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SUMMARY

Ever-increasing energy consumption of data centers is a growing
global concern. To tackle this problem, a high-temperature data
center is proposed as a fundamental solution. It adopts a different
cooling mechanism and makes ‘‘chiller-free’’ data centers possible,
facilitating the transition from chiller-based cooling to completely
free cooling in data centers. Here, we report the global energy im-
pacts of adopting high-temperature data centers and critically
analyze the trade-off between cooling-energy savings and server
power rise using worldwide weather data and server performance
data. Quantitative guidance and targets are established for devel-
oping ‘‘ideal’’ and ‘‘recommendable’’ servers, considering the
server performance associated with the thermal environment.
When raising the space temperature to 41�C (namely, the ‘‘global
free-cooling temperature’’), nearly all the land area can achieve
100% free cooling year round globally. Operating at this space tem-
perature, up to 56% cooling-energy savings could be achieved
compared with operating at a current typical space temperature
of 22�C.
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INTRODUCTION

As the digital backbone of our increasingly interconnected world, energy-intensive

data centers pose an ever-increasing challenge to global decarbonization.1 The

energy use per square foot in data centers can be 100 times that of typical office

buildings.2 Global data center electricity use in 2021 was 220–320 TWh,3 around

0.9%–1.3% global electricity demand.4 It is estimated that global data center elec-

tricity use will increase to 848 TWh in 2030.5 Notably, the cooling energy required

to keep the servers in data centers from overheating is on a par with that of the

servers themselves, representing 30%–40% of the total energy consumption of

data centers.6,7

Data centers typically operate at temperatures of 20�C–25�C, following a common

notion that ‘‘cold is better.’’8 Engineers and operators tend to follow conventional

practices according to the conservative suggestions of manufacturers and conven-

tional wisdom. However, current servers are much more robust to high temperatures

than those previously used9 as it has been recognized by the ASHRAE (the American

Society of Heating, Refrigeration and Air-conditioning Engineers) standard,8 leading

to rising interest in expanding their operating temperature ranges. In the past, some

legacy data centers operated at a space temperature of 13�C,10 forcing technicians to

wear parkas while working in those spaces. In 2004, ASHRAE published the first rec-

ommended environmental temperature range for IT equipment of 20�C–25�C,11
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Figure 1. Environmental temperature and humidity ranges for IT equipment specified by

ASHRAE

The recommended region is based on an analysis of the total cost of ownership in 1996.2 The green

region is the newly added environmental temperature and humidity range of IT equipment in

2011.13 The upper-temperature limits of classes A3 and A4 are 40�C and 45�C, respectively.8
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which is considered an authoritative standard. In 2008, ASHRAE expanded the recom-

mended environmental temperature range to 18�C–27�C.12 In 2011, the range of

allowable environmental temperatures was further expanded and two new classes

(A3 andA4) were adopted based on updated critical information (IT design and failure

data) provided by IT manufacturers,13 as shown in Figure 1. The class A3 environment

has an upper-temperature bound of 40�C, while the class A4 environment has an even

higher upper-temperature bound of 45�C. In 2016, a comprehensive discussion of the

workflow for raising the space temperature was published.14,15

Some operators mistakenly consider the use of ASHRAE-recommended tempera-

ture ranges to be mandatory. However, ASHRAE itself emphasizes that ‘‘although

the recommended ranges are highlighted as a separate red region, it was never in-

tended that the recommended temperature range would be the absolute limits of

inlet air temperature for IT equipment.’’13 Notably, this recommended region is

based on an analysis concerning the total cost of ownership in 1996.2 With the tech-

nological evolution of IT equipment, increasingly advanced products that use

superior materials have come to the market,16 with next-generation functional

components and improved chip-cooling technologies. Most servers installed

around 2010 could fall into what ASHRAE categorizes as class A1 or A2 servers,

whereas, some servers today are designed to operate at a maximum ambient tem-

perature of 40�C or 45�C, corresponding to class A3 and class A4 of the ASHRAE

thermal guideline17 (see the examples under Table S3). Class A4 servers are ex-

pected to eventually become widely used in data centers. Thus, with servers with-

standing higher-temperature operation and the ground-breaking extension of their

environmental temperature range, owners and operators are being given the confi-

dence to build and operate data centers at significantly higher temperatures than

those used today.
2 Cell Reports Physical Science 4, 101624, October 18, 2023
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Data center cooling technology has progressed significantly over time.18 Improve-

ments in air-handling design, particularly for data centers, were the first major steps

for increasing cooling efficiency.19 The proposal of ‘‘aisle containment’’ has changed

the layout of data centers, greatly improving cooling efficiency by reducing the mix-

ing of the hot exhaust air from a server with the cold intake air from the central cool-

ing supply.20 A similarly improved coordination control strategy between the server

and the cooling sides can achieve a better match of cooling supply and demand.21

Furthermore, recently developed artificial intelligence (AI)-based real-time transient

temperature predictions of server CPUs and the cold chamber help to better

manage airflow in data centers.22 Although these technologies can improve cooling

efficiency, the resulting energy savings are limited, as they only improve the effi-

ciency of the ‘‘cold distribution.’’ In addition, some of the new technologies pro-

posed to tackle high-cooling-energy consumption problems are considerably

more efficient, such as liquid cooling.5 Unfortunately, these options are often

hampered by the conservative minds of designers and operators and by technolog-

ical and economic challenges, such as maintenance and investment.8

Developments in cooling technology have improved the efficiency of data center

cooling systems largely. At the same time, raising the space temperature in data cen-

ters is another effective means to improve cooling system efficiency by reducing the

temperature differential in the vapor compression cycle. Furthermore, raising the

space temperature to a certain level could eliminate thoroughly the use of chillers

and could maximize ‘‘free-cooling’’ hours. Free cooling is the process of using

external ambient air for cooling, which is commonly adopted today in air-cooled

data centers and is considered the single greatest opportunity for cooling-energy

savings.16 High-temperature data centers change the cooling mechanism funda-

mentally, enabling and promoting the transition from chiller-based cooling to

completely free cooling—this could become a breakthrough for the data center

industry.

Several previous studies23–25 have considered the impact of the raising space tem-

perature by several degrees on data center cooling energy. However, these studies

only addressed this impact in some specific scenarios. In this study, we attempt to

quantify the global cooling-energy savings of raising the space temperature in a

wide range by selecting 3 representative cities in each climate zone, totaling 57 cit-

ies in 19 climate zones26 (see Table S4) and using their weather data from typical

years. We also analyze the impact of raising the space temperature on the free-cool-

ing hours in data centers worldwide. Moreover, a critical analysis of the mutual

effects and trade-off between server power rise and cooling-energy savings is per-

formed when raising space temperature. The further development target of server

energy performance associated with the working thermal environment is estab-

lished. To conduct our quantitative evaluation accurately and reliably, we develop

a basic cooling system model based on fundamental mathematical formulas and

the test data of cooling equipment frommanufacturers. The results clarify the global

energy impact of high-temperature data centers, providing quantitative guidance

for IT and cooling professionals to make informed decisions on the future develop-

ment of the data center industry.

RESULTS

Performance of data center cooling systems under different ambient air and

space temperatures

A basic cooling system model is developed based on fundamental principles and

mathematical formulas combined with the test data of cooling equipment
Cell Reports Physical Science 4, 101624, October 18, 2023 3



Figure 2. Cooling system COP versus wet-bulb temperature

(A) At a space temperature of 20�C.
(B) At space temperatures ranging from 20�C to 45�C.
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performance. The cooling system comprises cooling distribution equipment, cool-

ing equipment, and heat rejection equipment. In general, the three typical operation

modes of the cooling system are the mechanical-cooling mode, the partial-free-

cooling mode, and the free-cooling mode (see Figures S2–S4). Using the weather

data for typical years, we simulated the cooling system under the three operation

modes corresponding to actual outdoor conditions and compared their resulting co-

efficients of performance (COPs). The mode that satisfies the cooling load and con-

sumes the least cooling energy was selected for every outdoor condition.

Figure 2 shows the cooling system COP at wet-bulb temperatures ranging from

�40�C to 40�C with space temperatures between 20�C and 45�C. Notably, the

COP of the free-cooling mode that uses dry coolers for freeze protection at very

low ambient temperature is lower than the COP of the free-cooling mode that

uses open cooling towers. This can be attributed to the heat rejection efficiency of

dry coolers being lower than that of open cooling towers.27 The open cooling towers

expose water directly to the cold atmosphere, thereby transferring the heat directly

to the air via sensible and evaporative cooling. By comparison, a dry cooler involves

indirect contact between the heated fluid and ambient air,28 with this heat transfer

mechanism providing an inferior cooling efficiency.27

The cooling systemCOP is then dramatically reduced once the chiller is operating. In

both partial-free-cooling and mechanical-cooling modes (which require chillers), the

cooling system COP is around 3–5, whereas in the free-cooling mode, the COP is

around 11 (without chillers operating). These results demonstrate a significant

decrease in the cooling system COP when switching from free cooling to chiller-

based cooling. Additionally, the cooling system COP in partial free cooling only

has a slight improvement compared with the mechanical-cooling mode. This is pri-

marily attributed to the adopted control strategies and the cooling system con-

cerned. The chillers have certain minimum condensation temperature limits, which

constrain the outlet temperature of the cooling water from the cooling towers, as

illustrated by Equation 9. The limitation hinders the complete utilization of free cool-

ing in the partial-free-cooling mode.

Figure 2A shows that for a given space temperature of 20�C, the cooling systemCOP

generally decreases as the ambient air wet-bulb temperature increases, except
4 Cell Reports Physical Science 4, 101624, October 18, 2023



Figure 3. Annual free-cooling ratio and cooling-energy savings in 19 climate zones

(A) Annual free-cooling ratio when raising data center space temperatures from 20�C to 45�C in 19 climate zones.

(B) Annual cooling-energy savings compared with the baseline temperature (22�C) in 19 climate zones.
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when freeze protection is switched off during free-cooling modes. In free-cooling

modes, the higher ambient air wet-bulb temperature requires cooling tower fans

to operate at higher speeds to maintain the chilled water supply temperature at

the outlet of the heat exchanger at a certain setpoint, resulting in higher fan energy

use. Additionally, in the partial-free-cooling and mechanical-cooling modes, higher

ambient air wet-bulb temperatures will require the chillers to operate at higher

condensing temperatures, resulting in lower COPs for the chillers.

As the space temperature increases, data centers can achieve higher cooling system

COPs, as shown in Figure 2B. This is primarily because data centers can operate in

free-cooling mode at higher space temperatures, and thus a high-cooling-system

COP is achieved over an extended range of ambient air wet-bulb temperatures.

Secondarily, higher space temperatures allow higher chilled water supply tempera-

tures, and thus higher chiller COPs for given air-side system designs or temperature

differentials in partial-free-cooling and mechanical-cooling modes. In free-cooling

mode, higher space temperatures allow the cooling tower fans to operate at lower

speeds, and therefore they consume less energy to maintain the same chilled water

supply temperature at the outlet of the heat exchanger. Clearly, as the space tem-

perature increases from 20�C to 30�C and then 45�C, the free-cooling range is

extended by 10 K (i.e., wet-bulb temperature from 7�C to 17�C) and then 25 K

(i.e., from 7�C to 32�C), respectively. The increase in cooling-system COP is in the

range 0.8%–1.7% for every 1 K rise in data center space temperature. In other words,

PUE (power usage effectiveness) can decrease in the range of 0.009–0.027 for a 1 K

rise in data center space temperature depending on the climate condition (assume

the baseline PUE of 1.55, the average in 202229).
Impact of higher space temperatures on free-cooling hours in data centers

worldwide and ‘‘global free-cooling temperature’’

As the space temperature increases, more free-cooling hours become possible. Us-

ing the weather data30 of 57 representative cities from 19 climate zones26 world-

wide, we assessed the potential free-cooling hours at different space temperatures

for these cities. Figure 3A shows the mean annual free-cooling ratio (i.e., the
Cell Reports Physical Science 4, 101624, October 18, 2023 5



Figure 4. Global maps of annual free-cooling ratio at different space temperatures

(A) At a baseline space temperature of 22�C.
(B) At 27�C (upper limit of current recommendation).

(C) At 32�C (upper limit of class A1).

(D) At 35�C (upper limit of class A2).

(E) At 40�C (upper limit of class A3).

(F) At 45�C (upper limit of class A4).
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percentage of free-cooling hours over a year) in 19 climate zones as the space tem-

perature increases from 20�C to 45�C. Here, the climate zones listed on the y axis

vary gradually from extremely hot (zone 0) to extremely cold (zone 8). At a space tem-

perature of 20�C, data centers in cold climate zones show high annual free-cooling

ratios, but those in hot climate zones show much lower ratios. For instance, the

annual free-cooling ratio is 58% in the cold-humid zone 5A. By contrast, nearly no

free cooling is possible in hot climate zones, such as 0% in the extremely hot-humid

zone 0A. However, if the space temperature is raised to 35�C, an over 99% annual

free-cooling ratio can be achieved in zone 5A, while it can be achieved even in

zone 0A if the space temperature is further raised to 38�C. Importantly, all climate

zones can achieve nearly 100% free cooling year round if the space temperature is

raised to 41�C.

Therefore, a new concept, the global free-cooling temperature, is defined as the

data center space temperature at or above which the central cooling system can

work in free-cooling mode year round in almost all climate zones worldwide. Simi-

larly, the free-cooling temperature of a particular city is defined as the data center

space temperature at or above which the central cooling system can work in free-

cooling mode year round in the city. According to the above analysis, the value of

the global free-cooling temperature is 41�C.

Figure 4 shows the global map of the annual free-cooling ratio of data centers oper-

ating at different space temperatures. Regions closer to the equator have lower

annual free-cooling ratios than other regions, which is why data centers are often rec-

ommended to be built in cold regions. To analyze this further, we consider the per-

centages of global land area (1.391 billion km2) that would allow 50%, 75%, or 100%

annual free cooling for a given space temperature: for a typical space temperature of

22�C (see Figure 4A), these percentages are 58.7%, 49.9%, and 0%, respectively; for
6 Cell Reports Physical Science 4, 101624, October 18, 2023



Figure 5. Global maps of cooling-energy savings with reference to the baseline space temperature (22�C)
(A) At 27�C (upper limit of current recommendation).

(B) At 32�C (upper limit of class A1).

(C) At 35�C (upper limit of class A2).

(D) At 40�C (upper limit of class A3).

(E) At 45�C (upper limit of class A4).
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a 27�C space temperature (see Figure 4B), they become 69.7%, 58.7%, and 0%,

respectively; for a 32�C space temperature (see Figure 4C), they become 87.0%,

76.5%, and 36.5%, respectively; for a 35�C space temperature (see Figure 4D),

they become 93.9%, 80.8%, and 60.2%, respectively; for a 40�C space temperature

(see Figure 4E), they become 99%, 99%, and 93.7%, respectively; and for a 45�C
space temperature (see Figure 4F), they become 99%, 99%, and 99%, respectively.

Clearly, increasing the space temperature can dramatically increase the area of land

with higher annual free-cooling ratios.
Impact of raising space temperature on data center cooling-energy savings

worldwide

We further quantify the global cooling-energy savings achievable by raising data

center space temperature worldwide, based on the estimated cooling-system

COP at different wet-bulb temperatures (see Figure 2). Figure 3B shows the world-

wide mean annual cooling-energy savings when the space temperature is raised

from 22�C (the baseline space temperature) to up to 45�C in 19 climate zones. For

instance, 13%–56% cooling energy could be saved if the space temperature was

raised to 41�C in commonly used air-cooled data centers. A maximum cooling-en-

ergy savings of up to 57% could be achieved in zone 0A if the space temperature

was raised to 45�C. In addition, every degree (K) of space temperature increase

could result in 2%–6% cooling-energy savings, depending on the climate conditions.

Figure 5 shows the global map of cooling-energy savings when raising the space

temperature from the baseline 22�C–27�C, 32�C, 35�C, 40�C, and 45�C, respec-
tively. Clearly, when the space temperature is raised, the regions near the equator

(with hot weather throughout the year) show higher potential cooling-energy savings

than the cold regions, as the hot regions have no free cooling at the baseline space

temperature and therefore have high energy-consumption baselines. To analyze this

further, we consider the percentages of global land area that could allow 20%, 40%,
Cell Reports Physical Science 4, 101624, October 18, 2023 7
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and 50% annual cooling-energy savings for a given space temperature: for a 27�C
space temperature (see Figure 5A), these percentages are 2.9%, 0%, and 0%,

respectively; for a 32�C space temperature (see Figure 5B), they become 44.0%,

0%, and 0%, respectively; for a 35�C space temperature (see Figure 5C), they

become 47.4%, 11.1%, and 0%, respectively; for a 40�C space temperature (see Fig-

ure 5D), they become 53.7%, 36.9%, and 19.1%, respectively; and for a 45�C space

temperature (see Figure 5E), they become 53.7%, 36.9%, and 19.1%, respectively.

Clearly, increasing the space temperature can significantly increase the potential

cooling-energy savings of data centers worldwide. It is worth noticing that, due to

the global temperature increase, some critical temperatures, such as the global

free-cooling temperature, would need to be raised accordingly.

Impact of raising space temperature on data center energy performance and

‘‘ideal servers’’

The question remains why most owners have yet to adopt higher space tempera-

tures in their data centers. Critics of high-temperature data centers might argue

that raising the space temperature is accompanied by an increase in server power

and a decrease in server reliability. The long-term high-temperature operation

might be accompanied by accelerating component degradation,31 shortening life-

span, increasing failure rate,32 and, accordingly, maintenance and downtime.33

However, the reliability of servers under high-temperature operation would and

should be largely enhanced with the improvement of the thermal design of

servers,34 the development of chip-cooling technologies,35 and advanced material

properties. This is therefore an important issue that needs to be investigated consid-

ering the future development of servers.

Current servers can be categorized into four (thermal) environment classes: classes A1,

A2, A3, and A4. Servers of the latest generations (i.e., classes A3 andA4), which support

wider environmental temperature ranges, are still uncommon in themarket and are usu-

ally associated with higher prices because of their enhanced heat removal mechanisms

and more robust components.13 Notably, class A3 and A4 servers can work at higher

space temperatures and demonstrate less server power rise when working at the

same high space temperatures (server inlet temperature) as class A1 or A2 servers.8

Generally, the main contribution to server power rise comes from the server fan, as

the fan runs faster to prevent the server components from overheating; a relatively mi-

nor part of the power rise is due to server components catering to the same computing

load at higher temperatures.10 When only considering the server performance associ-

ated with the thermal environment and data center cooling energy, it is optimal for

servers to operate at the highest space temperatures possible. However,manufacturing

servers that can sustain higher temperatures means greater technical challenges and

higher costs. Then, what is the expected server performance associated with the ther-

mal environments of ideal or preferred servers? In this section, we analyze the impacts of

raising space temperature on the data center energy performance, considering the

server power rise of current and future servers.

Figures 6A–6C show the normalized total power and the annual free-cooling ratio

when raising the space temperature in three cities from three representative cli-

mates, i.e., Beijing, Kunming, and Hong Kong. Figure 6D shows the power rise range

of class A3 servers8 and the power rise trend of ideal servers (dotted lines; note, the

power rise of current class A3 servers at a given space temperature is in a range, de-

pending on the server models and manufacturers8). The normalized total power of

adopting class A3 servers shown in Figures 6A–6C corresponds to the lower bound-

ary of the class A3 server power rise in Figure 6D.
8 Cell Reports Physical Science 4, 101624, October 18, 2023



Figure 6. Impact of raising space temperature on the annual free-cooling ratio and normalized server power and total power in data centers in

different cities

Normalized total power is calculated against the baseline power at 19�C. Normalized server power is calculated against the baseline power at 15�C.8

(A–C) Normalized total power in (A) Beijing, (B) Kunming, and (C) Hong Kong.

(D) Normalized power rise range of class A3 servers and the estimated power rise of ideal servers (mote: we have chosen the lower boundary of the class

A3 server power curve for the energy performance assessment, considering the future trend of technology development).
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Thus, the optimal space temperature (that corresponds to the minimum total power)

is observed to differ for each city. The optimal space temperatures for class A3

servers in Beijing, Kunming, and Hong Kong are 26�C, 34�C, and 38�C, respectively.
This is caused by the different annual wet-bulb temperature distributions in each

city. In addition, cities in cold climates usually show lower optimal space tempera-

tures than cities in hot climates. For example, at the space temperature of 20�C,
the annual free-cooling percentages in Beijing and Hong Kong are 57% and 5%,

respectively. When raising the space temperature, Beijing approaches its optimal

space temperature at 26�C, whereas Hong Kong approaches its optimal space tem-

perature at 38�C. This is because Beijing has a higher free-cooling baseline (57%)

and less room for improvement. Therefore, the cooling-energy saving due to

increased free-cooling hours cannot offset the server power rise in Beijing when

the space temperature is over 27�C.

The dashed line in Figures 6A–6C shows the normalized total power for ideal

servers. It is expected that the servers should work reliably in each city, without

the server power rise, when the temperature is not higher than the city’s free-cool-

ing temperature, i.e., the temperature corresponding to 100% free-cooling year

round in the city. Adopting these servers, data centers could operate in free-cool-

ing mode almost year round in any city. According to Figures 6A–6C, the
Cell Reports Physical Science 4, 101624, October 18, 2023 9
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free-cooling temperatures of Beijing, Kunming, and Hong Kong are 39�C, 38�C,
and 40�C, respectively.

To facilitate free cooling of data centers worldwide, an ideal server is defined as a

perfect server from the perspective of cooling-energy performance. This server is

ideal, as its working temperature is high enough to allow 100% free cooling globally

when located in any land region worldwide. The working temperature of this ideal

server is also the critical temperature for improving server design with the lowest

effort/cost to achieve 100% free cooling worldwide. Therefore, ideal servers should

be able to work reliably without increasing the server power when the space temper-

ature is raised to the global free-cooling temperature (i.e., 41�C). This means that the

power of ideal servers should not increase with temperature when the space temper-

ature is raised to 41�C (see Figure 6D). As the power of servers often only increases

slightly over the first few degrees of temperature rise before increasing significantly,

servers that can work reliably without significant server power increase when raising

space temperature to the global free-cooling temperature would be highly recom-

mendable. We therefore name these servers ‘‘recommendable servers.’’
DISCUSSION

This study presents a pioneer comprehensive worldwide investigation on the cool-

ing-energy savings of high-temperature data centers and critically analyzes the

trade-off between cooling-energy savings and server power rise. The results

show that every 1 K increase in the space temperature could enhance the cool-

ing-system COP by 0.8%–1.7% and reduce cooling-energy consumption by 2%–

6%, depending on the climate conditions. In other words, PUE can decrease in

the range of 0.009–0.027 for a 1 K rise in data center space temperature. If the

space temperature in data centers was raised to 41�C, almost all land regions

across the world could achieve nearly 100% free cooling throughout the year,

and the PUE could be reduced by up to 0.252. Meanwhile, 13%–56% cooling en-

ergy could be saved compared with the baseline space temperature setting of

22�C, with practically no additional cooling-energy savings for further raising of

the space temperature.

Currently, the space temperature settings in most data centers remain conservative,

at typically 20�C–25�C, while ASHRAE recommends a temperature range of 18�C–
27�C. However, we found that the optimal space temperature in each city depends

on the type of servers. For example, the optimal space temperatures for class A3

servers in Beijing, Kunming, and Hong Kong are 26�C, 34�C, and 38�C, respectively.
Therefore, it is important to consider the actual climate conditions in a particular city

and the server performance associated with the thermal environment of the chosen

servers (refer to the specifications of servers) to determine the optimal space tem-

perature settings.

As a basic recommendation and target for server development associated with the

thermal environment, we found that a global free-cooling temperature of 41�C is

the minimum space temperature that would allow all climate zones to achieve

nearly 100% free cooling year round. Considering the server performance associ-

ated with their thermal environment, ideal servers should be able to work reliably

without server power rise as the space temperature increases up to 41�C. Consid-
ering the manufacturing challenges and costs, recommendable servers should

work reliably without significant server power rise for space temperatures up

to 41�C.
10 Cell Reports Physical Science 4, 101624, October 18, 2023
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The comfortable temperature range of the human body is narrow and determined by

nature, whereas servers could be designed to work in wider temperature ranges,

such as by using enhanced printed circuit board materials13 and third-generation

semiconductors.36 The main concerns regarding the high-temperature operation

of data centers are server reliability and data-processing performance. Therefore,

the key to implementing high-temperature data centers is to develop and widely

deploy servers and IT equipment that enable high-temperature operation. Servers

designed for class A3 and A4 environments, with upper-temperature limits of

40�C and 45�C, respectively, are equipped with optimized heat removal mecha-

nisms and more robust components. Unfortunately, the manufacturing costs for

these servers can greatly exceed those of conventional servers.13 From the perspec-

tive of practical implementation, the cost premiums of class A3 and A4 servers, or

later-generation servers, need more careful evaluation before their wide deploy-

ment. This evaluation must consider the cooling-energy savings from improved

chiller energy efficiency and the increased free-cooling hours, which lower operating

expenses, and compare these against the initial investment costs of adopting next-

generation servers while potentially allowing chiller-free cooling.

The high-temperature data center is a major development direction for next-gener-

ation data centers in addition to the development of servers themselves. High-tem-

perature data centers facilitate and promote the transition from chiller-based to

chiller-free cooling, offering a tremendous opportunity for the data center industry

to maximize cooling-energy savings. This approach could break new ground, lead-

ing to a cliff-like drop in the cooling-energy consumption of data centers. From the

perspective of cooling, the optimization of cooling systems in data centers at room,

rack, and server levels is essential for high-temperature operation. From the

perspective of IT equipment, robustness in higher-temperature working environ-

ments and innovative chip-cooling technology are keys to implementing high-tem-

perature data centers. The development of third-generation semiconductors allows

chips to operate at higher temperatures fundamentally. The improvement of chip-

level cooling technologies could increase effectively heat dissipation of heat sources

to enhance the high-temperature tolerance of servers. These advancements could

eliminate the concerns about high-temperature server operation. Our findings pro-

vide quantitative guidance for IT and server professionals to further develop IT

equipment and servers that take the data center cooling energy into account. The

results should also be valuable for other decision-makers and stakeholders in devel-

oping standards and guidelines for next-generation data centers.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information questions should be directed to the lead contact, Shengwei

Wang (beswwang@polyu.edu.hk).

Materials availability

No materials were used in this study.

Data and code availability

All data are made available with sources specified in the supplemental information.

Modeling approach

In this study, a commonly used cooling system is selected. Its cooling load is assumed

as 4,000 kW. The specifications of corresponding components are selected according
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to the cooling load (Table S1). The cooling system consists of chillers, heat exchangers,

cooling towers, chilled water pumps, cooling water pumps, and computer room air

handlers. The cooling system can be divided into two subsystems, the cooling water

loop and the chilled water loop (Figure S1). In addition, a parallel configuration is used

on the cooling water loop, and a serial configuration is used on the chilled water loop

according to the common engineering practice37,38 and comparative assessment.39 In

this cooling system, the approach temperature between the chilled water supply tem-

perature and the supply air temperature is set at 7�C.2 We also assume that the server

inlet temperature equals the supply air temperature, that the server inlet temperature

is even, and that there are no hot-spot problems.
The cooling system model

Chiller models and the assumption for heat exchangers

Braun’s method is used to model chillers,40 in which two variables are involved, i.e.,

the load and the temperature difference between the leaving condenser and chilled

water flows. Equation 1 is the correlation of the chiller power and variables. In addi-

tion, the testing data of the chiller used in this study, which are for high-temperature

applications, are from a major manufacturer (Trane), allowing a chilled water supply

temperature up to 20�C.

Pch

Pdes
= a0 + a1X + a2X

2 + a3Y + a4Y
2 + a5XY ; (Equation 1)
X =
_Qe

_Qdes

; and (Equation 2)
Y =
ðTcwr � TchwsÞ

DTdes
; (Equation 3)

where X is the ratio of the chiller load to the design load, Y is the leaving water tem-

perature difference divided by a design value, Pch is the chiller power consumption,

and Pdes is the power consumption at the design condition. The empirical coeffi-

cients in Equation 1 (a0, a1, a2, a3, a4, and a5) are determined using linear least-

squares curve fitting based on the chiller performance data from the manufacturer.

Detailed empirical coefficients and parameters of the chiller model can be found in

Table S2. An example of a chiller COP at the temperature of leaving condenser water

of 28�C is shown in Figure S5. In addition, a 1.5�C temperature approach for heat

exchangers is assumed.39,41

Cooling tower models

In this study, heat rejection equipment includes open cooling towers and dry

coolers.28 The cooling water loop would switch to dry coolers when the ambient

wet-bulb temperature is lower than �5�C, according to engineering practice, to

avoid freeze problems.

Open cooling towers involve sensible and latent heat transfer. In this study, the

ε-NTUmethod is used to model open cooling towers.42 Braun40 stated that air effec-

tiveness can be determined using the relationships for sensible heat exchangers with

modified definitions for the number of transfer units and the capacitance rate ratios,

using the assumption that the Lewis number equals 1. For a counterflow cooling

tower, it is described as Equation 4.

εa =
1 � exp ð � NTUð1 � m�ÞÞ

1 � m� expð � NTUð1 � m�ÞÞ ; (Equation 4)
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where

NTU =
hDAvVcell

ma
; and (Equation 5)
m� =
maCs

mw;iCpw
: (Equation 6)

The saturation-specific heat, Cs, is defined as the average slope of the saturation

enthalpy with respect to the temperature curve. It can be determined with the water

inlet and outlet conditions and psychometric data using Equation 7.

Cs =
hs;w;i � hs;w;o

Tw;i � Tw;o
(Equation 7)

The wet-bulb temperature is used as a primary input of the open cooling tower

model because the enthalpy can be approximated as a formula related to wet-

bulb temperature,43 at a given atmospheric pressure. For dry coolers, the ε-NTU

method is also used to obtain the performance of the dry cooler at different condi-

tions. Dry-bulb temperature is one of the main input parameters for the dry cooler

model. Detailed mathematical references of these two models can be found in

TRNSYS 18 component mathematical manual.42

According to the desired cooling capacity for cooling towers and outdoor condi-

tions, the airflow rate can be determined. The fan power is in cubic growth of the

rotational speed ideally (k = 3), as shown in Equation 8.44 In this study, k is selected

as 1.5 based on practical in situ operation data. Cooling towers cannot achieve the

ideal performance (k = 3) in practical operations.44

Wct

Wct;design
=

�
Qct

Qct;design

�k

; (Equation 8)

where Wct is the energy consumption of cooling towers, Wct,design is the energy con-

sumption of cooling towers at the design condition,Qct is the airflow rate, andQct,design

is the airflow rate at the design condition.

In the free-cooling mode, the speed of the cooling tower fans is controlled to make

the outlet water temperature of the heat exchangers reach the desired chilled water

supply temperatures. At both partial-free-cooling mode and mechanical-cooling

mode, the chilled water supply temperature is controlled by the chiller itself, and

the speed of cooling tower fans is modulated to maintain the cooling tower water

outlet temperature at a setpoint given by Equation 9, where Tct,out is the outlet cool-

ing water temperature, Twet is the wet-bulb temperature, and Tmin,ct is the minimum

condenser water entering the temperature setpoint. The cooling tower control

setting given by Equation 9 is used as a proximate or near-optimal setting.45 Cooling

tower water temperature cannot drop below the chiller minimum condenser water

entering temperature setpoint, as defined by the chiller manufacturer. In addition,

the cooling water return temperature is limited to 45�C to avoid calcium salt

precipitation.46

Tct;out = max ðTwet + 5�C; Tmin;ctÞ (Equation 9)

Pump models

The cooling water pumps are usually constant-speed pumps, and they are assumed

to work at rated power. The chilled water pumps are variable-speed pumps. The en-

ergy consumption of chilled water pumps depends on the pressure drop, the water

flow rate, and the pump efficiency, as shown in Equation 10.
Cell Reports Physical Science 4, 101624, October 18, 2023 13
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Wcwp =
Dpcwp 3mw

hcwp

(Equation 10)

The pressure head of pumps (equal to the pressure drop of the chilled water loop) is

set to be linear to the water flow rate in operation44 (see Figure S6). This control strat-

egy is practically not far from optimum for the energy-efficient control of the chilled

water loop.

Computer room air handlers

The difference between supply and return air temperatures of the computer rooms is

assumed to be a constant of 10 K.2
Limitations

The energy assessment models used in this study simulate the water-cooled chiller

cooling systems, the most widely used central chiller plants for data centers

today.8,41,47 The conclusions of this study are therefore limited to the implementa-

tion of air-cooled data centers using water-cooled chiller plants. However, as the en-

ergy impacts of operating temperatures in air-cooled data centers using air-cooled

chiller plants are similar, the quantitative conclusions are still valid, and the quanti-

tative recommendations may deviate slightly. There are other types of cooling sys-

tems, such as liquid-cooled data centers, which have attracted great attention. The

conclusions and quantitative recommendations of this study would not apply to the

liquid-cooled data centers, while the recommendation of rising the operation tem-

perature of server components is still beneficial to their operation. In fact, when the

raised server operating temperature allows wide implementation of air-cooled data

centers worldwide, the adoption of liquid-cooled data centers might not be as

attractive and beneficial due to their technological and economic challenges, such

as maintenance.
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