating data.
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Figure 5. Energy consumption curves of the unit in different modes: (a) FAIHT mode; (b) IEC mode;
(c) hybrid mode.

3. Results and Discussion
3.1. Analysis of Operating-Mode Hours of IEC Air-Conditioning Units in Typical Cities

In order to analyze the operation mode of the units in each city, the outdoor air
parameters of the three cities were modeled separately using TRNSYS simulation and
modeling software combined with meteorological data from the Meteonorm 8 database.
Meteorological data for Urumgi, Beijing, and Shanghai were imported into the model as
the Figure 6 shows, and the annual changes parameters as dry bulb temperature, wet bulb
temperature, and relative humidity were obtained and shown in Figures 7 and 8. The
meteorological data for each of the selected cities correspond to a typical year, which is
based on and calculated from historical weather records over multiple years. These typical
annual data are used to represent the average climatic conditions of the selected cities. The
models built in TRNSYS are shown below.
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Figure 7. Outdoor-air dry bulb and wet bulb temperature distributions throughout the year:
(a) Urumgji; (b) Beijing; (c) Shanghai.
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Figure 8. Relative humidity distribution of outdoor air throughout the year: (a) Urumgqi; (b) Beijing;
(c) Shanghai.

Urumgi is located in the northwest of China, with a temperate continental climate
and a dry region. The annual maximum dry bulb temperature is 37.5 °C, the minimum
dry bulb temperature is —23.6 °C, and the average dry bulb temperature is 7.99 °C. The
annual maximum wet bulb temperature is 21.76 °C, the minimum wet bulb temperature is
—23.6 °C, and the average wet bulb temperature is 3.13 °C. The annual maximum relative
humidity is 100%, the minimum relative humidity is 13%, and the average relative humidity
is 54.08%.

Beijing, located at the northwestern end of the North China Plain, has a temperate
continental monsoon climate, with higher temperatures and more rainfall in summer, cold
and dry winters, and shorter springs and falls, making it a moderately humid region. Its
annual maximum dry bulb temperature is 38.9 °C, its minimum dry bulb temperature
is —14 °C, and its average dry bulb temperature is 12.94 °C. Its annual maximum wet
bulb temperature is 30.94 °C, its minimum wet-bulb temperature is —14.89 °C, and its
average wet bulb temperature is 8.18 °C. Its annual maximum relative humidity is 99%, its
minimum relative humidity is 10%, and its average relative humidity is 51.76%.
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Located in East China, Shanghai has a subtropical monsoon climate and is a high-
humidity region. The annual maximum dry bulb temperature is 38.9 °C, the minimum
dry bulb temperature is —4.0 °C, and the average dry bulb temperature is 17.62 °C. The
annual maximum wet bulb temperature is 31.53 °C, the minimum wet bulb temperature
is —5.16 °C, and the average wet bulb temperature is 14.02 °C. The annual maximum
relative humidity is 100%, the minimum relative humidity is 27%, and the average relative
humidity is 68.9%.

3.1.1. Analysis of Operating-Mode Hours of Units in Dry Regions—Urumgi as an Example

Through the analysis of meteorological parameters and Figure 9, it can be seen that
when IEC air-conditioning units are used in the DC in the Urumgi region, the fresh-air
indirect heat-exchange-mode operates throughout much of the year, primarily in winter
and parts of spring and fall, the operation of hybrid mode only appears in summer, and
the IEC mode is mainly distributed in summer and parts of spring and fall.
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Figure 9. The number of hours of available time per year for the three operating modes of units in
different months in Urumgji.

The unit in the Urumgi region only requires the mechanical supplementary cooling
device for auxiliary refrigeration from June to August, with an operating time of 237 h,
accounting for about 3% of the annual running time. The IEC mode operates for 3011 h
annually, mainly from March to October, accounting for 34% of the annual running time.
The rest of the time, only running the fresh-air indirect heat-exchange mode is sufficient to
meet the requirements of the supply temperature, with an annual running time of 5512 h,
accounting for about 63% of the annual running time. It shows that the unit can meet the
requirements of the DC in Urumgi by using the outdoor natural cooling source most of the
time, and the IEC air-conditioning unit demonstrates significant energy-saving potential
in Urumgi.

3.1.2. Analysis of Operating-Mode Hours of Units in Moderate-Humidity Regions—Beijing
as an Example

Similarly, it can be seen based on the analysis of meteorological parameters in Beijing
and as shown in Figure 10, when IEC air-conditioning units are applied to the Beijing
DC, the FAIHC mode operates primarily during winter and parts of spring and fall, with
limited running time in summer. The mixed mode is mainly operated in summer, while
the IEC mode operates mainly during the transition seasons.

In Beijing, the duration of fresh-air indirect heat-transfer-mode operation gradually
decreases from January to May and rises from September to December, with an annual
operation time of 4807 h, accounting for about 54% of the annual operation time. IEC
mode operates primarily from March to October, with an annual operation time of 2151 h,
accounting for about 25% of the annual running time. From May to September, it is
necessary to turn on the mechanical refrigeration equipment for auxiliary refrigeration,
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and the unit operates in mixed mode at this time, with an annual running time of 1802 h,
accounting for about 21% of the annual running time. It shows that in Beijing, a medium-
humidity region, it is suitable to run the fresh-air indirect heat exchange mode in winter,
and it is more suitable to run the IEC mode in the transitional season of spring and fall,
while the unit needs to run the mixed cooling mode in the hot summer. The characteristics
of the time distributions of the three modes of operation of the units in Beijing are similar
to those of Urumgi as a whole, with an increase in the annual operating time of the hybrid
mode and, overall, the units have a good potential for energy saving.
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Figure 10. The number of hours of available time per year for the three operating modes of units in
different months in Beijing.

3.1.3. Analysis of Operating-Mode Hours of Units in High-Humidity Regions—Shanghai
as an Example

In accordance with the switching conditions of the unit’s operating mode, Figure 11
and an analysis of the weather model for Shanghai show that the time when the unit
operates in FAIHT mode in the DC in the Shanghai region is mainly concentrated in winter
and small portions of spring and fall, with no operation in summer. The mixed-mode
running time is mainly concentrated in summer. The IEC-mode running time is mainly
concentrated in the transition season.
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Figure 11. The number of hours of available time per year for the three operating modes of units in
different months in Shanghai.

In Shanghai, FAIHT-mode operation is mainly concentrated in January to March
and November to December, with a total annual operation time of 3755 h, accounting
for about 43% of the annual running time. The IEC heat-transfer-mode operation time is
mainly concentrated in April to May and October, and its annual operation time is 2169 h,
accounting for 25% of the annual operation time. The mixed-mode operation time of the
unit from April to October increases and then decreases, and reaches a maximum value in
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July, and the mixed-mode annual operation time is 2836 h, accounting for 32% of the annual
operation time. This indicates that in the Shanghai region, which has high humidity, most
of the year, the unit cannot meet the cold-load demand of the DC by using only the outdoor
natural cooling source, and it is necessary to turn on the mechanical supplemental cooling
unit to supplement the cooling capacity. From Figure 11, the time distribution among the
three operation modes in the Shanghai data center is relatively balanced, the FAIHT mode
and IEC mode each accounts for a large portion of the annual running time, indicating that
the unit has energy-saving potential even in high-humidity regions.

3.2. Performance Analysis of a Typical Urban IEC Air-Conditioning Unit

Typically, the cooling demand of a DC remains relatively constant throughout the
year, indicating that the cooling load of the plant room can be regarded as consistent. The
supply/return temperatures of the machine room are set to 24 °C/36 °C. In the FAIHT
mode, the entire machine operates only the primary and secondary fans. In the IEC mode,
the machine opens more circulation pumps on the basis of the FAIHT mode. Finally, in the
hybrid mode, the machine opens the compressor on the basis of the indirect IEC mode. The
power of the primary fan is basically unchanged throughout the year, and only the power
of the secondary fan is adjusted according to the outdoor dry and wet bulb temperatures to
match the air temperature in the DC.

3.2.1. Performance Analysis of Units in Dry Regions—A Case Study from Urumgi

1.  Energy-consumption analysis

Based on the simulation results of the unit’s annual operation in Urumgj, the monthly
power consumption and the hourly power-operation figures were obtained. During the
operation of the IEC air-conditioning unit at the Urumgqi DC, Table 4 shows that the power
consumption was at its lowest in February, at only 1.64 x 103 kW-h, and reached its peak
in July, at 3.13 x 10° kW-h. Furthermore, from Figure 12a, the highest annual operating
energy consumption per hour is 60.2 kW, occurring at 5295 h in summer. The outdoor dry
bulb temperature and wet bulb temperature during this time are 27.55 °C and 21.76 °C,
respectively. The lowest value of 23.27 kW occurred at 82 h in winter, corresponding to an
outdoor dry and wet bulb temperature of —23.28 °C.

Table 4. Simulation results of monthly power consumption of units.

Month

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Power consumption
(x10% kW-h)

1.79 1.64 2.06 2.31 2.60 2.81 3.13 2.99 2.52 2.32 1.92 1.82

Power (kW)
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Figure 12. Energy consumption of the units in Urumgqi: (a) annual operating power of the unit;
(b) annual power consumption of the three modes of the unit.
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Figure 12b illustrates the power consumption of the unit in different modes throughout
the year at the Urumgi DC. The unit’s total annual power consumption is 279,498.77 kW-h.
The FAIHT mode has the longest operation time, reaching 5512 h, resulting in the highest
annual power consumption of 155,387.77 kW-h, accounting for 55.60%. The IEC mode
has an annual power consumption of 111,266.62 kW-h, accounting for 39.81%. The hybrid
mode only operates for 237 h, resulting in the lowest total annual power consumption of
12,844.38 kW-h, accounting for 4.60%.

2. Unit supplementary-cooling-capacity analysis

Provided that the machine room’s supply /return-air temperatures are maintained, the
cooling loads handled by the unit in different operating modes can be calculated. When
considering the cooling load of each operation mode throughout the year, it was found that
the FAIHT mode carries the largest cooling load, accounting for 62.92% of the total. The
IEC mode comes in second, while the hybrid mode has the lowest load, accounting for only
2.71%. It is evident that in a dry region such as Urumgdji, the prevailing low outdoor dry
bulb temperature and wet bulb temperature enable the use of fresh air and the IEC mode
for effective cooling.

When the IEC mode is insufficient to provide cooling throughout the year, the IEC
precooling is activated. This mode involves decreasing the temperature of the high-
temperature return air in the room and subsequently utilizing mechanical refrigeration
to further decrease the temperature in order to satisfy the cooling requirements. When
the DC unit in Urumgi operates in hybrid mode, it utilizes both IEC and mechanical cool-
ing simultaneously. Figure 13b depicts the temporal fluctuations in mechanical cooling
capacity. Figure 13 clearly indicates that the unit will require supplementary mechanical
cooling beginning in June. The refrigeration and cooling provision in the Urumgqi region are
sporadic and transient. The required annual cooling capacity is precisely 7253.52 kilowatt
hours, with a maximum capacity of 54.4 kilowatt hours per hour. At certain intervals, the
unit necessitates the addition of mechanical refrigeration. The duration of this process
spans from June to August, encompassing a total of 237 h annually. The maximum cooling
capacity per unit is currently set at 189.1 kilowatt hours. Evidently, the cooling requirement
in Urumgi is considerably below the specified cooling capacity of the unit. Hence, it is
recommended to customize the cooling system according to its specific needs in order to
minimize the initial cost of the unit.
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Figure 13. Supplementary cooling capacity of the unit: (a) cooling load borne by each mode;
(b) annual mechanical cooling capacity of the unit.

3. COP analysis

By performing calculations on the cooling capacity and energy consumption of the
unit throughout a year, the hourly COP of the unit can be determined. Table 5 displays the
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monthly average COP simulation outcomes of the unit in the Urumgqi DC. The COP of the
air-conditioning unit varies considerably depending on the season and the outdoor dry and
wet bulb temperatures. The unit’s monthly average COP reaches its maximum value of 9.13
in January and its minimum value of 5.35. The unit’s yearly average COP is 7.34. Based on
the data presented in Figure 14, the unit’s annual COP varies between 3.65 and 9.45. The
COP exhibits significant variations as a result of diverse operational modes throughout
the year. During January, when the outdoor temperature in Urumgi is extremely low,
the unit operates only in FAIHT mode in order to fulfill the cooling requirements of the
room, resulting in the highest COP. During June and July, when the outdoor temperature
is elevated, the unit primarily functions in IEC mode and hybrid mode. This results in a
notable decrease in COP compared to the winter season.

Table 5. Unit monthly average COP simulation results.

Month

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec

Power consumption
(x103 kW-h)

1.79 1.64 2.06 2.31 2.60 2.81 3.13 2.99 2.52 2.32 1.92 1.82

cop

COP of unit
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Figure 14. Unit hourly COP throughout the year in Urumgi.

In summary, the annual average dry ball temperature in Urumgqi is low. The two
modes of operation, FAIHT and IEC mode, have the highest cooling load and energy
consumption. Throughout the year, the data show that the IEC air-conditioning unit in
Urumgi has a good adaptation effect and performs well in terms of energy consumption
and COP.

3.2.2. Performance Analysis of Units in Dry Regions—A Case Study from Beijing

1.  Energy-consumption analysis

Similarly, based on the annual-operation simulation results of the unit in the Beijing
DC presented in Table 6,we have acquired the monthly power-consumption data and the
annual hourly operation power map of the unit. During the operational period at the Beijing
DC, the IEC air-conditioning unit had its lowest monthly power consumption in February,
measuring just 1.80 x 10% kW-h. In contrast, its maximum monthly power consumption
occurred in July, measuring 4.71 x 10% kW-h. The maximum energy consumption per hour
was 90.48 kW, occurring at 4867 h in the summer. The corresponding outdoor dry bulb
and wet bulb temperatures were 34.11 °C and 31.05 °C, respectively. On the other hand,
the minimum energy consumption per hour was 23.75 °kW, observed at the 82nd hour in
winter. The corresponding outdoor dry bulb and wet bulb temperatures were —14.11 °C
and —14.90 °C, respectively.
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Table 6. Simulation results of monthly power consumption of units.

Month

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Power consumption

1.91 1.80 2.28 241 294 3.68 471 4.47 3.22 2.54 2.09 1.94

(x10% kW-h)

Figure 15b illustrates the power usage of the unit in various modes throughout the
year when operating in the Beijing DC. The figure illustrates that the unit functions in
three different modes, with an annual power consumption of 339,930.91 kW-h. The FAIHT
mode has the longest annual operation time, totaling 4807 h. As a result, it has the highest
annual power consumption of 142,160.07 kW-h, which accounts for 41.82% of the total. In
comparison, the IEC mode has an annual power consumption of 84,704.84 kW-h, accounting
for 24.92%. The hybrid mode has an annual operation time of only 1802 h and a power
consumption of 113,066.00 kW-h, which is second only to the FAIHT mode and accounts
for 33.26%.
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Figure 15. Energy consumption of the unit: (a) annual operating power of the unit; (b) annual power
consumption of the three modes of the unit.

2. Unit supplementary-cooling-capacity analysis

As in the case of the unit’s operation in the Urumgqi data center, the cooling loads
handled by the unit in different modes in the Beijing data center were calculated. On the
premise of meeting the supply/return-air temperatures of the server room, from the cooling
loads handled by each operation mode of the unit in the whole year in Figure 16a, it can be
seen that the FATHT mode handles the biggest cooling load throughout the year, accounting
for 54.87% of the total. There is no significant difference in the cold loads between the IEC
and hybrid modes. IEC accounts for 24.56% of the cooling load, while the hybrid cooling
mode accounts for 20.57%. This indicates that in moderately humid places like Beijing,
the FAIHT and IEC modes are sufficient for meeting the cooling-load requirements for a
significant portion of the year. But, the length of time it takes to turn on the hybrid mode
for supplemental cooling is longer than in Urumgji.

Figure 16b illustrates the variation in mechanical cooling capacity over time when the
IEC air-conditioning unit is operational in the Beijing DC. The necessity for mechanical re-
frigeration starts in May, and during this time, mechanical cooling is intermittent, occurring
only at isolated moments on certain days. After mid-June, both the duration and intensity
of mechanical cooling gradually increase. During July and August, mechanical cooling
is required more frequently and with greater intensity. In September, the duration and
intensity of mechanical cooling gradually decrease. Typically, the DC in Beijing requires an
annual supplementary cooling capacity of 116,011.34 kW-h. Additionally, the maximum
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supplementary cooling capacity per unit hour is 172.48 kW-h. The mechanical cooling
capacity typically begins operating between May and September. Beijing has a broader
range of mechanical cooling time compared to Urumgi. July and August in particular are
high-load periods for mechanical refrigeration.
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Figure 16. Supplementary cooling capacity of the unit: (a) cooling load handled by each mode;
(b) annual mechanical cooling capacity of the unit.

3. COP analysis

Table 7 clearly demonstrates that the COP of the unit is significantly affected by the
season as well as the external dry and wet bulb temperatures. In January, the unit reached
the greatest monthly average COP value of 8.61, while in August, the lowest monthly
average COP value was 3.72. The yearly average COP value of the unit is 6.33. According
to Figure 17, the annual running COP change curve shows that the unit’s annual COP
fluctuates between 2.43 and 9.26. The discrepancy in COP is due to the low outdoor air
temperature in January in Beijing, and the FAIHT mode is capable of satisfying the cold-
load requirements of the equipment room, resulting in the highest COP. Conversely, in
August, the outdoor temperature is relatively high, and the unit operates predominantly in
mixed mode, which results in a significant decrease in the COP compared to winter.

Table 7. Unit monthly average COP simulation results.

Month

Jan.

Feb.

Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Now. Dec.

COP

8.61

8.25

7.58 6.67 5.68 4.46 3.58 3.72 5.06 6.52 7.66 8.45

COP of unit

0 876 1752 2628 3504 4380

Time (h)

5256 6132 7008 7884 8760

Figure 17. Unit hourly COP throughout the year in Beijing.
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In conclusion, in a medium-humidity region such as Beijing, the operational time,
energy consumption, and proportion of the load handled by the FAIHT mode and IEC
mode remain dominant. The data from the energy consumption and COP of IEC air-
conditioning units in the Beijing DC throughout the year indicate that these units are also
well-suited for use in the Beijing DC.

3.2.3. Performance Analysis of Units in Dry Regions—A Case Study from Shanghai

1.  Energy-consumption analysis

Based on the analysis of Shanghai’s meteorological conditions and while maintaining
the supply- and return-air temperatures of the data center, the hourly operating power of
the secondary fan was obtained through simulation. Presented in Table 8, during operation
periods at the Shanghai DC, the unit’'s monthly power usage reached its minimum in
February, at only 2.04 x 10° kW-h, and reached its maximum in July, at 5.34 x 103 kW-h.
The annual maximum operating energy consumption per hour was 92.02 kW, which
happened at the 5104th hour in summer. The outdoor dry bulb temperature and wet bulb
temperature during this time were 37.46 °C and 31.52 °C, respectively. On the other hand,
the minimum operating energy consumption per hour was 25.20°kW, occurring at the
553rd hour in winter. The corresponding outdoor dry bulb temperature and wet bulb
temperature during this time were —4.14 °C and —5.26 °C, respectively.

Table 8. Simulation results of monthly power consumption of units.

Month Jan. Feb. Mar. Apr. May Jun. Jul..  Aug. Sep. Oct. Nov. Dec.

Power consumption
(x10% kW-h)

2.19 2.04 2.45 2.72 3.40 4.19 5.34 5.27 4.11 3.21 2.59 2.30

Figure 18b displays the overall power consumption of each mode in the Shanghai
DC. The total power consumption amounts to 398,085.42 kW-h. The FAIHT mode has
an annual power consumption of 120,652.80 kW-h, which accounts for approximately
30.31% of the total. The IEC mode has an annual power consumption of 89,895.68 kW-h,
accounting for about 22.58%. The hybrid mode has the highest annual power consumption
of 187,536.94 kW'h, representing 47.11% of the total.
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Figure 18. Energy consumption of the unit: (a) annual operating power of the unit; (b) annual power
consumption of the three modes of the unit.

2. Unit supplementary-cooling-capacity analysis

From Figure 19a when considering the cooling load handled by the three modes of the
unit throughout the year, the FAIHT mode handles the biggest cooling load, amounting
to 42.87%. The load proportion for the IEC mode is 24.76%, while for the hybrid mode it
is 32.37%. This indicates that in regions with high humidity, such as Shanghai, there are
certain periods during the year when it is possible to utilize the FAIHT mode and IEC mode
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to cool down the hot return air. However, it is also important to note that the mechanical
cooling system is frequently used for a significant portion of the time.
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Figure 19. Supplementary cooling capacity of the unit: (a) cooling load handled by each mode;
(b) annual mechanical cooling capacity of the unit.

Figure 19b depicts the variation in mechanical cooling capacity over time in Shanghai.
According to the diagram, starting from April, the unit is required to use mechanical cool-
ing. In April, mechanical cooling operates intermittently, with only a few isolated instances
requiring mechanical cooling and the cooling capacity being quite low. From May to
June, the intensity and duration of mechanical cooling gradually increase, with a few days
where mechanical refrigeration is not necessary. During July and August, the duration and
intensity of mechanical cooling continue to increase, with almost daily operation required,
leading to high-load conditions for the equipment. Starting in September, the demand for
mechanical cooling gradually decreases in both duration and intensity. By October, only
minimal cooling replenishment is required occasionally. Overall, in the Shanghai DC, the
annual mechanical refrigeration make-up cooling capacity is 219,850.5580 kW-h, with a
maximum unit hourly make-up cooling capacity of 178.5080 kW-h. Furthermore, mechani-
cal refrigeration cooling is required over a longer period throughout the year, whereas the
period of high load for mechanical refrigeration cooling is concentrated specifically in July
to August.

3. COP analysis

The statistical results presented in Table 9 are the monthly average COP values of the
DC unit in Shanghai. The COP of this unit had clear seasonal patterns and was influenced
by the fluctuations in dry and wet bulb temperatures in the external air. In January, the
monthly average COP reached its peak at 7.53, whereas it dropped to its lowest point in
July at 3.13. The annual average COP was 5.42. The unit’s hourly COP curve, depicted
in Figure 20, demonstrates fluctuations in COP values ranging from 2.39 to 8.73. The
significant variation in COP values is mostly attributed to the cold weather conditions
in Shanghai during the winter season (specifically in January). As a result, the unit can
operate solely in the FAIHT mode to fulfill the cooling-load requirements of the machine
room, leading to a high COP value. During the summer months of July and August, the
unit is required to function in hybrid mode for the majority of the time due to the elevated
outdoor temperature. As a result, the compressor operates under high load and consumes
a significant amount of power. Thus, in comparison to winter, the COP value experiences a
substantial decrease.

Table 9. Unit monthly average COP simulation results.

Month

Jan.

Feb.

Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Now. Dec.

COP

7.53

7.31

6.72 5.92 491 3.89 3.13 3.17 3.95 5.18 6.21 717
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Figure 20. Unit hourly COP throughout the year in Shanghai.

In summary, IEC air-conditioning units also have energy-saving effects in Shanghai.
The hybrid mode of the unit does not carry the largest cooling load, but it does consume
the largest amount of electricity. This indicates that the unit can use limited outdoor cold
sources when operating in high-humidity regions, and most of the energy consumption is
from mechanical cooling.

4. Comparative Analysis of Different Air-Conditioning Systems in DC

To verify the energy-saving benefits of IEC air-conditioning units, they are compared
to traditional air-conditioning systems in DCs. This study compares a precision air con-
ditioner with an air-cooled condenser (PACAC) and a standard water-cooled chiller +
air-conditioning unit (WACS) to an IEC air-conditioning unit.

4.1. Comparative Analysis of Energy Consumption of Air-Conditioning Systems

Option one: The cold and hot channels of the DCs in every city were shut down. The
air temperature within the DCs was set to 24 °C, while the return temperature in the hot
channel was set to 36 °C. A model was constructed in DeST using real DC building informa-
tion. According to the DC evaporative-cooling air-conditioning technical specification [35],
which has different requirements for the thermal performance of the enclosure structure in
the climatic zones of the three cities mentioned above, the maximum heat-transfer coeffi-
cient of the enclosure structure of the DC in each city was calculated by combining with
the condition that the inner surface of the outer wall of the DC does not condense. Finally,
the maximum cooling loads of the DCs in Urumgj, Beijing, and Shanghai were simulated
to be 1421 kW, 1472 kW, and 1482 kW, respectively.

Option two: Selection of 10 PACACs that have a refrigeration capacity of 150 kW and
a power rating of 52.5 kW each.

Option three: Traditional WACSs require the installation of a cooling source, such as
chiller unit, cooling tower, freezing water pump, cooling water pump, and air-conditioning
unit. The relevant equipment selection is shown in Table 10.

By considering three different air-conditioning systems, we can determine the annual
energy usage of the air-conditioning system in the DCs. The year-round running energy
consumption of the IEC unit is determined using the TRNSYS simulation calculation
mentioned before. The water consumption of the unit in the IEC mode and the hybrid
mode can be determined using the following formula [36]:

W = 0.001(dy, — do)g. (4)

In the formula, W is the evaporation water consumption; the unit is kg/s. dj, is the
humidity content of the outdoor-air wet bulb temperature at the saturation state; the unit is
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g/kg. dy is the humidity content of outdoor air; the unit is g/kg. g is the air volume of the
secondary fan; the unit is kg/s.

Table 10. Selection of WACS equipment.

Equipment Type Main Parameters Quantity
Cooling tower SXT-150T Power (kW) 2.2 5
Power (kW) 74
Water-cooled chiller TL-100WSC Refrigeration 31 5
output (kW)
Power (kW) 10
Air-conditioning unit E— Refrigeration 130 15
output (kW)
Power (kW) 5.5
Freezing water pump 65-160IA Head of delivery (m) 21 5
Rate of flow (m3/h) 61
Power (kW) 15
Cooling water pump 80-125A Head of delivery (m) 24 5
Rate of flow (m3/h) 72

The formula provided can be used to calculate the power- and water-consumption-
saving rates of IEC air-conditioning units in comparison to traditional air-conditioning
systems over the course of a year [36].

C Wo—W,

- 6)

D
In the formula, @ is the energy-saving rate or water-saving rate of the IEC air condi-
tioner; the unit is %. Wy is the annual electricity or water consumption of a conventional
air-conditioning system; the unit is kW-h or m>. Wj is the annual power or water consump-
tion of the IEC air-conditioning unit; the unit is kW-h or m3.
The comparison results are derived by individually analyzing the energy consumption
of IEC air-conditioning units and conventional air-conditioning units in DC. Please refer to
Table 11 for more details.

Table 11. Comparison of energy consumption of IEC air-conditioning systems and PACACs.

PACAC
IEC Annual Annual Water The Power
City Unit Power Run-Up Time Annual Pm.Ner Power Consumption = Consumption Saving Rate
(kW) (h) Consumption (kW-h) (md) (%)
(kW-h)
Urumgi 525 8760 4,599,000 1,956,490 15,923.6 57.46
Beijing 525 8760 4,599,000 2,379,516 19,369.7 48.26
Shanghai 525 8760 4,599,000 2,786,595 24,524.5 39.41

Table 11 demonstrates that the energy-saving rate of IEC air-conditioning systems in
Urumgi, Beijing, and Shanghai was 57.46%, 48.26%, and 39.41% accordingly. The energy-
saving effect was clearly evident.

Table 12 shows that the annual power consumption and water consumption of IEC
air-conditioning units used in DCs are lower than those of conventional WACSs. The
power-saving rates of IEC air-conditioning systems in Urumgji, Beijing, and Shanghai were
41.11%, 35.96%, and 29.95%, respectively. Similarly, the water-saving rates in these cities
were 78.26%, 75.01%, and 68.75%, respectively. The energy and water-conservation benefits
of IEC air-conditioning devices are readily apparent.
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Table 12. Comparison of energy consumption of IEC air-conditioning systems and WACSs.
WSCS IEC
. The
City Annual Wefter Annual Pox./ver Annual Wa}ter Annual Po‘./ver Water-Sa:llng Power-Saving
Consumption  Consumption  Consumption  Consumption Rate (%) Rate (%)
(m?) (kW-h) (m?) (kW-h)
Urumgi 73,248.6 3,322,072 15,923.6 1,956,490 78.26 41.11
Beijing 77,478.8 3,715,642 19,369.7 2,379,516 75.01 35.96
Shanghai 78,478.4 3,978,021 24,524.5 2,786,595 68.75 29.95
By comparing Tables 11 and 12, it is evident that the PACAC has the highest annual
energy consumption, followed by the WACS, and the IEC air-conditioning system has the
lowest energy consumption. Furthermore, when compared to Beijing and Shanghai, the
DC air-conditioning system in the Urumgi region utilizes an IEC air-conditioning unit that
achieves the highest rates of electricity and water conservation. This demonstrates that the
energy consumption of the IEC air-conditioning unit is strongly influenced by the local
climate conditions. In regions with lower air temperature and humidity, the unit has lower
annual power consumption and water consumption. Consequently, the unit’s ability to
save electricity and water is more pronounced in such regions.
4.2. PUE Comparative Analysis of the DCs
The combined energy usage of IT equipment in the DCs is 1497.6 kW. Additionally,
the electrical distribution for other lighting is estimated at 100 kW [34]. Table 13 below
displays the yearly average PUE values of the DCs when various air-cooling systems are
employed in different regions.
Table 13. PUE values of different air-conditioning systems in DCs in different regions.
Total Energy Consumption of Total Energy Total Energy
Item City the Air-Conditioning System Consumption of IT Consumption of CLF PUE
(kW-h) Equipment (kW-h) Machine Room (kW-h)
Urumgqi 1,956,490 13,118,976 15,951,466 0.14 1.21
IEC Beijing 2,379,516 13,118,976 16,374,492 0.18 1.24
Shanghai 2,786,595 13,118,976 16,781,571 0.21 1.27
PACAC — 34,599,000 13,118,976 18,593,976 0.35 1.42
Urumgqi 3,322,072 13,118,976 17,317,048 0.25 1.32
WACS Beijing 3,715,642 13,118,976 17,710,618 0.28 1.35
Shanghai 3,978,021 13,118,976 17,972,997 0.30 1.37

Table 13 clearly demonstrates that IEC air-conditioning systems have significant
energy-saving effects. Moreover, the annual average PUE values of the DCs in all three
regions are consistently below 1.3, because utilizing outdoor natural cold sources signifi-
cantly decreases the energy usage of air-conditioning systems in DCs. The average annual
PUE values for PACACs in the three locations reach a maximum of 1.42, while the average
annual PUE values for WACSs fall between these two values. Based on the analysis of how
climate conditions affect the PUE values of DCs in various regions, it is evident that as a
DC moves from a region with hot summers and cold winters to a colder region, the average
annual PUE value decreases in correlation with the decrease in outdoor air temperature and
relative humidity. Based on these facts, the Shanghai DC has the greatest average annual
PUE value, followed by Beijing, while Urumgi has the lowest average annual PUE value.

5. Conclusions

This study utilizes pre-existing IEC air-conditioning systems and applies them to DCs
located in three cities with varying humidity levels. A unit model is constructed using
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TRNSYS simulation software, and its accuracy is validated through a comparative analysis
with actual operational data. To evaluate and compare the adaptability of units in different
regions, the authors collected data on unit time allocation, energy consumption, and COP
parameter curves for typical cities, assuming that the DC’s supply and return temperatures
are met. The authors analyzed IEC compared with PACACs in DCs. Based on this analysis,
the authors reached the following conclusion:

In Urumgi, the unit operated in FAIHT mode and IEC mode for approximately 97.29%
of the year, thereby nearly accomplishing 100% natural cooling. The unit’s total energy
consumption for the year was 279,498.77 kW-h, and it had an annual mechanical
cooling capacity of 7253.52 kW-h. The unit’s average annual COP was 7.34.

In Beijing, the unit was able to utilize natural cooling sources for around 79% of the
year. The total annual energy consumption of the unit was 339,930.91 kW-h, with an
annual requirement of 116,011.34 kW-h for mechanical cooling. The average annual
COP of this unit was 6.33.

In Shanghai, the unit was able to utilize natural cooling sources for around 43% of the
year. The total annual energy consumption of the unit was 398,085.42 kW-h, and the
yearly demand for mechanical cooling was 219,850.55 kW-h. The unit had an average
annual COP of 5.42.

The most effective application of an IEC air conditioner was at the Urumgqi DC, fol-
lowed by Beijing and, finally, Shanghai. The adaption impact is ordered as dry
regions > medium-humidity regions > high-humidity regions;

The energy consumption of an IEC air-conditioning system was compared to that
of a PACAC. In Urumgdi, Beijing, and Shanghai, the energy-saving rates of the IEC
system were 57.46%, 48.26%, and 39.41%, respectively. The energy-saving effect is
clearly evident.

The IEC air-conditioning system has reduced annual power usage and water con-
sumption compared to the WACS. The power-saving rates of the IEC air-conditioning
systems in Urumgji, Beijing, and Shanghai were 41.11%, 35.96%, and 29.95%, respec-
tively. The water-saving rates were 78.26%, 75.01%, and 68.75%, respectively. The
energy- and water-saving impacts were significant in all three cities.

The annual energy consumption of PACAC was the highest, followed by WACS, and
the IEC air-conditioning system was the lowest;

The energy consumption of the IEC air-conditioning unit is directly influenced by the
climate conditions of the region. In regions with lower air temperature and humidity,
the unit will have lower annual electricity and water consumption. This will result in
more significant energy- and water-saving effects.

The average yearly PUE value of IEC air-conditioning units is the lowest, falling below
1.3. The PACAC has the greatest average yearly PUE value, which reaches 1.42. The
WACS has an average yearly PUE value that falls between the values of the IEC system
and the PACAC.

This paper provides some references for the application and promotion of IEC air

conditioners in DCs in different humidity regions. However, due to time constraints, this
paper has the following shortcomings and future improvements.

During the implementation of the project, the staff must take into account the energy
consumption resulting from the air-filtration treatment, as it varies in different places
due to variances in the air environment. This aspect of energy consumption is not
accounted for in the overall energy consumption of the units in this article. It is impor-
tant to thoroughly consider this aspect in future research and ensure its applicability
to practical projects.

This study does not directly measure the operating-energy consumption of units in
various humidity locations. Instead, it examines the annual operating-energy con-
sumption of IEC air-conditioning units in different humidity regions using simulated
experiments. Future studies can corroborate the findings of this paper by combining
them with field experiments.
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e In the field of practical implementation, it is necessary to conduct further research
on the units and address challenges and issues related to the design and operation
processes. These include the coupling of the building facade and the unit, the selection
of materials for the heat-exchange core, the requirements for water-quality treatment,
etc. Moreover, in the current research, we focused on existing IEC units, which
combined indirect evaporative cooling and mechanical refrigeration, while some other
potential alternative technologies to cover the mechanical refrigeration load were
not considered.
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Abbreviations

The following abbreviations are used in this manuscript:
DC Data center

IEC Indirect evaporative cooling

cor Coefficient of performance

PUE Power-usage effectiveness

PACAC Precision air conditioner with air-cooled condenser
WACS Water-cooled air-conditioning system
FAIHT Fresh-air indirect heat transfer
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