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ABSTRACT: Rack-level loop thermosyphons have been widely adopted as a solution to data centers’ growing energy
demands. While numerous studies have highlighted the heat transfer performance and energy-saving benefits of
this system, its economic feasibility, water usage effectiveness (WUE), and carbon usage effectiveness (CUE) remain
underexplored. This study introduces a comprehensive evaluation index designed to assess the applicability of the
rack-level loop thermosyphon system across various computing hub nodes. The air wet bulb temperature Ta,w was
identified as the most significant factor influencing the variability in the combination of PUE, CUE, and WUE values.
The results indicate that the rack-level loop thermosyphon system achieves the highest score in Lanzhou (94.485) and
the lowest in Beijing (89.261) based on the comprehensive evaluation index. The overall ranking of cities according to
the comprehensive evaluation score is as follows: Gansu hub (Lanzhou) > Inner Mongolia hub (Hohhot) > Ningxia
hub (Yinchuan) > Yangtze River Delta hub (Shanghai) > Chengdu Chongqing hub (Chongqing) > Guangdong-Hong
Kong-Macao Greater Bay Area hub (Guangzhou) > Guizhou hub (Guiyang) > Beijing-Tianjin-Hebei hub (Beijing).
Furthermore, Hohhot, Lanzhou, and Yinchuan consistently rank among the top three cities for comprehensive scores
across all load rates, while Guiyang (at a 25% load rate), Guangzhou (at a 50% load rate), and Beijing (at 75% and 100%
load rates) exhibited the lowest comprehensive scores.

KEYWORDS: Data center; rack level loop thermosyphon; different Computing hub node; different load rates;
comprehensive indicator analysis

1 Introduction

1.1 Background and Motivation
Driven by national strategic initiatives such as New Infrastructure, Big Data, and Artificial Intelligence,

China’s data center industry has experienced rapid expansion. It is projected that the market size of
this sector will reach 595.2 billion yuan by 2025. However, this expansion is accompanied by significant
energy demands. According to the China Academy of Information and Communications Technology, data
centers in China consumed approximately 216.6 billion kWh of electricity in 2021, accounting for 2.6%
of the country’s total electricity consumption. This figure is expected to rise to 380 billion kWh by 2030,
representing 4.1% of national electricity usage. Cooling systems account for between 30% and 50% of
the overall energy consumption in data centers [1]. In response to these challenges, the rack-level loop
thermosyphon system has emerged as a promising energy-efficient cooling solution. Characterized by its
simple structure, high thermal conductivity, low power consumption, and enhanced safety, this technology
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has attracted considerable attention for its effectiveness in providing energy-efficient cooling solutions in
data center environments [2].

1.2 Research on the Rack-Level Loop Thermosyphon System
Current research on rack-level loop thermosyphon systems primarily focuses on their heat transfer

mechanisms and practical applications. Zou et al. [3] determined the optimal refrigerant filling ratio for
water-cooled loop thermosyphon systems under fan failure conditions, identifying an optimal range between
55.8% and 74.4%. Zhan et al. [4] conducted both experimental and simulation studies on the thermal perfor-
mance of rack-level loop thermosyphon systems, revealing notable variations in evaporator performance of
rack-level loop thermosyphon systems, revealing notable variations in evaporator performance. Specifically,
a maximum difference of 0.15 was observed in refrigerant vapor quality between vertical tube outlets,
while a maximum difference of 9.5○C was observed at the evaporator outlet. Zhang et al. [5] established a
distributed parameter heat transfer model of a loop thermosyphon system to evaluate the effects of liquid
filling ratio, air volume across the evaporation section, temperature difference, and connecting pipe length on
the thermal performance. These findings collectively demonstrate the excellent thermal performance of loop
thermosyphon systems, which has accelerated their adoption in data center cooling applications. In terms
of the application of rack level loop thermosyphon system, Zheng et al. [6] retrofitted data centers with a
water-cooled heat pipe backboard system, achieving an 18% reduction in total energy consumption compared
to conventional computer room air handlers (CRAHs) during summer. Ding et al. [7] experimentally
evaluated the Power Usage Effectiveness (PUE) of data centers employing backplane heat pipe cooling
systems, reporting PUE values of 1.5 in summer, 1.38 during the transitional season, and 1.28 in winter.
In addition, Wemhoff and Ortega [8] developed a performance and economic model for rack-level loop
thermosyphon systems, concluding that although initial investment is higher, economic benefits are realized
after 5.45 years. Similarly, Zou et al. [9] analyzed the investment payback period of using rack level loop
thermosyphon system in data centers, with a dynamic payback period of 4.19–4.69 years.

1.3 Research on Evaluation Indicators for Cooling Systems in Data Centers
Numerous previous studies on the adaptability of the rack-level loop thermosyphon system have pre-

dominantly focused on performance metrics such as PUE, energy-saving rate, or economic performance. In
contrast, relatively few studies have used Water Usage Effectiveness (WUE) and Carbon Usage Effectiveness
(CUE) values as indicators to assess the applicability of cooling systems in data centers. A summary of these
different evaluation metrics is presented in Table 1. All of these studies provide valuable insights into the
evaluation of cooling systems based on specific indicators, but none provides a comprehensive framework
for evaluating the overall applicability of cooling systems in data centers.

Table 1: Summary of previous studies of evaluation index for data center’s cooling system

Ref. Cooling source Terminal
equipment part

Field test or
modeling

Location

[10] Chiller + cooling
tower

In-row coolers using
chilled water

Field test Holyoke,
Massachusetts

[11] Chiller + water-side
economizer

CRAHs Modeling Nanchang, China

(Continued)
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Table 1 (continued)

Ref. Cooling source Terminal
equipment part

Field test or
modeling

Location

[12] Chiller + cooling
tower

Row-level
thermosyphon

Modeling Different climate
conditions in

China
[13] Cooling tower Single-phase

immersion cooling
system

Modeling –

[14] Centrifugal chiller or
Magnetic bearing

chiller + cooling tower

CRAHs Modeling Different climate
conditions in

China

[15] Data 1:chillers
+cooling tower CRAHs Field test Data

1:Zhangjiakou,
Hebei Province,

China
Data 2:Indirect

evaporative chillers
Data 2:Changji,

Xinjiang Province,
China

[16] Water-cooled chiller
plant with an

integrated WSE
system

CRAHs Modeling A total of 1205
stations are located
in the USA, 289 are
located in China,

and 200 are located
in Europe

[17] Water-cooled chiller
plant with an

integrated WSE
system

– Modeling 19 representative
cities) in different

climate zones

[18] Water-cooled chiller
plant with an

integrated WSE
system

CRACs Modeling 34 cities in China

[19] Direct air-side
economizer +

water-cooled chiller

CRAHs Modeling Beijing

1.4 Gaps in Research and Main Innovations
Existing research primarily focuses on energy consumption, PUE values, or economic indicators to

evaluate cooling systems for data centers, while neglecting WUE and CUE values as metrics for evaluating
the applicability of these systems. Furthermore, these studies have predominantly assessed the applicability of
cooling systems under ideal IT load conditions, typically at 100% load. Nevertheless, it has been reported that
most data centers operate at a load rate between 20% and 50% during the initial years (1~4 years), eventually
stabilizing at approximately 60% of design capacity for the remainder of their lifespan (8~15 years) [20].
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This variation in load rates can result in differing adaptability outcomes for cooling systems, par-
ticularly in data centers situated in diverse geographic regions. This study employs a case study of a
data center to demonstrate the energy-saving effects of retrofitting an existing conventional computer
room air conditioning (CRACs) system with the rack-level loop thermosyphon system. Additionally, a
comprehensive evaluation index is proposed to assess the applicability of cooling systems using the rack-level
loop thermosyphon system across various computing hub nodes.

2 Description of the Data Center and Retrofit Scheme
The data center occupies an area of 1945 m2 and houses 580 cabinets (each with a power

density of 6 kW/rack), along with supporting infrastructure such as uninterruptible power supplies (UPSs)
and power distribution units (PDUs). The data center’s total cooling demand under full load is estimated to
be around 4000 kW. In the original design, this cooling requirement was met by 36 conventional CRACs,
collectively providing a cooling capacity of 4000 kW. However, due to the superior thermal performance,
energy efficiency, structural simplicity, and enhanced safety offered by rack-level loop thermosyphon
systems, the cooling infrastructure was retrofitted, replacing the conventional CRACs with this advanced
solution, as shown in Fig. 1.

Figure 1: The arrangement of the data center in the original and retrofit design

Fig. 2 illustrates the schematic diagram of the cooling system based on the rack-level loop thermosyphon
system, which comprises a chiller, cooling tower, heat exchanger, cooling water pump, chiller, chilled water
pump, and rack-level loop thermosyphon units. The specifications of the associated equipment are detailed
in Table 2. This cooling system operates in three modes to optimize energy efficiency:

(1) Free cooling mode (mode 1): the outdoor low-temperature air serves as the primary cooling source,
transferring heat via the cooling tower and heat exchanger without chiller operation;

(2) Partial free cooling mode (Mode 2): both the chiller and the outdoor air source jointly cool the return
chilled water from the rack-level thermosyphon system.

(3) Mechanical cooling mode (Mode 3): the chiller alone provides cooling for the circulating water
supplied to the thermosyphon system.

The operational states of valves and components for each mode are summarized in Table 3. To maximize
energy efficiency, the system dynamically switches between modes based on real-time heat exchanger outlet
temperature and chilled water supply temperature setpoints. This control strategy ensures optimal utilization
of free cooling resources, significantly enhancing energy efficiency [21]. Moreover, the controller regulates the
fan speed of the rack-level thermosyphon system in real time to ensure that the indoor return air temperature
stays within the recommended range defined by ASHRAE guidelines. It also regulates the mass flow rates of
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both the chilled water pump and cooling water pump to sustain the set-point temperatures for chilled water
supply and cooling water temperature differential. Simultaneously, the controller adjusts the cooling tower
fan speed to maintain the supply cooling water temperature at the specified set point.

Cooling tower

V8

V1

Cooling water pump

V2

V3

V5

V6
V7

V4

Heat exchanger

Chiller

Chilled water pump

Data center

Gas lineCDU

Liquid line

Cabinet

Rack level loop thermosyphon system

Tcw,r

Tcw,s

Thx,h,o

Thx,h,i

Tch,r

Tchw,sTch,s

Tchw,r

Figure 2: Schematic diagram of the cooling system based on the rack-level loop thermosyphon system

Table 2: Technical specification of the cooling plant

Type Technical specifications
Water-cooled chiller Qref = 4200 kW; Pref = 581 kW

Cooling tower mct,a = 455,000 m3/h; Pct = 22 kW
Water-to-water heat exchanger UA = 2878.8 kW/K

Chilled water pump mchw = 860 m3/h; Pchw = 160 kW
Cooling water pump mcw = 960 m3/h; Pcw = 132 kW

CRAC Qref = 116.2 kW; Pref = 8.4 kW; Ga = 38,540 m3/h
Rack-level loop thermosyphon system Qref = 6 kW; Ga = 1850 m3/h; Pref = 0.180 kW

Table 3: The status of valves and components in the cooling plant under three modes

Mode Free cooling Partial free cooling Mechanical cooling
Criterion Thx,h,o(i) ≤ Tchw,s(i) Tchw,s(i) < Thx,h,o(i) <

Tchw,r(i)
Thx,h,o(i) ≥ Tchw,r(i)

Operational state (1) Valves V1, V2, V6 and
V8 turn off;

(1) Valves V3 and V6 turn
off;

(1) Valves V3, V4, V5 and
V7 turn off;

(2) Valves V3, V4, V5 and
V7 turn on;

(2) Valves V1, V2, V4, V5,
V7 and V8 turn on;

(2) Valves V1, V2, V6,
and V8 turn on;

(3) Cooling tower,
cooling water pump, and
chilled water pump turn

on;

(3) Cooling tower,
cooling water pump,

chiller, and chilled water
pump turn on.

(3) Cooling tower,
cooling water pump,

chiller, and chilled water
pump turn on.

(4) chiller turn off.
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3 Research Methodology

3.1 Calculation of Cooling Load for a Data Center
Taking into account the physical features of the data center and the dynamic cooling behavior of IT

equipment [21], as illustrated in Fig. 3, a certain amount of heat loss is inevitable during the transmission and
storage of electricity from the power grid to the UPS systems. Electricity is then delivered to the servers via
PDUs, during which additional heat losses are generated. During the operation of the server, a large amount
of heat is also generated. The cooling load of the data center is also generated by factors such as the building
envelope, lighting, personnel, and infiltration. The total cooling load is composed of several contributing
factors, ranked in descending order of magnitude as follows: IT equipment, which represents the dominant
source > the building envelope > lighting systems> occupants and air infiltration (which typically account
for less than 2% of the total load). Given their minimal contribution, heat gains from personnel and air
infiltration can be reasonably excluded from cooling load calculations in practical engineering applications.

Personnel Envelope Penetration

Cooling load

Servers Servers Servers

PSU PSU

CabinetCabinetCabinet

PDU PDU PDU

UPS

Lighting

Power Grid

Electric current Heat flow

Figure 3: Schematic diagram of cooling load composition in the data center

The cooling load of the data center can be calculated using the formula as follows:

Q (i) = KAenv e l o pe [to (i) − tin (i)] + ql i ght ing ⋅ A+ QIT (i) (1)

where Q is the cooling load, i is the hour, K is the thermal conductivity, A is the area, to is the outdoor air
temperature, tin is the indoor air temperature, and qlinghing is heat flux from lighting.

In a typical data center, IT equipment primarily includes servers, PDUs, and UPSs, etc. Servers are the
main source of heat among these components, with the amount of heat they emit largely influenced by their
usage levels and the supply air temperature set point [22]. Accordingly, the heat loss from servers can be
calculated by,

αi = 0.7848 + 0.02722 ⋅ Ts − 0.001353 ⋅ T2
s + 0.00002381 ⋅ T3

s (2)
Pserv ers = (27.39 + 0.9027userv er − 0.0017462704u2

serv er) ⋅ Pf ul l ⋅ αi (3)
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where P is the power or heat loss, userver is the servers’ utilization, αi is the heat generation increase factor,
and Ts is the supply air temperature.

The heat generated by PDUs and UPSs can also be calculated using the information provided in
Reference [21].

3.2 Modeling of the Cooling System
In this study, a schematic diagram of the Trnsys simulation platform [23] based on the rack-level

loop thermosyphon system is presented in Fig. 4. The simulation model primarily comprises the following
components: a chiller (Type 666), a cooling tower (Type 162a), a circulating pump (Type 110), a plate heat
exchanger (Type 15a), a CRAC unit integrating a heat exchanger (Type 5e) and a fan (Type 662), and a
rack-level loop thermosyphon system. For weather data, the typical meteorological year dataset provided
by TRNSYS was utilized. Model validation was conducted through comparative error analysis between
simulation outputs and manufacturer-certified experimental data for three critical subsystems: cooling tower
performance, chiller operation, and CRACs. As shown in Fig. 5, the average and maximum errors for
the cooling tower were 2.42% and 5.13%, respectively; for the chiller, 3.5% and 8.36%; and for the CRAC
unit, 1.96% and 3.81%. All critical system components exhibited relative errors within the 10% acceptability
threshold (Fig. 5), confirming sufficient simulation fidelity for predictive analysis.

Figure 4: Schematic diagram of the Trnsys simulation platform based on the rack-level loop thermosyphon system
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Figure 5: Relative error between simulated data and experimental data at different measurement points

The rack level loop thermosyphon system was mathematically modeled using Matlab (Type 155). The
effectiveness-number of transfer units (ε-NTU) approach was utilized to evaluate the heat transfer perfor-
mance of the rack-level loop thermosyphon system. Under optimal operating conditions, the refrigerant
temperatures at the evaporator and cooling distribution unit (CDU) sections exhibit negligible differences
between inlet and outlet positions [3]. Since the refrigerant in both the evaporator and CDU sections
undergoes phase change heat transfer, the value of (mc)max approaches infinity. Consequently, the cooling
capacity can be calculated as:

Qe = Qc =
me ,a cp ,a εe mc ,w cp ,w εc (te ,ai − tc ,w i)

me ,a cp ,a εe +mc ,w cp ,w εc
(4)

where me,a is the air mass flow rate of evaporator section, mc,w is the water mass flow rate of CDU section,
te,ai is the inlet air temperature of evaporator section, tc,wi is the inlet water temperature of CDU section, εe
and εCDU are the effectiveness of evaporator and CDU, respectively.

This model was validated using experimental data from reference [3], with a comparison of the predicted
and experimental values shown in Table 4. The predicted values closely match the experimental results, with
deviations falling within a ±5% margin, which is considered acceptable for engineering applications. The
discrepancies observed can primarily be attributed to two factors: (1) the MSHPS was presumed to operate
continuously under optimal conditions; (2) thermal property variations of the working fluid were neglected
in the thermodynamic analysis.

Table 4: The comparison of predicted values with experimental results

Experimental value (kW) 5.16 5.48 5.74 6.01 6.38 4.28 4.54 5.34
Calculated value (kW) 5.04 5.39 5.68 5.97 6.29 4.24 4.59 5.45

Related error (%) 2.33 1.64 1.05 0.67 1.41 0.93 1.10 2.06
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3.3 Evaluation Index
To comprehensively assess the performance of cooling systems across multiple dimensions, such as

energy efficiency, economic viability, and environmental sustainability,it is essential to consider a set of
integrated evaluation metrics. These include: (1) energy consumption reduction: directly reflects the energy-
saving effectiveness of the cooling system; (2) PUE: measures the overall energy efficiency of the data center
by comparing the total energy usage to the energy used by the IT equipment alone; (3) dynamic investment
payback period: evaluates the economic feasibility by determining the time required to recoup the initial
investment through energy savings; (4) WUE: assesses the efficiency of water usage in the cooling process,
calculated as the total water consumption divided by the energy consumed by IT equipment; (5) CUE:
evaluates the environmental impact by measuring the amount of carbon dioxide emissions per unit of energy
consumed by the IT equipment. Incorporating these metrics provides a holistic framework for evaluating
and optimizing cooling systems, ensuring they meet the goals of energy conservation, water conservation,
and cost savings.

3.3.1 Evaluation Index
(1) Energy consumption reduction

The total energy consumption of the cooling system comprises several key components: the chiller,
cooling tower, water pump, and terminal air conditioning (which is referred to as the CRACs or the rack level
loop thermosyphon system). The energy consumption reduction serves as a comparative metric to evaluate
operational efficiency improvements by quantifying the difference in energy usage between pre-retrofit and
post-retrofit configurations across diverse climatic regions. This relationship is formally expressed as:

ΔP = Pbef − Paft (5)

where ΔP is the energy consumption reduction, Pbef is the energy consumption of pre-retrofit, and Paft is the
energy consumption of post-retrofit.

(2) PUE
The PUE value is a metric employed in data center management to assess the energy efficiency of a data

center’s infrastructure. A PUE value closer to 1 indicates that a larger proportion of the energy consumed
by the data center is utilized directly by the IT equipment, rather than being expended on supporting
infrastructure such as cooling systems, lighting, and power distribution. The PUE calculation is defined as:

PUE = Ptotal

PIT
(6)

Ptotal = Pcooling + Pservers + Plighting + PPDU + PUPS + Pothers (7)

where Ptotal is the total of energy consumption, Pcooling, Pservers, Plighting, PPDU, PUPS, and Pothers, are the power
consumption of cooling system, servers, lighting, PDU, UPS and others, respectively.

(3) Dynamic investment payback period
This study employs the dynamic investment payback period metric to evaluate the economic viability of

retrofitting an existing CRAC system with a rack-level loop thermosyphon system. The dynamic investment
payback period quantifies the time required to recover initial capital expenditures through operational
savings, incorporating the time value of money and projected cash flows over the system lifecycle. In the
context of retrofitting existing CRAC systems with the rack-level loop thermosyphon system, the initial
investment includes the costs for the system’s equipment and associated piping. Annual cash inflows are
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derived from the savings in water and electricity expenses following the retrofit, with these expenses
calculated based on local utility rates. The cash flow in the first year represents the initial investment, while
subsequent years assume a zero-cost outcome for simplicity. The dynamic investment payback period can
be calculated by,

∑Pi
t

t=0
(CI −CO)i

(1 + i0)i = 0 (8)

where CI is the Cash income, CO is the Cash outcome, i0 is the Interest rates.
(4) WUE
The WUE value is a critical metric employed to assess the efficiency of water consumption in data center

cooling systems. A lower WUE value signifies higher efficiency, indicating that less water is utilized per unit
of IT energy consumption. The WUE value can be defined as:

WUE = We

PIT
(9)

We =Wchw +Wct +WCRAC (10)

where We is the water resource consumption of the cooling system, Wchw, Wct, WCRAC are water resource
consumption of the chiller, cooling tower, and CRAC, respectively.

(5) CUE
The CUE value is a metric employed to assess the carbon emissions associated with the energy

consumption of a data center’s operations, particularly its IT equipment and supporting infrastructure. Lower
CUE values indicate superior decarbonization efficiency, with values approaching 0 reflecting minimal
CO2-equivalent emissions per unit of IT energy demand. The CUE value can be expressed as:

CUE = Ce

PIT
(11)

Ce =
8760
∑

1
Ptotal × μ (12)

where Ce is the carbon Dioxide Emissions of the cooling system, μ is the carbon emission factors (was shown
in Table 5).

3.3.2 Comprehensive Evaluation Index
A comprehensive evaluation index has been proposed to assess the applicability of the rack-level

loop thermosyphon system in data centers across various computing hub nodes. This composite indicator
aggregates the scores of five key performance metrics: energy consumption reduction, dynamic investment
payback period, PUE value, WUE value, and CUE value. The scoring methodology is detailed in Table 6.
Specifically, the scoring indicators for system energy consumption reduction (A4) and dynamic investment
payback period (A5) are each assigned a maximum score of 20 points. For the PUE, WUE, and CUE
indicators, evaluation criteria are derived from established standards for green data centers [24] for data
centers that use the rack level loop thermosyphon system.
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Table 5: Provincial power grid carbon emission factors

Computing hub node Representative city Carbon emission factor
Beijing Tianjin Hebei hub Beijing (BJ) 0.615
Yangtze River Delta hub Shanghai (SH) 0.548

Guangdong Hong Kong Macao Greater Bay Area hub Guangzhou (GZ) 0.445
Chengdu Chongqing hub Chongqing (CQ) 0.432

Inner Mongolia hub Hohhot (HHHT) 1
Guizhou hub Guiyang (GY) 0.42
Gansu hub Lanzhou (LZ) 0.46

Ningxia hub Yinchuan (YC) 0.872

Table 6: The calculation method of the comprehensive evaluation index

Evaluation index Calculation formula
PUE value A1 = 75 − 20 ⋅ PUE; A1 represents the rating of the PUE indicator for the data

center, with a maximum score of 55.
CUE value A2 = 2 − 0.5 ⋅CUE; A2 represents the rating of the CUE indicator for the data

center, with a maximum score of 2.
WUE value A3 = 3 − 0.5 ⋅WUE; A3 represents the rating of the WUE indicator for the

data center, with a maximum score of 3.
Energy

consumption
reduction

A4 = ( Xi−Xmin
Xmax−Xmin

) × 20; Xi represents the energy consumption reduction of the
target city, Xmin, Xmax are the minimum and maximum values of the

indicators, A4 represents the energy consumption reduction indicator score
of the data center, with a maximum score of 20.

Dynamic
investment

payback period

A5 = (1 − Yi−Ymin
Ymax−Ymin

) × 20; Xi represents the dynamic investment payback
period of the target city, Ymin, Ymax are the minimum and maximum values of

the indicators, A5 represents the dynamic investment payback period
indicator score of the data center, with a maximum score of 20.

Comprehensive evaluation index = A1 + A2 + A3 + A4 + A5

3.4 Sensitivity Analysis
A global sensitivity analysis was conducted to quantify the influence of input parameter variations on

the joint performance metrics (PUE, CUE, WUE) of cooling systems, identifying critical uncertainty drivers
through Sobol’s method [25]. The primary parameters investigated include: air dry bulb temperature, air wet
bulb temperature, load ratio, supply air temperature set point, supply chilled water set point, temperature
difference of cooling water and carbon factor. The value ranges for these parameters are provided in Table 7.
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Table 7: Model Input values and ranges

Input variables Unit Variable ranges and data sources
Air dry bulb temperature Ta

○C −23.4~37.2 [26]
Air wet bulb temperature Ta,w

○C −23.3~31.54 [26]
Load ratio u % 20~100 [17]

Supply air temperature set point Ts
○C 20~28 [27]

Supply chilled water set point Tchw,s
○C 10~18 [27]

Temperature difference of cooling water ΔTct
○C 4~6 [28]

Carbon factor μ kg⋅(kW⋅h)−1 0.117~1.092 [29]

4 Results and Discussion

4.1 Sensitivity Results Analysis
Fig. 6 illustrates the sensitivity analysis results, highlighting the parameters with Sobol’s total-order

sensitivity indices exceeding 0.01. Among these factors, the air wet-bulb temperature (Ta,w) was identified
as the most significant contributor to the variance in the predicted combined values of PUE, CUE, and
WUE. This is primarily because Ta,w serves as a key indicator for determining the operating conditions of the
cooling system. It directly influences the extent to which the system can utilize natural cooling sources, either
fully or partially, thereby affecting the energy consumption of the various components within the cooling
system. As a result, Ta,w has a substantial impact on the final values of PUE, CUE, and WUE. This finding
highlights that the effectiveness of the rack-level loop thermosyphon system is highly dependent on regional
climatic conditions, with lower wet-bulb temperature regions being more suitable for its application. The
load ratio (u) also emerged as a critical factor, suggesting that the system’s performance varies under different
load conditions in data centers. Furthermore, the carbon factor (μ) significantly influences the combined
metric, primarily through its impact on the CUE value. Other influential parameters include the supply air
temperature set point (Ts), the supply chilled water temperature set point (Tchw,s), and the cooling water
temperature differential (ΔTct). These variables also affect the combined performance indicators, implying
that optimizing these set points can enhance the overall applicability and efficiency of the rack-level loop
thermosyphon system.

Figure 6: Sobol’s total order sensitivity indices for predicting the PUE, CUE, and WUE values
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4.2 Energy Consumption Analysis Compared to Traditional CRACs (Original Design)
Fig. 7 compares the annual energy consumption of the rack-level loop thermosyphon system (retrofit

design) with that of traditional CRAC units (original design). The retrofit design achieves a reduction in
cooling system energy consumption ranging from 18.07% to 31.06%, corresponding to annual energy savings
between 868,500 and 999,000 kW⋅h. Across different cities, energy consumption decreases as the average
wet-bulb temperature declines, due to increased opportunities to utilize natural cooling sources. Guangzhou,
with an average wet-bulb temperature of 19.1○C, exhibits the highest energy consumption. In contrast,
Hohhot, with an average wet-bulb temperature of 2.3○C, shows the lowest. In Guangzhou, elevated outdoor
wet-bulb temperatures restrict full utilization of natural cooling to only 3.48% of the year, with partial
utilization possible for 48.9%, leading to greater reliance on mechanical cooling and thus higher energy use.
Conversely, in Hohhot, natural cooling can be fully utilized for 59.95% of the year, with mechanical cooling
needed for only 1%, resulting in minimal energy consumption. As shown in Fig. 7, energy consumption by
CRAC units in the original design ranges from 38.78% to 57.74% of total system energy use. In the retrofit
design, the energy consumption of terminal cooling devices is significantly reduced, with the rack-level loop
thermosyphon system accounting for only 19.67% to 34.8% of total energy consumption. This reduction is
primarily attributed to a 41.49% decrease in the energy consumption of the thermosyphon system compared
to traditional CRACs, assuming equivalent cooling capacity. Although the retrofit leads to a slight increase
in water flow rate—and consequently a minor rise in energy use on the cold source side—this increase
constitutes only about 1.1% to 3.2% of the total energy consumption.

Figure 7: Annual energy consumption of the data center cooling system using traditional CRACs (original design) or
the rack-level loop thermosyphon system (retrofit design)

Fig. 8 presents the monthly energy consumption of data center cooling systems utilizing the rack-
level loop thermosyphon system across representative cities in various computing hub nodes. The Inner
Mongolia hub (Hohhot), Gansu hub (Lanzhou), and Ningxia hub (Yinchuan) demonstrate the lowest and
most consistent energy consumption levels, with a maximum variation of only 4.3%. Notably, the disparity
in energy consumption is primarily observed in the summer months, particularly July and August. For
example, in July, the energy consumption in the Ningxia hub (Yinchuan) is 17.6% higher than in the Gansu
hub (Lanzhou), attributable to a 13.4% longer duration of mechanical cooling mode operation. Excluding
the Guangdong Hong Kong Macao Greater Bay Area hub (Guangzhou), the monthly energy consumption
patterns of the remaining hub nodes are generally aligned, characterized by lower consumption in winter
and higher consumption in summer. In contrast, the Guangzhou city exhibits significantly higher monthly
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energy consumption throughout the year. This is primarily due to Guangzhou’s elevated average wet-bulb
temperature, which limits the cooling system’s ability to fully utilize natural cooling sources to only 3.48% of
the year, with partial utilization occurring for 48.9%. From the perspective of energy efficiency, the energy-
saving potential of the rack-level loop thermosyphon system across the various computing hubs can be
ranked as follows: Inner Mongolia hub (Hohhot) > Gansu hub (Lanzhou) > Ningxia hub (Yinchuan) >
Beijing-Tianjin-Hebei hub (Beijing) > Guizhou hub (Guiyang) > Chengdu-Chongqing hub (Chongqing) >
Yangtze River Delta hub (Shanghai) > Guangdong Hong Kong Macao Greater Bay Area hub (Guangzhou).

Figure 8: Monthly energy consumption of data center cooling system using the rack level loop thermosyphon system
(Retrofit design) in Computing hub node

4.3 Comprehensive Indicator Analysis
From an energy consumption perspective, retrofitting the existing cooling system with the rack-level

loop thermosyphon system in data centers can significantly reduce energy usage. However, the retrofit plan
must also account for its broader implications, including economic factors, water resource utilization, and
carbon emissions. Table 8 provides a comprehensive evaluation of the rack-level loop thermosyphon system’s
application across representative cities in different computing hub nodes. Based on this evaluation, the
ranking of data centers in various hubs is as follows: Gansu hub (Lanzhou) > Inner Mongolia hub (Hohhot)
> Ningxia hub (Yinchuan) > Yangtze River Delta hub (Shanghai) > Chengdu-Chongqing hub (Chongqing)
> Guangdong-Hong Kong-Macao Greater Bay Area hub (Guangzhou) > Guizhou hub (Guiyang) > Beijing
Tianjin Hebei hub (Beijing). In the case of Guangzhou, while the scores for evaluation indicators A1, A2,
and A3 are among the lowest, its performance on indicator A4 has improved. Additionally, Guangzhou’s
dynamic investment payback period of 4.42 years results in a relatively higher score for indicator A5.
Consequently, Guangzhou’s overall comprehensive evaluation score is not the lowest. On the other hand,
Beijing’s dynamic payback period of 5.2 years for the retrofit is largely due to relatively high water and
electricity costs compared to other cities, combined with its less significant reduction in energy consumption.
Therefore, from a comprehensive perspective, the benefits of retrofitting traditional CRACs with the rack-
level loop thermosyphon system are more pronounced in some cities than in others. Nonetheless, retrofitting
is still recommended. In cities such as Hohhot, Lanzhou, and Yinchuan, where factors like PUE, CUE, WUE,
energy consumption reduction, and dynamic investment payback period are favorable, the comprehensive
score for the retrofit is relatively high. This is primarily due to the sufficient time available for utilizing natural
cooling sources in these cities, as well as the relatively low costs of water and electricity.
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Table 8: Comprehensive index scoring for data centers

Computing
hub node

Representative
city studied

A1 A2 A3 A4 A5 Comprehen-
sive
evaluation
index

Rank

Beijing Tianjin
Hebei hub

Beijing 50.275 1.733 2.195 18.964 16.095 89.261 8

Yangtze River
Delta hub

Shanghai 49.886 1.729 2.145 18.242 19.662 91.664 4

Guangdong Hong
Kong Macao

Greater Bay Area
hub

Guangzhou 49.335 1.723 2.086 17.371 19.663 90.178 6

Chengdu
Chongqing hub

Chongqing 50.026 1.730 2.160 17.682 19.660 91.259 5

Inner Mongolia
hub

Hohhot 50.645 1.737 2.253 20.000 19.681 94.315 2

Guizhou hub Guiyang 50.058 1.731 2.155 17.049 18.331 89.323 7
Gansu hub Lanzhou 50.617 1.737 2.220 19.911 20.000 94.485 1

Ningxia hub Yinchuan 50.568 1.736 2.227 19.511 19.557 93.599 3

4.4 Comprehensive Indicator Scores under Different Load Rates
As data center server deployment is driven by user demand, most data centers operate at partial load

during the initial stages of construction. A research report reveals that the average utilization rate of data
centers is merely 50.61%, with large data centers operating at an even lower average rate of 29.01% [30].
Additionally, as highlighted in the sensitivity analysis in Section 4.1, the load rate factor is a key variable
influencing the combined values of PUE, CUE, and WUE. Therefore, it is crucial to assess the applicability
of the rack-level loop thermosyphon system under varying load rates. Fig. 9 presents the comprehensive
indicator scores for data centers utilizing the rack-level loop thermosyphon system across different load
rates. At the same load rate, the system achieves the highest comprehensive scores in Lanzhou and Hohhot,
primarily due to the lower average wet-bulb temperatures in these cities (below 5.5○C on average). Changes
in the required cooling capacity of a data center have minimal impact on the variation in the cooling system’s
ability to utilize natural cold sources. However, due to the relatively lower reduction in energy consumption
when replacing traditional CRACs with the rack-level loop thermosyphon system, the dynamic investment
payback period is extended, resulting in lower comprehensive scores for the system’s implementation in
Beijing and Guiyang. Additionally, when the data center load decreases from 50% to 25%, Guangzhou’s
comprehensive score increases. This improvement is primarily due to the significant reduction in the required
cooling capacity at a 25% load rate, which reduces the time the cooling system operates in mechanical cooling
mode from 1990 to 1128 h. This reduction leads to a more substantial decrease in energy consumption,
thereby enhancing Guangzhou’s comprehensive score. Fig. 9 illustrates that, regardless of the load rate,
Hohhot, Lanzhou, and Yinchuan consistently rank among the top three in terms of comprehensive scores.
Conversely,Guiyang (at a 25% load rate), Guangzhou (at a 50% load rate), and Beijing (at 75% and 100%
load rates) exhibited the lowest comprehensive scores. At the same load rate, Beijing’s cooling system has a
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lower dynamic investment payback period score compared to the average, while Guangzhou’s cooling system
exhibits lower PUE and energy consumption reduction scores. Guiyang’s cooling system, on the other hand,
has lower energy consumption reduction and dynamic investment payback period scores, leading to the
lowest overall comprehensive score among these cities.

Figure 9: Comprehensive indicator scores of the data center using the rack-level loop thermosyphon system under
different load rates

5 Conclusion
This pioneering study presents the development of a comprehensive evaluation index to assess the

applicability of cooling systems based on the rack-level loop thermosyphon system. The key contributions
of this study are outlined as follows: (a) the proposal of a comprehensive evaluation index for evaluating
the suitability of cooling systems; (b) the identification and analysis of key factors influencing the combined
performance metrics of PUE, CUE, and WUE in data center cooling systems; and (c) a thorough analysis
and comparison of energy consumption and comprehensive evaluation indicators across various national
computing hub nodes. The main findings of this study are outlined as follows:

(1) The air wet-bulb temperature (Ta,w) was found to be the dominant factor affecting the variation in the
combined metrics of PUE, CUE, and WUE.

(2) From an energy consumption perspective, the energy-saving potential of the rack-level loop ther-
mosyphon system across different computing hub nodes is ranked as follows: Inner Mongolia hub
(Hohhot) > Gansu hub (Lanzhou) > Ningxia hub (Yinchuan) > Beijing-Tianjin-Hebei hub (Beijing)
> Guizhou hub (Guiyang) > Chengdu-Chongqing hub (Chongqing) > Yangtze River Delta hub
(Shanghai) > Guangdong-Hong Kong-Macao Greater Bay Area hub (Guangzhou).

(3) Based on the comprehensive evaluation index, the rack-level loop thermosyphon system achieves
the highest score in Lanzhou (94.485) and the lowest in Beijing (89.261). The overall ranking of
cities according to the comprehensive evaluation score is as follows: Gansu hub (Lanzhou) > Inner
Mongolia hub (Hohhot) >Ningxia hub (Yinchuan) > Yangtze River Delta hub (Shanghai) > Chengdu
Chongqing hub (Chongqing) > Guangdong Hong Kong Macao Greater Bay Area hub (Guangzhou)
> Guizhou hub (Guiyang) > Beijing-Tianjin-Hebei hub (Beijing).

(4) Across all load rates, Hohhot, Lanzhou, and Yinchuan consistently rank among the top three cities
in terms of comprehensive evaluation scores. In comparison, the lowest comprehensive scores were
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observed in Guiyang at a 25% load rate, Guangzhou at a 50% load rate, and Beijing at both 75% and
100% load rates.

These results provide significant insights into the application of a comprehensive evaluation index for
determining the suitability of rack-level loop thermosyphon cooling systems across a range of computing hub
nodes. The findings offer a valuable foundation for guiding the design and deployment of next-generation,
energy-efficient cooling solutions in data center environments.
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Nomenclature
List of Abbreviations
CUE Carbon Usage Effectiveness
CRACs Computer room air conditioners
CRAHs Conventional computer room air handlers
PDU Power Distribution Unit
PUE Power Usage Effectiveness
UPS Uninterruptible Power Supply
WUE Water Usage Effectiveness

List of Symbols
A Area, m2

α Heat generation increase factor
C Carbon Dioxide Emissions, kg
CI Cash income, RMB
CO Cash outcome, RMB
G Volumetric flow rate, m3/h
i0 Interest rates, %
K Thermal conductivity, W/(m2⋅K)
m Mass flow rate, m3/h
P Power or heat loss, kW
Pt Dynamic payback period
Q Cooling load, kW
t Temperature, ○C
U Heat Transfer Coefficient, W/(m2⋅K)
u Utilization, %
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μ Carbon emission factors, kg⋅(kW⋅h)−1

W Water resource consumption, L
△Tct Temperature difference of cooling water, ○C

List of Subscripts
a air
aft after renovation
bef before renovation
c condenser
cc compensation chamber
chw chiller water
ct cooling tower
cw cooling water
e evaporator
envelope envelope
full full load
hs heating source
hx,c cold side of the heat exchanger
hx,h hot side of the heat exchanger
IT Information Technology
i inlet
in indoor
lighting Lighting
l Liquid line
loop loop
o outlet
r return
ref reference
s supply
server server
sys system
v Vapor line
w capillary wick
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