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Abstract: The highlighted energy consumption of Internet data center (IDC) in China has become
a pressing issue with the implementation of the Chinese dual carbon strategic goal. This paper
provides a comprehensive review of cooling technologies for IDC, including air cooling, free cooling,
liquid cooling, thermal energy storage cooling and building envelope. Firstly, the environmental
requirements for the computer room and the main energy consumption items for IDC are analyzed.
The evaluation indicators and government policies for promoting green IDC are also summarized.
Next, the traditional cooling technology is compared to four new cooling technologies to find effective
methods to maximize energy efficiency in IDC. The results show that traditional cooling consumes
a significant amount of energy and has low energy efficiency. The application of free cooling can
greatly improve the energy efficiency of IDC, but its actual implementation is highly dependent on
geographical and climatic conditions. Liquid cooling, on the other hand, has higher energy efficiency
and lower PUE compared to other cooling technologies, especially for high heat density servers.
However, it is not yet mature and its engineering application is not widespread. In addition, thermal
energy storage (TES) based cooling offers higher energy efficiency but must be coupled with other
cooling technologies. Energy savings can also be achieved through building envelope improvements.
Considering the investment and recovery period for IDC, it is essential to seek efficient cooling
solutions that are suitable for IDC and take into account factors such as IDC scale, climate conditions,
maintenance requirements, etc. This paper serves as a reference for the construction and development
of green IDC in China.

Keywords: internet data center; PUE; energy efficiency; cooling technologies; energy saving rate

1. Introduction

With the rapid development of the digital economy, the global data size is experiencing
explosive growth. As the hub of data storage, network communication and computing, the
number and scale of Internet data center (IDC) are continuously expanding [1]. However,
this expansion comes at a cost of significant energy consumption [2], which can be up to
100 times higher than that of standard office accommodation [3]. According to a statistical
report [4], the total energy consumption of IDC accounted for approximately 1% of the
global total energy consumption in 2018. It is estimated [4] that the global proportion of
energy consumption by IDC will rise to 4.5% in 2025 and up to 8% in 2030.

China is also facing a critical situation regarding IDC energy consumption. Since 2010,
the total energy consumption of IDC has been growing at a rate of more than 12% for eight
consecutive years [5]. In 2020 [6], the energy consumption of IDC nationwide in China
reached 150,700,000,000 kWh, resulting in over 94,850,000 tons of carbon emissions [7]. It is
estimated [8] that by 2035, IDC in China will produce more than 150,000,000 tons of carbon
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emissions. The significant energy consumption of IDC is not in line with China’s energy-
saving policy of “3060 double carbon”. Therefore, there is an urgent need to improve the
energy utilization efficiency of IDC [9].

Information technology (IT) devices and auxiliary equipment are the physical compo-
nents of an IDC. IT devices, such as servers, network switches and routers, play crucial roles
in data transmission and processing within the IDC. Furthermore, auxiliary equipment,
i.e., cooling system, lighting and other systems, are essential for maintaining the stable
operation of IT devices. In short, IT equipment is the core equipment of IDC. As shown
in Figure 1, the energy consumption of IT equipment accounts for approximately 45–50%
of the total energy consumption in an IDC [2]. Additionally, a significant portion of the
power consumed by IT equipment is converted into heat. To ensure the safe and reliable
operation of the IDC, it is necessary to dissipate the heat generated by the IT equipment to
the external environment through the cooling system. Failure to do so can lead to increased
temperatures in the computer room, posing a serious threat to the safety of the IT equip-
ment [10]. The energy consumption of the cooling system accounts for about 35–40% of the
total energy consumption [11] in an IDC, making it the second largest energy-consuming
component. Furthermore, the cooling system in an IDC is different from other traditional
architectures. On the one hand, the cooling system operates continuously throughout the
year due to the constant operation of IT equipment [12]. On the other hand, the heat flux
and energy consumption in an IDC are significantly higher compared to other traditional
architectures [13]. For example, a rack [14] with a wind inlet area of 2.4 m2 and a heat
load of 10 kW can generate a heat flux as high as 4.2 kW/m2. Therefore, optimizing and
adjusting the cooling system is a crucial approach to promoting green and low-carbon
development in IDC.
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for providing a cold source for heat transfer, while the TCSS moves heat from the com-
puter room to the outdoor environment. Generally, the MRSS consists of chillers, pumps 
and cooling towers, while the TCSS includes a computer room air conditioning (CRAC) 
and a computer room air handler (CRAH). Generally, fresh air is not used in IDC com-
puter rooms due to the high air quality requirements of servers. The basic mechanism of 
the typical cooling system is illustrated in Figure 2. The chilled water (indicated by the 
blue line) is circulated from the chillers to the terminal cooling units in the computer room 
through chilled water pumps. The chilled water absorbs heat from the IT equipment and 
returns to the collector (indicated by the red line), where it is then sent back to the chillers. 
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Figure 1. The energy consumption of IDC and its cooling system. The energy consumption equipment
of cooling system includes chiller, terminal cooling units, pumps and towers.

Generally, a typical IDC cooling system consists of a mechanical refrigeration sub-
system (MRSS) and a terminal cooling sub-system (TCSS) [15]. The MRSS is responsible for
providing a cold source for heat transfer, while the TCSS moves heat from the computer
room to the outdoor environment. Generally, the MRSS consists of chillers, pumps and
cooling towers, while the TCSS includes a computer room air conditioning (CRAC) and a
computer room air handler (CRAH). Generally, fresh air is not used in IDC computer rooms
due to the high air quality requirements of servers. The basic mechanism of the typical
cooling system is illustrated in Figure 2. The chilled water (indicated by the blue line) is
circulated from the chillers to the terminal cooling units in the computer room through
chilled water pumps. The chilled water absorbs heat from the IT equipment and returns
to the collector (indicated by the red line), where it is then sent back to the chillers. At the
same time, cooling water (indicated by the yellow line) is pumped from the chillers to the
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cooling towers, where it dissipates heat to the outdoor environment. The cooled water is
then returned to the chillers for reuse (indicated by the green line).
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While this typical cooling system is safe and reliable, it does have some drawbacks.
Firstly, it relies on a vapor compression cycle to operate throughout the year, even in
winter when the outdoor temperature is low, resulting in high electricity [16]. Secondly,
the mixing of cold and hot airflow in the computer room can lead to poor heat exchange
due to inefficient airflow control. Lastly, the use of pumps and fans for water and air
transport in the cooling system consumes a significant amount of energy and results in
losses, regardless of the transport distance [17].

The disadvantage of the typical cooling system is its high electricity consumption. Ac-
cording to statistical results in Figure 1, when the cooling system accounts for approximately
40% of the total energy consumption in an IDC, the chiller alone consumes approximately
16% of the energy, while the terminal and other equipment (pumps and cooling towers)
each consume approximately 12%. Studies have shown that for every 1 Kw of heat gen-
erated by the IT equipment, around 1.5 Kw of electricity is needed for cooling [18]. This
high energy consumption presents a significant opportunity for energy conservation in
the cooling system in an IDC. For instance, a 20,000 m2 IDC can save over 680,000 kWh
of electricity annually by increasing the cooling system efficiency by just 1%. That would
result in a reduction of nearly 187 tons of carbon emission and save approximately RMB
600,000 in electricity costs [19]. Therefore, improving cooling efficiency is a key focus for
reducing energy consumption and carbon emissions in IDC.

Currently, extensive research is underway to explore more energy-efficient cooling
methods and technologies in order to address the challenges in IDC. For instance, a study
by [20] reviews the performance characteristics of free cooling and heat pipe cooling. Ad-
ditionally, the same study also summarizes the performance evaluation criteria for free
cooling in IDC [20]. Moreover, [2] provides an overview of four cooling technologies,
namely, free cooling, liquid cooling, two-phase cooling and building envelopes, discussing
their characteristics, applicability and energy saving. Furthermore, [21] reviews the tech-
nical principles, advantages and limitations of cooling technologies such as pipe cooling,
immersion cooling and thermal energy storage (TES) based cooling.

Nonetheless, there are still certain aspects that remain unclear. Firstly, there is a lack
of comprehensive performance comparisons between different technologies, and when
such comparisons exist, they are often based on different key performance parameters.
Secondly, there is a dearth of thorough reviews comparing traditional cooling technologies
with newer ones. This paper aims to provide an overview of energy consumption and
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efficiency improvement technologies in IDC in China. The main contributions of this paper
can be summarized as follows.

(1) Summarizing the evaluation metrics for IDC efficiency. This section discusses the
impact of the cooling system on IDC energy efficiency. It also summarizes the require-
ments for the computer room environment and the related policies for IDC energy
efficiency. Furthermore, it analyzes the benefits and drawbacks of different evaluation
metrics, helping users select the most relevant one;

(2) Summarizing the principles, energy efficiency and applications of both traditional
and four new cooling technologies. Sections 4 and 5 introduce the configurations
of traditional and new cooling technologies in IDC, including combinations with
mechanical refrigeration and air cooling terminals, free cooling, liquid cooling, TES
based cooling and building envelope. By analyzing their advantages and limitations,
the suitable scenarios for these five techniques are also summarized;

(3) Proving a future development prospect for IDC cooling systems. This paper deeply
analyzes the energy efficiencies of these cooling technologies and compares them
using the same evaluation metrics. Notably, this review covers both laboratory-scale
and commercial-scale systems.

The paper’s structure is depicted in Figure 3, outlining the main sections and their
interconnections. The aim of this paper is to serve as a reference for the development of
environmentally friendly IDC, contributing to the high-quality development and digital
transformation outlined in China’s 14th Five-Year Plan.
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2. Methodology
2.1. Requirement for Computer Room Environment

The computer room environment in an IDC plays a crucial role in ensuring the stable
operation of IT equipment [22]. There are several factors that need to be considered to
maintain an optimal environment for the equipment. One important factor is the presence
of dust and mineral particles in the air. These particles can cause scratches on the IT
equipment, leading to potential damage and reduced performance. Additionally, toxic
and harmful gases, i.e., nitrogen oxides and sulfides, can be present in the air, which can
corrode the IT equipment and shorten its lifespan. Another factor to consider is the heat
dissipation capacity of the IDC. Due to the large scale of IDC, there is a significant amount
of sensible heat generated per unit area. For instance, the heat dissipation capacity of a
single rack can reach over 20 kW, with a sensible heat ratio exceeding 95%. This high heat
generation can result in a rapid temperature rise in the computer room, leading to server
downtime and failure. Generally, an inadequate thermal environment can also lead to poor
cooling efficiency, premature equipment failure, poor reliability, and increased power and
operating costs. Therefore, the environmental requirements for computer rooms in an IDC
are much higher compared to conventional places.

The American Society of Heating Refrigeration and Air Conditioning in Engineers
(ASHRAE) has developed a series of guidelines to ensure that IT equipment operates under
optimal environmental conditions [23]. Table 1 shows the classification recommendations
and allowable environmental parameters of the computer room given by ASHRAE TC9.9.
In addition, China has its own Code for Design of Data Center (GB 50174–2017) that
provides guidance on the computer room environment. For instance, in the computer
room, the temperature of the cold aisle and of the air inlet area of the rack is required
for 18 ◦C–27 ◦C. The dew point temperature is required for 5.5 ◦C–15 ◦C. The relative
humidity is required not to exceed 60%. However, when the requirements of IT equipment
are relaxed, the temperature range for the cold aisle and air inlet area of the rack can be
expanded to 15 ◦C–32 ◦C.

Table 1. The temperature and humidity for the rack inlet are recommended by ASHRAE.

Level Dry Bulb Temperature (◦C) Relative Humidity (%) Application

A1 15–32 20–80 Enterprise servers, storage, devices, etc.
A2 10–35 20–80

Servers, calculators, workstations, etc.A3 5–40 8–85
A4 5–45 8–90

Recommended 10–27 60

2.2. Performance Criteria
2.2.1. Energy Efficiency Assessment Indicator

The structure of an IDC is quite complex, so it is important to consider the measura-
bility of metrics when evaluating its energy efficiency. The existing metrics for evaluating
energy efficiency in IDC can be categorized into two types, i.e., coarse-granularity metrics
and fine-granularity metrics.

One widely used coarse-granularity metric is Power Usage effectiveness [24] (PUE).
PUE is calculated by dividing the total energy consumption of the IDC by the energy
consumption of the IT equipment [24], as shown in Equation (1).

PUE = Total energy consumption o f IDC
Total energy consumption o f IT equipment

= Total energy consumption o f IT equipment+Total energy consumption o f cooling system+Total energy consumption o f other
Total energy consumption o f IT equipment

(1)

where other energy consumption includes uninterruptible power supply (UPS), power dis-
tribution unit (PDU), lighting system, power system, monitoring system, etc. Theoretically,
the minimum value of PUE can approach l infinitely when the energy consumption of the
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cooling and other is negligible compared to the IT equipment. Conversely, a higher PUE
indicates a lower energy efficiency, suggesting that a significant portion of the power is
consumed by cooling and other systems. PUE is a simple metric to calculate and provides
an overall evaluation of the IDC’s energy efficiency. However, it does not provide specific
recommendations for energy savings.

To complement the coarse-granularity metrics, fine-granularity metrics like the Cool-
ing Load Factor, CLF [25], can be used to evaluate the cooling energy consumption of the
IDC. CLF is calculated by dividing the energy consumption of the cooling system by the IT
equipment [25], as shown in Equation (2). Moreover, this metric provides more specific
information about the energy efficiency of the cooling system.

CLF =
Total energy consumption o f cooling system
Total energy consumption o f IT equipment

(2)

Eventually, fine-granularity metrics offer a more accurate evaluation of the energy
efficiency of IDC. These metrics take into account the diversity and pertinence of the IDC’s
components and operations, allowing for a more detailed analysis of energy consumption
and efficiency.

2.2.2. Thermal Environment Assessment Indicator

PUE and CLF are commonly used metrics to evaluate the energy efficiency of an IDC
at a macro level. However, there are also several micro level indicators that researchers
have promoted to evaluate the energy efficiency in computer rooms. These micro level
indicators include Supply Heat Index (SHI) [26], Return Heat Index (RHI) [26], β [27], Rack
Cooling Index (RCI) [28] and Return Temperature Index (RTI) [29], which are expressed as
Equations (3)–(12). In fact, these micro level indicators provide a more detailed evaluation
of the cooling system’s utilization efficiency in the computer room. However, it is important
to note that indicators such as SHI, RHI and β are not specifically applicable to evaluating
the cooling efficiency at the IT equipment level.

SHI [26] and RHI [26] are defined as an indicator of the thermal cooling performance
in a row of racks. In Equation (3), the numerator is defined as the heat absorbed by the cold
airflow from the air conditioning supply to the rack inlet and the denominator is defined as
the heat absorbed by the cold airflow from the air conditioning supply to the rack outlet.
The smaller the SHI value, the higher the utilization rate of cold airflow. In Equation (4), the
numerator is defined as the capacity of the cooling server and the denominator is defined
as the capacity of the cold airflow from the air conditioning supply to the rack outlet. The
larger the RHI value, the higher the utilization efficiency of cooling.

SHI =
δQ

Q + δQ
(3)

RHI =
Q

Q + δQ
(4)

Q = ∑j ∑i mr
i,j{ρ

[
(Tr

out)i,j − (Tr
in)i,j

]
(5)

δQ = ∑j ∑i mr
i,j{ρ

[
(Tr

in)i,j − Tre f

]
(6)

β =
Tin − Tre f

Tout − Tin
(7)

where Q is the total heat dissipation from all the racks in the data center and δQ is the rise
in enthalpy of the cold air before entering the rack; i is the number of cabinet lines; j is
the number of cabinet columns; mr

i,j is the mass airflow rate through ith rack in the jth row

of racks, m3/h; {ρ is the specific heat, J/kg ◦C; (Tr
out)i,j and

(
Tr

in
)

i,j are average outlet and
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inlet temperatures from the ith rack in the jth row of racks, ◦C. Tref denotes the supply air
temperature of terminal cooling units, assumed to be identical for all rows, ◦C. In addition,
β [27] is a correction to the calculation method based on SHI, which uses the average
temperature difference between the inlet and outlet airflow of the rack as a reference
standard for measuring the mixing intensity of hot and cold airflows, as illustrated in
Equation (7). The phenomenon of the thermal cycle in the computer room can be evaluated
by β, i.e., β > 1.

RCI [28] is used to evaluate the cooling performance of environmental conditions in
an IDC facility. It takes into account both the upper index and the lower index, i.e., rack
cooling index high (RClHi) and rack cooling index low (RCILo). Specifically, RCIHi measures
the extent to which the rack inlet airflow temperature exceeds the recommended upper
temperature limit, while RCILo measures the extent to which the rack inlet airflow temper-
ature falls below the recommended lower temperature limit. As shown in Figure 4, the
proportion of the time exceeding the recommended inlet airflow temperature of the rack to
the total time is RCIHi and RCILo. The specific formulas [28] are shown in Equations (8)–(11).

RCIHi =

[
1 − ∑(Tx − Tmax−rec)A

(Tmax−all − Tmax−rec)n

]
100% (8)

RCILO =

[
1 − ∑(Tmin−rec − Tx)B

(Tmin−rec − Tmin−all)n

]
100% (9)

A = Tx > Tmax−rec (10)

B = Tx < Tmin−rec (11)

where Tx is the mean temperature of the xth server inlet, ◦C; Tmax-rec is the maximum
recommended temperature value in ASHRAE TC 9.9, ◦C; Tmax-all is the maximum allowable
temperature value in ASHRAE TC 9.9, ◦C; n is the total number of servers inlet; Tmin-rec
is the minimum recommended temperature value in ASHRAE TC9.9, ◦C; Tmin-all is the
minimum allowable temperature value in ASHRAE TC 9.9, ◦C. The two metrics provide
a quantitative assessment of the cooling performance in the computer room, helping to
identify areas where the temperature is outside the recommended range.
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In addition, RTI is an indicator that can describe the airflow distribution characteristics
within a rack [29]. It is defined as the ratio of the temperature difference between the
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computer room and the IT equipment. The specific formula [29] for RTI is shown in
Equation (12).

RTI =

[
TRA − TSA

∆TEquip

]
100% (12)

where TRA is the return airflow temperature of CRAC/H, ◦C; TSA is the supply airflow
temperature of CRAC/H, ◦C; ∆TEquip refers to the temperature difference between the
inlet and outlet of IT equipment, ◦C. If RTI < 100%, there is a bypass of cold airflow
in the computer room. If RTI > 100%, it means that there is a cycle of hot airflow in a
computer room. This indicator provides insights into the airflow distribution and cooling
effectiveness within the rack.

In a word, some of the mentioned metrics (RTI, RCI) can evaluate the airflow organi-
zation and cooling efficiency of the overall or local space in an IDC. However, they cannot
describe the thermal environment of individual IT equipment, nor can they determine
where the mixing of cold and hot airflows occurs. Therefore, they are unable to depict the
distribution of the thermal environment in an IDC, making it difficult to make targeted
improvements and optimizations. On the other hand, some metrics (SHI, RHI, β) can
describe certain distribution characteristics of the airflow organization in an IDC, but they
cannot reflect the temperature levels at which cold and hot air mixing occurs in the entire
data center, local spaces, or individual racks. As a result, they cannot determine whether
there will be local hotspots or if they are in the “thermal safe zone”.

3. Status and Policies for Energy Conservation in China

The energy conservation potential of IDC in China is significant, as highlighted in a
report published by the Ministry of Industry and Information Technology (MIIT) of the
People’s Republic of China. The report reveals that more than half of Chinese IDCs have
a PUE value between 1.3 and 1.5, with 37% of IDCs having a PUE value greater than 1.5.
Additionally, only a few IDCs have achieved a PUE value lower than 1.2. Furthermore, the
CLF value of most IDCs in China falls within the range of 0.15 to 0.25, with only 5% having
a CLF value between 0.01 and 0.1 [30].

To guide the construction of environmentally friendly IDC, various opinions and
policies have been issued in recent years, as depicted in Figure 5. The MIIT in China has set
a target for large IDCs to achieve a PUE value below 1.3 by the end of 2023. In cold areas,
the aim is to achieve a PUE value below 1.25. Guangdong Province has also established a
requirement that newly built IDCs should have a PUE value no higher than 1.25 by 2025.
Notably, failure to meet these PUE requirements may result in the prohibition of building
or expanding the IDC.

The efficiency of the cooling system is a key factor influencing the PUE value. Cur-
rently, most IDCs in China utilize traditional cooling technologies, resulting in an annual
average PUE value of no less than 1.7. These cooling systems exhibit characteristics such
as high total electricity consumption, low energy efficiency and a significant potential for
energy savings. Therefore, the adoption of new and efficient cooling technologies is crucial
to ensure energy efficiency in IDC.
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4. Traditional Cooling Technologies

It is the most traditional solution, combined with mechanical refrigeration and ter-
minal of air cooling, for transferring heat generated by IT equipment to the outdoor
environment [31]. The traditional solution has the advantages [32] of high reliability, simple
maintenance, low operating cost, etc. Additionally, the terminal of air cooling technology
is widely used in IDC. The heat exchange in the terminal of the air cooling technology is
achieved by the airflow of TCSS. The cooling source for TCSS is provided by the MRSS.
In this section, the mechanical refrigerating and terminal of air cooling technology are
discussed, respectively.

4.1. Mechanical Refrigeration Technology

The heat absorbed by the TCSS from the computer room environment is transferred to
the outdoor environment via the dual refrigeration cycles [33] (DRCs) inside the MRSS, as
shown in Figure 2. The DRCs consist of a heat transfer cycle (HTC) and a heat rejection
cycle (HRC), with the chiller acting as the connector.

In the HTC, the water is cooled by the refrigerating medium via a vapor–liquid phased
transition at the compressor of the chiller. The chilled water is continuously pumped into
the terminal equipment, i.e., computer air conditioning (CRAC) and computer room air



Energies 2023, 16, 7158 10 of 31

handling (CRAH), in the computer room. Then, the chilled water is warmed by the hot
airflow through the cooling coils of the interminal equipment. Meanwhile, airflow, which
is cooled by chilled water, returns to the computer room driven by fans. Lastly, the chilled
water is warmed, flows out of the terminal equipment and returns to the chiller. In the
HRC, the cooling water is warmed by the refrigerating medium via a vapor–liquid phased
transition at the condenser of the chiller, which is pumped into the cooling tower. Then,
the heat contained in the cooling water is dissipated to the outdoor environment by the
cooling towers.

In the refrigeration cycles, the dynamic parameters, e.g., supply water temperatures of
chillers, water flow rate and indoor temperature, can affect the system efficiency parameters,
such as coefficient of performance (COP), energy efficiency ratio (EER), etc., thus resulting
a high energy consumption [34].

4.2. Terminal of Air Cooling Technology

The terminal of air cooling technology [35] can be classified into three branches, i.e.,
room-level air cooling technology, row-level air cooling technology, and rack-level air
cooling technology, according to the IT equipment heat densities in a computer room.

4.2.1. Room-Level Air Cooling

The room-level air cooling realizes the heat exchange of the computer room and
outdoor environment, which is through CRAH, CRAC and the distribution system. Ac-
tually, room-level air cooling has the advantages of practical design, strong installation
adaptability, simple operation, etc. Figure 6 shows a typical room-level air cooling with a
Raised Floor Air Supply system (RFAS) [36]. The racks are placed in an orderly manner,
“face-to-face, back-to-back” to form a cold and hot aisle. In theory, the cold air flows from
the CRAC to the floor underfloor plenum. Then, it spreads to the cold aisle through the air
outlet to cool the servers. Lastly, the hot airflow heated by the servers is discharged from
the back of racks to the hot aisle, where it returns to the CRAC under the differential air
pressure, completing the heat exchange cycle.
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Figure 6. Diagram of room-level air cooling.

However, certain factors such as rack layout, CRAC location and IT load distribution
can have a significant impact on airflow during heat exchange, leading to the formation
of “cold bypass” [37] (i.e., the cold airflow bypass the server and return directly to the
CRAC/CRAH, reducing cooling efficiency) and “hot circulation” [38] (i.e., the heated
airflow from the server returns to the rack’s inlet, potentially causing server overheating).
To prevent these issues, IDC maintenance personnel often resort to measures such as
increasing the power of cooling equipment and lowering the cooling temperature to ensure
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the safe and stable operation of the computer room. However, these measures result in a
nearly 40% increase in IDC [39] cooling cost.

The containment for the cold aisle and hot aisle can effectively prevent the formation of
“cold bypass” and “recirculation” in the computer room [40]. As shown in Figure 7, by using
special materials like fireproof glass to close the cold aisle, heat exchange efficiency can be
improved [41], reducing cooling bypass by up to 94% and saving 63% [42] of electricity for
cooling. Additionally, research has shown that [43] aisle containment can help reduce the
inlet temperature of the rack and prevent the formation of local hot spots. For instance, a
campus IDC implemented hot aisle containment, resulting in improved [44] heat exchange
efficiency and reducing electricity consumption by 820 MWh, saving over 100,000 dollars
cost annually. In addition, other methods [16], such as using panels to close empty slots
in servers within the rack, can further reduce the rate of cold bypass by 2% to 3.2% [45].
Moreover, there are additional measures that can be taken to improve cooling efficiency,
such as using improved floor perforated brick [46], optimizing rack layout [47], adjusting
the depth of underfloor plenum [48], implementing airflow management techniques [3]
and utilizing intelligent control systems [49].
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However, the airflow distribution in room-level air cooling systems can be challenging
due to various constraints [47], such as ceiling height, room shape, obstacle, rack layout
and the location of CRAH/CRAC. These constraints limit the practical application of room-
level cooling in IDC. Furthermore, room-level air cooling systems often suffer from a poor
thermal environment and low energy efficiency, making them unsuitable for IDCs with
high-power density. The inefficiency of room-level cooling can lead to increased energy
consumption and cooling costs, which are undesirable for green IDC initiatives.
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4.2.2. Row-Level Air Cooling

Row-level air cooling has higher cooling efficiency than room-level cooling [50]. The
former is more applicable to IDCs with a server heat density higher than 3 kW [31]. As
shown in Figure 8, the CRAC is usually dedicated to a rack row. Compared with room-level
air cooling, row-level air cooling not only has a shorter airflow path but also has a cooling
efficiency. For example, [51] SHI and RHI of the row-level air cooling can be improved
by 37.1% and 20%, respectively. Meanwhile, RTI and β can be improved by 73.2% and
44.3%, respectively. Additionally, the cooling system with row-level can reduce electricity
consumption by more than 110,000 kWh per year [31], compared with room-level cooling.
Nevertheless, it is easy to cause vortex airflow, resulting in uneven air supply temperature
and thermal stratification. Moreover, the interaction among different CRAC modules also
has a certain impact on cooling. Above all, for row-level air cooling applications, the
formation mechanism of thermal environment cooling must be further studied [52].
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4.2.3. Rack-Level Air Cooling

Rack-level air cooling applies to large IDCs with heat density higher than 50 kW [53].
As shown in Figure 9, the cooling unit is directly installed inside the rack. Namely, the
airflow heated by the server does not discharge from the back of the rack but rather returns
to the cooling unit directly to complete the heat exchange. The airflow path of rack-level
air cooling is shorter, the airflow specialization is more accurate, and the cooling capacity
utilization is higher [54]. For example, Ma et al. find that the energy efficiency ratio of the
system with rack-level air cooling reaches 29.7 [55]. Jin et al. compared the thermal and
energy performance of room-level cooling and row-level cooling to find that SHI improved
from 0.79 to 0.31, which saved an annual energy of 16.9% [31]. Moreover, a lot of computer
room space can be saved because rack-level cooling does not take up additional space.
However, cooling equipment at the rack-level needs to be specially customized, which
results in the equipment installation being greatly difficult and high cost for maintenance
personnel. For example, failure of the cooling unit can easily lead to server overheating
and downtime if that is not dealt with on time. Therefore, rack-level air cooling technology
should be jointly applied with other cooling technologies to eliminate local hot spots [3].

Although the terminal of air cooling has improved in multi-level from the rack to the
room level, airflow mixing problems, e.g., air leakage, cold bypass, and hot circulation,
are still common. It not only easily forms hot spots to threaten the safe operation of IDC
but also makes the inefficiency cooling system. At present, most IDCs in China still use
traditional cooling technologies. The annual average PUE value is not less than 1.7, which
causes a huge energy waste. The traditional cooling technology has been unable to meet
the needs of cooling and green development for IDC. In addition, with the development of
cloud computing and big data technology, the performance of IT equipment has gradually
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improved. And the power density of a single rack has continued to increase. Therefore, it
is imperative to develop new green and efficient IDC cooling technologies.
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5. New Cooling Technologies

With the development of new energy-conservation cooling technology, the value of
PUE for advanced IDC can reach below 1.1. For example, Qiandao Lake Data Center in
China [56] uses a new cooling technology to reduce the energy consumption of IDC, achiev-
ing the goal with an annual average PUE that can be as low as 1.09. Compared with ordinary
IDC, Qiandao Lake Data Center can save 80% of energy by reducing 30,000,000 kWh of
electricity consumption annually. And it lowers carbon emissions by nearly 10,000 tons
annually. Moreover, BaiduCloud Computing (Yangquan) Center has developed a new
cooling unit to obtain an annual average PUE value of 1.08.

5.1. Free Cooling

Free cooling technology, also known as an economizer cycle, is a significant method
for saving energy in IDC. It involves utilizing the natural climate to cool the IDC instead
of relying solely on a mechanical refrigeration system. This is achieved by outside air
or water as a cooling medium or the direct cold source when the outdoor temperature
is sufficiently lower than that of the IDC [57]. By leveraging free cooling, the need for
continuous operation of energy-intensive equipment like chillers, pumps and cooling
towers can be reduced. This results in a decrease in energy consumption and cost, typically
by around 20% [58]. There are two main types of free cooling technology, i.e., direct free
cooling and indirect free cooling [20]. That is discussed in detail below.

5.1.1. Direct Free Cooling

Direct free cooling is a method that utilizes outdoor low-temperature resources to
exchange heat directly with the computer room environment. Since there is no auxiliary
cooling system, i.e., chiller and tower, the way of direct free cooling consumes extremely
low energy [59]. Direct free cooling can be further divided into two types, i.e., direct airside
free cooling and direct waterside free cooling, as shown in Figure 10.
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(1) Direct airside free cooling

Figure 10a shows the principle of direct airside cooling, which utilizes the available
outside cool air for cooling IDC space. Sensors are utilized for monitoring the inside
and outside air temperature and conditions. When the outside air temperature is within
the desired set points, the equipment, such as airside economizers, draws the outside air
directly inside a computer room. The direct airside economizer is composed of variable
dampers, controllers and fans, which can partly or entirely replace the compressor refriger-
ation. Then, the low-temperature fresh air is heated by the server to form high-temperature
airflow. The high-temperature airflow flows into the mixing room, which is mixed with the
newly low-temperature fresh air in a certain proportion [60]. Lastly, the mixing air reenters
the computer room after reaching the requirement for temperature and humidity of the
air supply.

Direct airside free cooling has an extensive potential for application. Compared with
traditional cooling technology, direct airside cooling can improve the energy efficiency [59,61]
of IDC by 47.5–67.2%. For example, such companies, i.e., Intel [62], Microsoft [63], and
Google [63], save more than 30,000,000 dollars in electricity bills per year by using direct
air cooling for IDC cooling. Moreover, most cities in Australia [11] can apply outdoor dry
air to cool IDC, and that exceeds 5500 h per year to apply direct air cooling technology. In
Europe, 99% of locations can use the A2 allowable range and take advantage of airside
free cooling all year. And 75% of North American IDCs can operate airside free cooling
for up to 8500 h per year [64]. Nonetheless, direct air cooling technology is not suitable for
areas with low dew point temperatures [65] due to incurring substantial humidification
costs. Moreover, the cooling method of direct air cooling cannot control the temperature
and humidity accurately. Furthermore, it is difficult to avoid air dust and harmful gases
harming IT equipment [66], which causes the main concern of IDC operators in using
direct airside cooling technology to increase the risk of equipment failure. Many studies
indicate that the effect of contamination is not the same in all locations. In China [67], direct
airside free cooling can be annually utilized in Shanghai, Kunming and Guangzhou for
3949, 6082 and 4089 h, respectively. But, it is not suitable for IDC in Harbin and Beijing,
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owing to the high falling dust. Therefore, the application of this method depends on the
environmental conditions.

(2) Direct waterside free cooling

Direct waterside free cooling is a more efficient direct free cooling technology with
less pollution risk than direct air cooling. In the direct waterside free cooling system,
the cold water is used directly to cool the computer room without any heat exchanger.
The heat transfer coefficient is higher than direct air cooling. As shown in Figure 10b,
this system directly uses outdoor low-temperature water, such as lake water, seawater,
etc., for heat exchange with the computer room environment to save significant power.
Indeed, the kinetic energy of water motion is captured for powering the cooling pumps.
For example, an IDC located near an ocean is equipped with direct waterside free cooling
to save large amounts of energy [68]. Moreover, direct waterside cooling technology is
applied to Qiandao Lake Data Center in China [69] to achieve an energy-saving rate of 80%.

Thanks to the large thermal mass of water, a direct waterside cooling system can
maintain near-average ambient temperatures for up to 24 h. However, its application is
restricted due to its reliance on natural cold water. Furthermore, it should take into account
the weather, which can cause damage to the IDC.

5.1.2. Indirect Free Cooling

Due to the potential disruption of the internal environmental conditions of the com-
puter room, indirect free cooling [32] is often used as an alternative to direct free cooling.
Generally, indirect free cooling incorporates additional equipment, i.e., a heat exchanger,
to facilitate heat transfer and separation of the heat transferring medium. This ensures
that the cleanliness requirements of the computer room [1] are maintained so indirect air
economizers do not disturb the internal environment of IDC. Indirect free cooling can also
be further divided into two types, i.e., indirect airside free cooling and indirect waterside
free cooling, as shown in Figure 11.
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(1) Indirect airside free cooling

In Figure 11a, indirect airside free cooling utilizes a heat exchanger to transfer heat
from the computer room to the outdoor environment. The heat exchanger acts as a bar-
rier, preventing any contamination or disturbance to the internal environment of IDC.
In detail, the outdoor fresh air with low-temperature flows through one side of the heat
exchanger; meanwhile, the indoor return airflow with high temperature flows through
the opposite side of the heat exchanger. This indirect airside cooling can be utilized in a
variety of configurations, each of which can perform a different function depending on
local weather conditions.

The indirect free air cooling [70] is applied to replace air conditioning cooling for
5014 h to save energy consumption by 29%. Furthermore, the Kyoto wheel system uses
free cooling when available and reverts to conventional cooling as necessary, which results
in approximately 8–10 annualized coefficients of performance (COP), higher than that of
conventional cooling with a 3.5 value [20]. Moreover, an indirect free cooling system [70]
could cool the communication base station instead of air conditioning for about 5014 h per
year, which saves 29% of electricity consumption.

However, a large number of impurities will accumulate over time at the heat exchanger,
reducing the heat exchange efficiency and increasing the maintenance frequency. Further-
more, the surface area of the exchanger is required to maintain an acceptable pressure drop
and heat transfer, so the system has a large footprint. Overall, the application of indirect
airside cooling systems is limited, but they can be considered on a situational basis.

(2) Indirect waterside free cooling

Similarly, indirect waterside free cooling also employs a heat exchanger but uses water
as the heat transferring medium. Figure 11b expresses the diagram of indirect free water
cooling. There are two water loops, i.e., a cooling (external) water loop and a chilled
(internal) water loop. The heat exchanger and the chiller are installed in parallel [71].
Actually, it is possible to adapt the CRAH with a plate heat exchanger so that the chiller
bypass can be installed in the external cooling loop, i.e., when the external temperature is
lower than the limit value of the cooling temperature, only the cooling tower is used to cool
the circulating water. Oppositely, the chiller is turned on to achieve combined free cooling
and mechanical cooling. Clearly, the CRAH unit can be replaced by different cooling units
located on the computer room floor with the same internal and external cooling loops. Such
a system is used extensively in large-scale IDCs, which achieves significant energy savings.
For example, the indirect cooling tower was used to cool IDCs in a hot summer and warm
winter area [72], and it was found that the annual comprehensive COP value of the IDC
increased by 23.7%, and the energy utilization efficiency increased by about 19.2%. In
addition, some studies find that waterside free cooling is the most popular cooling method
in IDC, while it is more cost effective than airside free cooling.

In the last decades, a cooling system combined with a cooling water source and a
plurality of on-floor cooling units has been proposed, which can be switched between free
cooling and mechanical cooling [73]. Based on this system, an improved system by placing
the air handling units with modular cooling plants was developed [74], which is more
energy efficient. Furthermore, indirect waterside free cooling can easily be combined with
absorption refrigeration, which can make use of solar energy and waste heat from IDC [75].
At present, absorption solar cooling has been used in free cooling technology [76]. With
the improvement of absorption solar cooling performance in recent years, the system is
easier to realize and provides a minimized use of chiller to save energy consumption. In
short, Increasing the load rate of free cooling can greatly reduce the energy consumption of
IDC [33]. In the future, the combination of free cooling and absorption solar refrigeration
has a good application potential and more attention.
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5.2. Liquid Cooling

With the advent of high-performance microprocessors in servers, these microproces-
sors will generate more than 100 W/cm2, while the maximum heat dissipation capacity
of air cooling is about 37 W/cm2. The air cooling method does not meet the cooling
needs of IDC. Thus, it is necessary to find other cooling methods for high-performance
IT equipment. Liquid cooling technology is a new type of IDC cooling technology de-
veloped in recent years [77]. The liquid medium, as the heat transfer medium contacts
with the server, shortens the airflow path to improve energy efficiency. Generally, liquid
cooling is mainly divided into four categories, i.e., cold plate cooling, heat pipe cooling,
immersion cooling, and spray cooling. The efficient refrigeration of liquid cooling can
meet the heat dissipation requirements of a high-power density rack. Meanwhile, it has
advantages [78,79] of high space utilization, noise reduction, and great performance of
waste heat recovery, etc. Moreover, liquid cooling technology is one of the development
trends of future IDC cooling.

5.2.1. Cold Plate Cooling

Cold plate cooling technology is a typical indirect liquid cooling technology [80],
which is a heat dissipation process without direct contact between the heat source and the
liquid coolant. Compared with traditional cooling, it can save more than 40% of cooling
energy consumption [81]. The cooling mechanism of the cold plate is illustrated in Figure 12.
The coolant flows into the rack through the closed heat pipe, taking away the heat from the
IT element, e.g., CPU, memory, hard disk, and other components. Then, the coolant flows
into the heat exchange unit to exchange the heat with primary side cooling water. Finally,
the heat is transferred to the outdoors through heat exchange between cooling water and
outdoor fresh air [82].
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Owing to the superior thermophysical properties and high boiling point of water,
water is the most practical coolant among the available refrigerants and dielectric fluids.
However, there is low priority and demand for water in liquid cooling because of the risk
of fluid leakage [83]. Thus, it is essential to have an appropriate refrigerant. Based on the
phase change in the refrigerant, the cooling of a cold plate can be divided into single-phase
cold plate cooling [32] and two-phase cold plate cooling [84]. In fact, single-phase cold
plate cooling is a circulating coolant sensible heat process without phase change occurring.
There are various parameters on which the performance and thermos-flow behavior of a
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single-phase liquid cooling depend [85–87], e.g., the heat sink pressure drops, required
pumping power, inlet and outlet temperature, heat transfer coefficient and rate, the coolant
volumetric flow rate.

Two-phase cold plate cooling is a latent heat process of the circulating coolant with
phase change occurring. In this cooling method, dielectric fluids with low boiling temper-
atures can be used as suitable coolants. Compared with single-phase cold plate cooling,
two-phase cold plate cooling technology has a faster heat transfer rate. The tempera-
ture gradient between the coolant and hot surface is smaller to have better heat transfer
performance. Nevertheless, there are some unstable behaviors, i.e., flow reversal [88],
pressure fluctuation [89], and temperature fluctuations [90], in the two-phase flow process
of coolant, which easily cause vibration, thermal fatigue, and even burning of the hot
surface [91]. Thus, two-phase cold plate cooling technology has hardly been developed in
the IDC industry [92].

A company employs cold plate technology to cool the server so that the CPU tempera-
ture of the server with full load operation is not higher than 60 ◦C. That not only reduces
the temperature rise by about 30 ◦C compared with the traditional cooling technology but
also drops the PUE value below 1.2. Moreover, in 2019, Huawei used cold plate cooling
to solve the heat dissipation problem of high-power density servers in IDC. A single rack
can support a maximum heat dissipation capacity of 65 kW, and the PUE value can reach a
minimum of 1.05. Undoubtedly, cold plate cooling technology is gradually advancing to
the cloud computing IDC at present, under the long-term experience in supercomputing
and simulators. However, the deployment and maintenance costs for the cold plate cooling
technology application are high. Moreover, owing to the risk of coolant leakage, which can
endanger the safe operation of servers [80], the application of cold plate cooling technology
in IDC still faces many challenges.

5.2.2. Heat Pipe Cooling

The cooling principle of heat pipe technology is similar to that of cold plate cooling [93].
Clearly, heat transfer of heat pipe cooling is driven by the temperature difference between
the heat source and heat sink, which can save nearly 40% of cooling energy [94]. The
operating principle [95,96] of heat pipe technology is shown in Figure 13a. First, the
refrigerant absorbs heat at the evaporator and turns it into steam. Then, the steam flows
into the condenser through the gas pipe and turns back into liquid by the condensation
phase change. Finally, the liquid refrigerant flows back to the evaporator, driven by gravity.
In practical applications, the refrigerant is often driven by a liquid pump or a gas pump.
Figure 13b,c illustrate the schematic of the liquid phase loop heat pipe and gas phase loop
heat pipe. In the high heat-density computer room, the heat pipe cooling technology is
applied to reduce the temperature of the rack outlet from 30–37 ◦C to 23–26 ◦C, which
reduces the energy consumption of the cooling system by 18% [42].
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The benefit of heat pipe cooling is that the risk of leakage is reduced inside the server.
Actually, it is possible for the heat pipe coolant to be water, R141b, Methanol, Ammonia,
Acetone, NF or SiO2–H2O, while the condenser coolant to be either air or water [97]. In
addition, heat pipe cooling technology can make full use of free cooling sources to achieve
efficient heat dissipation [98]. For example, the combination [94] of heat pipe cooling
technology and free cooling technology in small IDC has improved the energy efficiency of
the cooling system by 25.4%. Furthermore, there is no refrigerant in contact with the chip
in heat pipe cooling, so the risk of refrigerant leakage can be effectively reduced to ensure
operational reliability [99]. However, the computer room environment could not be cold by
heat pipe cooling owing to the limitation of heat pipe construction. Therefore, additional
cooling systems [21] need to be added to the cooling computer room in hot seasons, which
increases the installation space and maintenance costs of IDC.

5.2.3. Immersion Cooling

Immersion cooling technology immerses the server directly in the coolant. An insulat-
ing coolant is the heat transfer medium. Depending on whether the coolant phase changes,
immersion cooling technology can be classified into two categories, i.e., single-phase im-
mersion cooling technology [100] and two-phase immersion cooling technology [101], as
shown in Figure 14. Figure 14a shows the schematic of single-phase immersion cooling.
The coolant directly contacts the servers, and the sensible heat of the coolant temperature
rise is used to take away the heat. Then, the heat is transferred to the outdoors through
the heat exchanger. Usually, the coolants can be Novec 649, Pf-5060, FC-72 or HFE-7100.
Compared with cold plate cooling technology [102], the single-phase immersion cooling
technology can enhance the cooling effect by dropping the server temperature by 13 ◦C
while the energy utilization efficiency is higher. Furthermore, open immersion cooling is an
adaptable solution as it does not require a server level piping system or fluidic connectors
and is hermetically sealed. At present, there are some mature applications of single-phase
immersion cooling technology. For example, single-phase immersion cooling technology is
applied to heat the server cluster by Renhe IDC of Alibaba Cloud, with a PUE value as low
as 1.09.
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The method of heat exchange from boiling phase change of coolant is applied to
immersion cooling technology. As shown in Figure 14b, the latent heat of evaporation of
the coolant is used for heat exchange [104] when the surface temperature of the server
exceeds the saturation temperature of the coolant. Then, vapor bubbles rise to the vapor
area above the coolant tank, where the refrigerant vapor exchanges heat with the cooling
water. At present, the application of surface enhancement techniques to improve the
heat transfer rate of pool boiling is the main focus [105]. Some studies find that [103]
the thermodynamic performance of two-phase immersion cooling is higher than that of
single-phase immersion cooling by 72.2–79.3%, with the condition of server power range
of 6.6–15.9 kW. And the maintenance cost is lower [106]. Therefore, two-phase immersion
cooling technology can be applied to IT equipment with higher temperature uniformity and
heat flow density [107]. Nonetheless, the heat transfer mechanism of two-phase immersion
cooling is complex, and the system design is difficult [108]. At present, most of the two-
phase immersion cooling technology is still in the stage of machine demonstration and
testing [109]. With the development of IDC towards higher power density and larger scale,
those aspects, i.e., the selection of coolant, boiling heat transfer optimization, condensing
coil design, pressure control scheme, coolant recovery and regeneration of two-phase
immersion cooling are the focus for future study [110].

5.2.4. Spray Cooling

Compared with the above three liquid cooling technologies [111], the system design
of spray cooling is easier. Furthermore, the coolant filling and the renovation costs are less.
During spray cooling, the coolant is accurately sprayed from the nozzle to the surface of
the heating parts. The process is mainly implemented via pressure differential generated
by nozzle orifices [112]. Then, the sensible heat of the coolant is used to take away the
heat [113]. Apparently, the coolants for spray cooling can be R22, PF-5060, R134a or
methanol. According to whether the coolant vaporizes on the surface of heating parts [114],
it can be divided into a single-phase spray and a two-phase spray [115]. Some studies
show that [116] the cooling efficiency of two-phase spray is more than three times that of
single-phase spray. Nevertheless, the heat transfer mechanism of spray cooling is complex.
Although spray heat transfer mechanisms have been proposed, e.g., film evaporation,
single-phase convection, and secondary nucleation, a unified heat transfer model has not
yet been formed [117].

A spray cooling system has been proposed by the manufacturer [118], as shown in
Figure 15. The cooling process of spray cooling is similar to immersion cooling, but the
coolant is sprayed onto the server surface to greatly enhance the convection heat transfer.
Furthermore, the cooling efficiency is improved. To cool IDC in tropical areas, a new spray
cooling rack [115] has been developed that can be operated stably for more than 4 h in
a high-temperature environment (>35 ◦C), reducing the server surface temperature by a
further 7 ◦C. Surely, spray cooling technology [119] is a recommended cooling method
with a huge potential for IDC’s energy conservation. Nonetheless, there are still potential
risks [120] with coolant drift and evaporation, thanks to the coolant temperature being
high during the spray process. Likewise, maintenance and overhaul are difficult since the
nozzle of the spray system is easy to block [121]. Consequently, spray cooling technology
has not been widely put into use in IDC.
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5.3. Thermal Energy Storage (TES) Based Cooling

There is often a loss in IDC cooling systems due to energy supply–demand mismatches
during operation, especially in the efficiency between daytime and night [122]. In recent
years, thermal energy storage (TES) based cooling technology has been promoted, which
can be used effectively to alleviate the mismatch [123]. Generally, three methods of TES are
available: sensible heat storage, latent heat storage and chemical heat storage. For a sensible
heat storage system, the energy density is characterized by the specific heat capacity of the
heat storage material and its temperature difference, while phase change materials (PCMs)
employ latent heat storage for energy conservation, i.e., the heat is absorbed or released
when the material changes from solid to liquid state, or vice versa [2]. The technology
of PCMs can be classified into two categories, i.e., active and passive. In the active, the
PCMs are charged by a cooling system, and then it is discharged to cool the computer room
environment during the daytime. In the passive, the differential temperature between
diurnal and nocturnal can lead to charging and discharging processes. There is a significant
potential for energy saving with PCMs technology. For example, PCMs combined with a
natural cold source provide an almost four times higher energy efficiency than the limit for
air conditioners [124]. Moreover, a new system combines PCMs with a two-phase liquid
cooling, which absorbs heat from the equipment during the hottest part of the day, storing
it as latent heat and releasing it to the environment at night, cutting roughly 14 tons of
carbon footprint per year [125]. Chemical heat storage is based on utilizing the reaction
heat of a reversible chemical reaction. In fact, the commercial viability of chemical heat
storage is currently weak.

Generally, TES based cooling technology is combined with other technologies [126]. For
example, a heat pipe cooling [127] is combined with a PCMs unit to maximize the use of
the outdoor cooling sources, which achieved a 28% energy saving rate and reduced the
PUE value to 1.51. Furthermore, waterside free cooling [128] with a TES tank extends the
effective cooling time of free cooling, which reduces energy consumption with an energy
saving rate of 33.1% and a PUE value of 1.2. In addition, a combination system [129],
including a spray cooling system, an absorption chiller, and a chilled water storage tank, is
applied to IDC, as shown in Figure 16. During off-peak cooling hours, the cooling capacity
is stored by the chilled water tank. Then, the cooling capacity stored in the tank is used
during peak hours. That achieves a balance between the supply and demand of cold, with
an energy-saving rate of up to 50% compared to traditional cooling technology [129].
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5.4. Building Envelope

There is a great deal of focus on the building envelope since it is characterized by
low energy consumption and structural simplicity. Particularly, there are two methods to
enhance energy conservation by building an envelope. On the one hand, Container Data
Center (CDC) is a new concept developed recently, which puts racks into containers. Those
containers are equipped with a cooling system to be placed outside or in stores. A direct
free cooling CDC has a 20.8% reduction in overall energy consumption for a year [130]
compared to the air cooling CDC. On the other hand, building doors and windows usually
produces 20–30% cooling capacity loss [131]. Therefore, a series of measures should be
taken to effectively block the solar radiation entering the computer room, e.g., minimizing
the number of windows, using windows with great airtightness and thermal insulation, ap-
plying thermal insulation film or coating treatment to peripheral glass, etc. Meanwhile, the
building thermal performance of IDC can be greatly enhanced by using thermal insulation
materials, which are suitable for local climate conditions [132]. And green can be planted
on the roof to save energy for the improvement of the roof performance.

6. Comparison of Different Cooling Technologies

This paper analyzes traditional cooling technology and four new energy-saving cool-
ing technologies, indicating that the new cooling technologies are effective in improving
the cooling energy efficiency in IDC. Table 2 summarizes the application examples of these
cooling technologies, featuring energy efficiency indicators according to laboratory scale
and commercial scale. Based on the available literature data, the average efficiency of
these cooling technologies for different cooling power conditions is summarized as follows.
Firstly, the free cooling technology has an average PUE value of not less than 1.3, and the
liquid cooling technology has an average PUE value of 1.1–1.2. Furthermore, the method
of the building envelope and TES based cooling have a large energy saving rate.
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Table 2. Energy efficiency of new cooling technologies in IDC at laboratory and commercial level.

Level Method Type Conditions PUE Energy
Saving Rate Company Model

Laboratory

Free
cooling Airside [59] Supply air: 21.5 ◦C

IT power: 35.1 kW 2.30 / / /

Liquid
cooling

Cold plate [78] Supply air: 15 ◦C
IT power: 7 kW 1.15 / / /

Cold plate [59] Supply air: 23.8 ◦C
IT power: 35.1 kW 1.035 41.5% / /

Cold plate [10] Supply air: 21 ◦C
IT power: 15 kW 1.30 / / /

Heat pipe [133] Supply liquid:
15–24 ◦C 1.48 18.29% / /

Heat pipe [134] Supply liquid: 20 ◦C 1.70 / / /
Heat pipe [135] Supply liquid: 28 ◦C 1.20–1.58 48.3% / /
Immersion [15] Supply liquid: 30 ◦C 1.14 88% / /

Immersion [136] Supply liquid: 27 ◦C
IT power: 9.17 kW 1.15 / / /

Spray [137] Supply liquid:
21–25 ◦C / 38.7% / /

Building
envelope

Container-based
[130] / / 20.8% / /

PDM and free
cooling [124] / / 50%

TES
Based free cooling

[138] temperature: 20 ◦C / 57.11% / /

Based two-phase
[127] Temperature: 20.2 ◦C 1.51 28% / /

Commercial

Free
Cooling

Airside [65] Supply air: 27 ◦C
IT power: 76 kW 1.38 33% / /

Airside [139] Supply air: 22 ◦C
IT power: 198 kW 1.62 42.2% / /

Airside [61] IT power: 220 kW / 67.2% / /
Airside [72] Supply liquid: 16 ◦C / 19.2% / /

Liquid
cooling

Cold plate [140] IT power: 200 kW 1.17 45% Sugon C7000

Cold plate [141] IT power: ~90 kW 1.15 / Lenovo

SuperMUC direct
water-cooled

supercomputing
cluster

Cold plate [142] Supply liquid: 5–35 ◦C
IT power: 49 kW 1.10 / Huawei

FusionServer high
density dedicated

liquid cooling system

Heat pipe [42] Supply liquid: 27.2 ◦C
IT power: 60 kW / 18% / Retrofit separate heat

pipe air-conditioning

Heat pipe [143] Supply liquid: 35 ◦C
IT power: 200 kW / 46% / HFK-200FH

immersion [144] IT power per rack:
200 kW 1.03 95%

Green
Revolution

Cooling
(GRC)

Immersion Cooling
System ICEraQ

Server

immersion [145] / 1.10–1.20 / Inspur TS4220LC

TES
Based free cooling

[129]
Energy storge

temperature: 25 ◦C / 51% / /

Based free cooling
[128]

IT power > 115 kW
Energy storge

temperature: 12–18 ◦C
1.2 33.1% / /

Generally, the difference in PUE between different cooling technologies is determined
by two parameters, i.e., heat transfer coefficients and cooling time. For instance, the
application of free cooling technology is limited by the outdoor cold environment and
water source near the IDC. Meanwhile, the heat transfer coefficient is normally low [133]
from 50 to 800 W·m−2·K−1. Consequently, the current PUE of IDC with free cooling is not
particularly low. However, liquid cooling technologies are utilized for direct heat transfer
between the coolant and the IT equipment at the rack or server, which has a higher heat
transfer coefficient [32] from 4000 to 90,000 W·m−2·K−1. Moreover, the liquid cooling
technologies with two-phase have a higher heat transfer coefficient [32] than single-phase
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cooling, so a lower value of PUE is achieved by two-phase liquid cooling technologies,
e.g., two-phase cold plate cooling, heat pipe cooling, two-phase immersion cooling, and
two-phase spray cooling. In addition, the TES based cooling technologies have varying
heat transfer coefficients, which are determined by the heat transfer coefficients of the other
integrated cooling technologies. And the energy-saving rate of IDC can be further enhanced
by TES based cooling technology, compared to using these cooling technologies alone.
In short, the new cooling technology not only reduces the cooling energy consumption
effectively but also greatly optimizes the value of PUE. And liquid cooling has lower PUE
and higher energy saving rates than other cooling technologies.

The benefits and disadvantages of each cooling technology are summarized in Ta-
ble 3. Energy saving of free cooling technology can be achieved by using natural resources,
i.e., cold air and cold water, for cooling at low cost. However, the discontinuity and rel-
atively low heat transfer coefficients of these natural sources are the main challenges for
further refinements [1]. Moreover, free cooling is usually applied well in cold regions and
has no obvious effect on improving energy efficiency in regions with high temperatures or
humidity. In contrast, the heat transfer coefficient is high for liquid cooling technologies.
And the PUE is low for liquid cooling. Nonetheless, the engineering application economy
of liquid cooling in different regions is different. At present, there is a lack of large-scale ap-
plication cases for liquid cooling due to the high cost, unstable safety, and reliability. Better
system structural designs and lower-cost refrigerants are called for to meet the challenges
of the high-cost drawback. Compared with traditional cooling technology, free cooling
and liquid cooling can generate great energy-saving potential, but the initial investment
is larger and the payback period is longer. In addition, the TES based cooling technology
is used to reduce energy consumption and increase the use of natural cooling sources for
peak shaving through the cooling method in combination with other cooling technologies.
It has the potential for further energy conservation and effectively reducing costs.

Table 3. Summary of different energy-saving cooling technologies in IDC.

Method Type Benefits Disadvantages Maintenance &
Cost Application

Traditional
cooling Air cooling

• Simple principle
• high reliability

• low cooling
efficiency

• Cold pass and
hot circulation

• simple
maintenance

• low operating
cost

• Minor IDC

New cooling

Free cooling

X Energy saving
through natural
cooling source

X Environmenta-
lly dependent

X High PUE

X Frequent to
maintain

X Low cost

X large and extra-
large with low-
temperatures
and abundant
water resources

Liquid
cooling

• High heat
transfer
performance

• Lower energy
consumption

• Promising PUE
and energy
saving rate

• Not mature
• Difficult to

maintain
• High cost

• large and
extra-large

TES based
cooling

X Low running
cost

X Promising PUE
and energy
saving rate

X Flexible power
usage

X Difficult to use
alone

X Based on the
actual situation

X Possible
increase in the
initial cost

X large and
extra-large
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Table 3. Cont.

Method Type Benefits Disadvantages Maintenance &
Cost Application

New cooling Building
envelope

• Simple principle
• Highly

influenced by
terrain and
climate

• Easy
maintenance • Wide

7. Conclusions

With the gradual development of the digital society, the energy consumption potential
of IDC will be huge in the future. It is essential to seek efficient cooling solutions, combined
with IDC scale, climate conditions, maintenance, investment payback period, etc., suitable
for IDC. At present, mature traditional cooling solutions have been formed at multi-scale,
i.e., room-level cooling, row-level cooling and rack-level cooling. Nonetheless, it is not
suitable for the future needs of IDC with high heat density. Thus, four new cooling
technologies are reviewed, i.e., free cooling, liquid cooling, TES based cooling, and building
envelop. The following conclusions could be drawn:

(1) The thermal management and efficiency enhancement of traditional cooling tech-
nology for IDC has been developed in multi-level from rack to room. But, it is still
inefficient due to the mixing of the cold and hot airflow. At present, most inefficient
old IDCs are cold by air cooling technology, so developing a highly efficient solu-
tion from the perspective of traditional cooling is currently demanding, considering
the complexity of implementation, capital, operational cost, maintenance costs, and
payback period;

(2) Free cooling is the most mature among the new technologies. It is an efficient cooling
solution that not only reduces the power consumption of IDC but also promotes the
sustainable and renewable development of IDC. Unfortunately, the application of free
cooling is highly dependent on the local climate, with a PUE of 1.4–1.6 and an average
energy saving rate of 35–40%. However, free cooling can be used in combination with
other cooling equipment to improve stability and efficiency, such as water chillers and
solar energy;

(3) Liquid cooling technology, e.g., cold plate cooling, heat pipe cooling, and immersion
cooling, provides more efficient cooling for high heat density servers. However, for the
utilization of liquid cooling, some characteristic parameters, i.e., hot-swap capability,
versatility, reliability, capital expenditures, and operational and maintenance costs,
should be further considered. In addition, although the foundational principles and
techniques of liquid cooling have been mastered, it is only applied in laboratories and
some high-tech companies now. Its operation reliability, investment and maintenance
cost are all the key problems that hinder the development of liquid cooling technology;

(4) TES based cooling provides the ability to utilize natural cooling sources by shaving
peaks and valleys. However, TES based cooling must be coupled with other cooling
technologies. Moreover, a system operation strategy needs to be developed;

(5) Building envelope technology involves placing the racks in containers to allow cooling
with conventional cooling systems or blocking solar radiation from entering the
computer room to reduce the cooling losses from building windows and doors.

In brief, those new technologies are likely to be of particular benefit to IDC operators.
They have the potential to minimize the use of mechanical equipment and remove a higher
thermal flux.
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