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Abstract: The cooling of server components has been continuously developed over the past few years in order to

meet the increasing cooling requirements of server component manufacturers such as for the processor chips. The

growth in performance and power density increases the cooling demand. These requirements directly influence

the energy consumption and performance of the hardware. To gain a better understanding of the historical

evolution and possible future technology development paths in the field of data center cooling, a patent analysis

method was used. The focus is on previous and current development priorities and possible research gaps within

the server and computer room levels. The European patent database was selected as data source. To determine

relevant patents, the search terms for various cooling technologies were developed iteratively. After the patent

extraction for the period 2000 - 2023 (earliest priority year), the search results were classified and analysed. Most

of the patents deal with air or liquid cooling. In the area of liquid cooling, the focus was on direct liquid cooling,

followed by total liquid cooling. Since 2015 a technological shift from air to liquid cooling can be identified on the

level of patent activities. In this context, the patent groups with focus on “constructional details for different types

of electric apparatus” and “electrical digital data processing” have the largest share of patents. In addition, the

technology focus of the TOP 10 patent applicants was in the field of liquid cooling. In conclusion from the patent

analysis, it can be derived that liquid cooling will continue to gain in importance in the future and could also be

combined with other approaches in the form of hybrid cooling. However air cooling may still be relevant, even if

the main cooling load is handled by liquid-based approaches. At the same time, the optimisation potential for

air cooling seems to have been largely exploited in comparison to liquid cooling, as can be seen from the falling

number of the patent applications.

Keywords: patent analysis; server hardware; air cooling; liquid cooling; immersion cooling; heat removal

1. Introduction

Data centers form the infrastructural backbone for digitization. Without them, our increasingly
interconnected world and the demand for communication services, storage and data processing would
not be feasible [1]. Sufficient electrical power is required for their reliable and powerful operation. For
2021, the global data center electricity consumption was estimated at 220 to 320 TWh/a, or about 0.9 to
1.3 % of the world’s total electricity consumption [2–5]. Depending on the scenario for the upcoming
development, the electrical demand may increase to up to 500 TWh/a by 2030 [6]. To evaluate how
efficient a data center is in terms of energy use, the power usage effectiveness (PUE) factor has been
established as key metrics [7]. The PUE describes the ratio of the total energy consumption of a data
center to the consumption of the IT hardware [8]. From 2007 to 2022, the average PUE decreased
globally from 2.50 to 1.55 — the ideal value is 1.0 [9]. This difference comes from the additional
components required for reliable operation of the IT hardware, such as the power supply, cooling
or lighting. Here, the energy demand of cooling can account for up to 50 % of the total additional
energy demand [10,11]. To increase the energy efficiency of a data center, cooling technologies must
be improved. This include for example the intensive use of free cooling and the switch from air- to
liquid-based systems. In the first case, an external ambient medium (e. g. ambient air) is used as a heat
sink without the need to operate an intermediate chiller. In the second case, liquid cooling can be used
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to increase the number of possible operating hours of free cooling by further increasing the waste heat
temperature. This allows the energy-intensive operation of chillers to be increasingly avoided.

In addition to the increasing energy efficiency requirements, there is a trend towards more
powerful hardware [12]. Especially, graphics processing units (GPU) and partially central processing units
(CPU) with increasing thermal design power (TDP) create challenges in the development of suitable
cooling solutions [12]. Its importance is amplified by the increasing demand for artificial intelligence
(AI) applications. According to a study by GrandViewResearch, the annual growth rate in this area is
expected to reach 37.3 % from 2023 to 2030 [13]. In addition, future next-gen server CPUs and GPUs
are expected to consume up to 1000 W of power by 2025 [14]. Furthermore, the rising importance of
waste heat utilisation and associated regulatory requirements are becoming increasingly important
[15]. Addressing all of these challenges requires, in particular, an adaptation of cooling technology at
the server component level.

Moreover to other studies Ebrahimi et al. [16] and Zhang et al. [17] have been reviewing and
analysing data center cooling technologies. In order to identify the technical possibilities and their
advantages and disadvantages, their energy implications and waste heat utilisation potential were
also analysed. Zhang et al. used the keywords “data centre cooling” to find publications and patents
between 2010 and 2019 for “data centers” and “telecommunication base station”. During this period,
the number of publications rose from around 200 to 375, while patent applications remained relatively
stable at around 400 patent applications per year. Huang [18] identified sections “Physics” (G) and
“Mechanical Engineering” (F) in particular as key areas in his study of the cloud computing industry’s
patent portfolio.

The aim is to identify possible research priorities and patent gaps as well as potential future
market-available technologies that could address the current challenges, like increasing performance
density and resulting cooling demand and waste heat quality and quantity. The focus of this paper is
in the range between server and room cooling because it is much closer to the heat source - the servers
- and changes at this point have a major impact on all subsequent cooling technologies. At the same
time there is a reciprocal interdependence between the components and the system. Moreover, the
patent offices, countries of origin and companies involved had been analysed. Through examining the
level of patent activity by classification codes over a period of time, it is possible to gain insight into the
the maturity of a technology along with patenting trends, indicating the decay and rise of technologies
[19]. In order to achieve a better understanding of the past and current technology priorities in product
development in the area of data center cooling, this is examined using the patent analysis method.
In contrast to Zhang et al., a detailed technology-based analysis of patent applications over a period
from 2000 to 2023 is to be carried out through a suitable and specific selection of keywords and a
categorisation of the technologies.

Based on the technological development with increasing thermal design power of the CPU and
GPU, it can be assumed that a change from air to liquid cooling can be observed in the area of patent
applications over the years. Within this technology group, the share of direct liquid cooling should be
greater than that of total liquid cooling. The background to this assumption is the longer history of
direct liquid compared to total liquid cooling, which is partly based on the liquid cooling used for the
mainframes. In addition, due to the great importance of the USA due to the large number of companies
in the field of developers and manufacturers of server components and servers (INTEL, NVIDIA,
AMD, DELL, HPE, etc.) as well as the home of the largest cloud providers (e. g. Google, AWS, etc.),
the USA should have a special geographical role in patents in the field of data centre cooling.

2. Theoretical Background

2.1. Data Center Cooling Technology

Due to energy conservation, every kilowatt-hour of energy that enters a data center will mainly
leave as heat. Electrical energy is required to operate the IT infrastructure, which is almost completely
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converted into thermal energy in the data center. All heat generated in the data center must then
be removed using suitable cooling technologies to avoid the risk of the installed server hardware
overheating. The cooling system consists of two subcomponents: 1) the cooling system in the data
center room (room cooling) and 2) the cooling system outside the data center room (cooling infrastructure)
[20]. Data center operators request high energy efficiency, low cost and high reliability [21].

In general, room cooling comprises of computer room air handlers (CRAH) or computer room air
conditioners (CRAC) with a maximum cooling capacity of up to 12 kW per rack with cold aisles [22].
Here, the warm air is collected below the ceiling, cooled down via a heat exchanger and fed to the
underground plenum and thus in front of the server racks via a fan [20]. From the CRAC or CRAH
unit, heat is typically transferred to the cooling infrastructure via a liquid loop.

Room-level cooling can be further separated into rack-level and server-level cooling subsystems.
In the case of rack-level cooling, higher energy efficiency can be achieved because the heat exchanger
and also the liquid circuit are much closer to the IT equipment and the air pathways are shorter at the
same time (indirect liquid cooling - ILC) [20,22]. This is enhanced by the higher specific heat capacity
and the higher thermal conductivity of water compared to air [21]. In addition, heat can be transported
more energy-efficiently by means of a water flow via pumps instead of an air flow via fans [20]. This
cooling technology includes passive (maximum cooling capacity from 15 to 35 kW per rack) and active
(maximum cooling capacity up to 55 kW per rack) rear door heat exchangers (RDHX) as well as in-row
coolers (maximum cooling capacity up to 25 kW per rack or 50 kW per cooling unit) [22]. In contrast
to passive RDHXs, active RDHXs have additional fans in the cooled rear wall to compensate for the
pressure loss caused by the heat exchanger.

At the server level, air cooling is the most widespread and mature technology and is an elementary
component of the technologies mentioned above. However, as soon as the power densities of the racks
exceed the maximum cooling performance of traditional cooling technologies, another technology
must be used - liquid cooling. These include direct liquid cooling (DLC) (e. g. cold plates) and total liquid
cooling (TLC) (e. g. immersion cooling). In the first case, cold plates are installed on the most powerful
and temperature-sensitive heat sources (e. g. CPU or GPU), through which a fluid flows that cools
the hardware [20]. The liquid can be water or single- or two-phase coolant. The maximum transmittable
heat flux is up to 170 W/cm2 for single-phase water-based cooling systems [23]. A rack-based cooling
distribution unit has a cooling capacity between 80 and 200 kW per rack [24]. In contrast, air-based
systems can dissipate up to 37 W/cm2 [25,26]. In the case of TLC, the servers immerse completely in a
dielectric fluid in a customized cabinet [20]. Single and two-phase coolants can be used. Heat fluxes in
excess of 275 W/cm2 can be achieved with two-phase immersion cooling [27]. With this technology,
power densities of up to 250 kW per rack can be cooled [27,28].

The ratio of heat to liquid with cold plates is between 60 and 90 %, whereas with immersion
cooling this value reaches almost 100 % [21]. For this reason, servers with cold plates have additional
(air) cooling. In practice, combinations of these technologies can also be used — often called hybrid
cooling (for example, direct and indirect liquid cooling [29]).

To prevent the processor temperature from reaching over 80 - 90 °C, the supply air temperature
must be in the range of 20 - 30 °C for air cooling, while the supply water temperature can be in the
range of 50 - 55 °C [21]. The typical design temperature rise across the rack is 15 K for air-cooled and
10 K for liquid-cooled systems [16]. In this regard, the American Society of Heating, Refrigerating and Air-
Conditioning Engineers specifies inlet temperatures for air (5 ... 45 °C) and liquid cooling (17 ... > 45 °C)
in its thermal guidelines depending on the application and additionally provides a recommendation for
air cooling (18 ... 27 °C) [30]. Systems with liquid cooling can be designed to supply a more precise and
selective cooling, reducing hotspots and ensuring uniform temperature distribution throughout the
server and racks [31]. This enables both the reliability of the IT infrastructure and the performance of
the servers to be improved by operating them at optimum temperature conditions [31]. In contrast, air
cooling can rather result in an inhomogeneous temperature distribution, for example due to internal
rack recirculation or short-circuit flows between the cold and hot aisles, which facilitates hotspot
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occurrence [32]. For this reason, the temperature requirements for air cooling are also more restrictive
than for liquid cooling. The higher water supply temperature and moderat temperatur rise enables
higher outlet temperatures to be achieved with direct liquid cooling technologies. As a result, the
energy-intensive use of chillers can be reduced and free cooling can be used more intensively. At the
same time, waste heat utilisation options are increasing with higher heat quality.

2.2. Patents and Patent Analysis

The World Intellectual Property Organization (WIPO) defines a patent as “an exclusive right granted
for an invention, which is a product or a process that provides, in general, a new way of doing
something, or offers a new technical solution to a problem” [33]. Patents are granted from the patent
office in which the patent is filed only for inventions that are new and non-obvious, consist of inventive
steps, and have commercial application utility [34–36]. They are technical-legal documents in which
the patent authors use a number of different words and phrases to explain the invention with the
intention of maximizing the scope of the invention [34].

The worldwide most common classification systems are International Patent Classification (IPC),
European Classification (ECLA) and United States Patents Classification (USPC) [19]. IPC classifies the
patents into sections (A to H) with their section titles according to their technical fields [34,37]. For
example, class F includes Mechanical Engineering; Lightning; Heating; Weapons; Blasting [37]. The sections
belong to the highest level of the hierarchy of classification (first level). Each section consists of several
classes (second level). The classes then divide into the subclasses (third level). The subclasses consists of
groups which can be classified in main groups (fourth level) or in subgroups (lower level) [37].

A patent is structurally based on the following elements: Title page, description, figure description,
list of reference signs, patent claims and figures. The title page contains standard metadata like the
IPC classification, applicant, inventor, title, description and the application as well as the disclosure
date. The disclosure date is the date on which a patent application was published in the patent
database. Disclosure must take place no later than 18 months after the patent application. A patent
application can be submitted in three ways: national, regional and international. The regional application
can be registered, for example, via the European Patent Office (EPO) for selected member countries.
Internationally, the patent application can be filed in the course of the PCT procedure at WIPO for all
contracting states. These include all major industrialised nations such as the USA, Japan and Germany.
[38]

Patents can be accessed via commercial and non-commercial patent databases. The database of
commercial patent databases does not contain more patent entries than that of non-commercial patent
databases [38]. In many cases, the commercial patent databases even follow behind the free patent
databases of the patent offices [38]. In contrast, the commercial solutions offer a wider range of services
such as edited description texts, more complex search options or extended visualisation tools.[38]. The
most relevant free databases are Espacenet (EPO) with more than 140 million patent documents from
over 90 countries and PatentScope (WIPO) with more than 110 million patent documents from over 150
countries [34,39–42].

Both databases offer search functions for patent searches. Reasons for conducting a patent
search may be: State-of-the-Art Patent, Freedom to Operate and Patent Portfolio Analysis, Commercial
Intelligence/Competitior Analysis, Patentability, Validity and Infringement search [19,34,43–46]. The first
variant can be used to give a comprehensive overview of a technical topic and is used for this paper
[19,38].

3. Materials and Methods

Starting from a patent database, the procedure for a patent analysis consists of three steps. The first
step is the pre-processing to retrieve the patents and convert them into structured data [45]. Afterwards,
in the second step (processing), the contained structures are extracted [45]. Finally, the post-processing
takes place with the analysis of the patents [45]. Chapter 3.3 discusses the parameters analysed in this
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study and the associated procedure. A distinction can be made between approaches with text mining
or visualisation [45]. Using the tabular overview of the relevant patents that have been identified, the
competitors, technology experts and technology fields can be extracted [19].

3.1. Patent Pre-Processing

In order to be able to retrieve and save the patents in the field of data center cooling, the following
steps are carried out for this paper. First of all, the patent database used must be chosen. A modifiable
filter function should be available, e.g. to filter by registration year or patent classes. It should
additionally be possible to export the search results and analyse them with another tool. In addition,
user-friendliness and, if needed, an application programming interface (API) for automated data capturing
should be available. Moreover, the patent database must have a coverage of patents from the relevant
nations worldwide. The European patent database Espacenet fulfils these requirements and was
therefore selected for the following patent analysis.

A crucial step is to define the search terms. They are developed iteratively and are based on
the initial selection of search terms forn the types of cooling technologies used in data centers. Then
additional keywords extracted during the patent search are added and the search being repeated. The
final list of keywords used for the analysis are listed in Table 1.

Table 1. Overview of the search terms used separately and the associated search logic1 of Espacenet.

Search topic Search logic (Espacenet)

Cooling Optimization Data Centers ti all "Cooling Optimization" AND ab all "data cent*"
CPU cooling (ti all "CPU cooling" OR ti all "central processing unit

cooling") AND desc all "data cent*"
Computer Room Air Conditioning (CRAC) (ta all "CRAC data cent*" OR ta all "Computer Room Air

Conditioning data cent*" OR ta all "CRAH data cent*" OR
ta all "Computer Room Air Handler data cent*") OR ((ti all
"CRAC" OR ti all "Computer Room Air Conditioning" OR
ti all "CRAH" OR ti all "Computer Room Air Handler")
AND ab all "data cent* cooling") OR (ti all "data cent*
cooling" AND (ab all "CRAC" OR ab all "Computer Room
Air Conditioning" OR ab all "CRAH" OR ab all "Computer
Room Air Handler"))

Computer Room Air Handler (CRAH) Structure as for CRAC
Direct Chip Cooling ti all "cold plate cooling data cent*" OR (ti all "cold plate

cooling" AND desc all "data cent*")
GPU cooling (ti all "GPU cooling" OR ti all "graphics processing unit

cooling") AND desc all "data cent*"
Hybrid Cooling Systems ti all "Hybrid Cooling" AND ab all "data cent*"
Immersion cooling ta all "immersion cooling data cent*" OR (ti all "immersion

cooling" AND ab all "data cent*") OR (ti all "data cent*
cooling" AND ab all "immersion")

Modular Cooling Systems ti all "Modular Cooling" AND ab all "data cent*"
Rack-Level Cooling ti all "Rack Cooling" AND ab all "data cent*"
Rear Door Heat Exchanger ti all "Rear door heat exchanger" AND desc all "data cent*"
Server Cooling ti all "Server Cooling" AND ab all "data cent*"
Thermal Management Solutions ti all "Thermal Management" AND ab all "data cent*"
Cooling Fluid2 (ti all "coolant" OR ti all "Cooling agent" OR ti all "Refrig-

erant" OR ti all "cooling liquid" OR ti all "cooling medium"
OR ti all "cooling fluid") AND ab all "data cent*"

1Overview of the text sections used in the search logic and their function: ab: Abstract, desc: Description, ta: Title or abstract, ti:
Title [47].
2 This is not part of the further analysis due to an overlap with the room cooling and cooling infrastructure.
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For the search, the selected and iteratively determined search terms must be combined with
each other in a meaningful way and entered into the search mask. The search is further optimised by
using suitable operators. These include boolean and proximity operators as well as wildcards, parentheses,
nesting and phrases [34]. Both boolean operators and wildcards are used here. Wildcards (“?” or “*”)
can be used to find similar terms, which can be used especially for the term “data center” (AE: data
“center”, BE: data “centre”). This allows both spellings to be taken into account. The boolean operators
are logical operators and are used to link more than two search terms. Espacenet offers “AND”, “OR”
and “NOT”, whereby a logical multilevel combination between fields is also possible. All components
of the possible search term variations must appear in one of the text fields “title” (ti), “abstract” (ab) or
“description” (desc), whereby the term “data cent*” must appear in one of the text fields in each case
[47]. Although the search logic for cooling fluids is included in the overview in Table 1, cooling fluids
will not be analysed in the following due to the overlap with the other search terms and the focus on
the cooling technologies and not the coolants used. In this way, the patent results can be limited to the
patents that are likely to be more relevant for the cooling of data centers.

In addition to the search terms, the search output is reduced by selecting suitable filter criteria.
This includes patent classes, countries (family), CPC1 assigning offices as well as the earliest publication
date2 and priority date3. However, the priority date is not necessarily the same as the filing date and may
be earlier [49,50]. The priority date is therefore used to obtain the earliest possible date of publication
of a patent. The priority date period studied is from 2000 to 2023. In this way, the general long-term
development on the one hand and the technology focus of the recent past on the other can be analysed.
However, the number of patent applications to be determined in 2023 and, to a limited extent, until
June 2022 are of limited completness, as the 18-month deadline for patent applications in these years is
not met. For this reason, the results for the year 2023 are classified as preliminary.

The search is not restricted to specific IPC sections, countries or applicants in order to enable an
open search approach. Filtering by country of origin is not intended, as these can be determined from
the applicant and the publication number. In contrast, the results are filtered according to the assigning
offices in order to be able to differentiate between the patent offices.

3.2. Patent Processing

The data of patents determined by pre-processing are edited further in the course of patent processing.
The existing structured data is extracted and saved as a list by using the existing export function. The
following data fields can be exported: title, inventors, applicants publication number, earliest priority, IPC,
CPC, publication date, earliest publication and family number. The additional information must in turn
be extracted from these data elements. This includes, for example, the country allocations for the
applicants. In addition, the search terms and the patents are linked. All further analyses are based on
this data. The data can then be further processed and analysed in the patent post-processing. In addition,
the patent office classification is completed on the basis of the exported filter results.

3.3. Patent Post-Processing

a) Categorisation of patents
Patents contain a large amount of structured and unstructured information, for which in most cases
the methods of text mining and visualization are used for processing [45]. Text mining is used for
information exctraction from structured and unstructured text whereas visualization is required to
visualise the patent information for analysing the results. Text mining is especially suitable for

1 CPC (Cooperative Patent Classification) is an extension of the IPC and managed by the EPO and the US Patent and
Trademark Office [48].

2 “The filing date of a patent application is the date the patent application was filed with the patent office, i.e. the date on
which that application was legally accepted by that patent office.” [49]

3 “The priority date is the first date of filing of a patent application.” [49]
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processing information from large amounts of data. However, the number of potentially relevant
patents can be reduced by carefully selecting the search terms, especially if the subject area is more
specialised. Due to the manageable number of patents, the patents are extraced and categorised
manually and are then visualised in a suitable form.

Before an identified and extracted patent can be analysed in further detail, it must meet a number
of criteria. It is possible that an extracted patent from the search results has no relationship with (server
/ rack / room) cooling in data centers. A patent must fulfil all of the following criteria to be considered
relevant for this study:

1. Direct reference to cooling of data centers
A patent must have a direct connection to data centers and their cooling system. Accordingly, the
patent must cover technologies, systems or processes that have been developed for this purpose.

2. Heat extraction close to the heat source
To ensure the distinction from the cooling infrastructure outside the computer room, a patent
must deal with cooling systems whose cooling medium, heat exchangers if necessary and other
required components are located inside the computer room. To achieve this, the solution should
achieve heat removal as close as possible to the heat source on server, rack or at least room level.

3. Increasing innovation and efficiency in data center cooling technology
In addition, the patents should contain new and innovative concepts that promise to address
the problems of heat dissipation and the introduction of technological innovations. This also
includes improvements in the efficiency of cooling systems.

The qualitative assignment is based on the title, abstract and if necessary the description or claims.
In addition, patent applications can occur several times within one search term or in multiple search
queries. In these cases, the oldest registered patent (priority year) for the most suitable search term is
used for the further analysis. Depending on this classification, patents are classified as irrelevant if
they are duplicates or do not fulfil the criterias.

In addition, the patents categorised as relevant are assigned to one of these four cooling tech-
nologies: Air Cooling (AC), Liquid Cooling (ILC, DLC and TLC), Hybrid Cooling (HC) and Other. Hybrid
cooling describes combination of air and liquid cooling or various liquid cooling systems, whereas
other describes all technologies that cannot be further grouped. Further specifications are possible in
up to two steps. The classification is determined qualitatively on the basis of the extracted text fields.
An illustration can be found in Figure 1.

Figure 1. Structure of the classification of cooling systems up to the third level. CRAC = Computer
Room Air Conditioner, CRAH = Computer Room Air Handler.

The year is extracted on the basis of the priority dates and also assigned to a three and five year
period (e. g. 2015 - 2017, 2018 - 2020, 2021 - 2023; Total period: 2000 - 2023). The country of origin of
the patent is determined either on the basis of the country code in the patent number or the patent
applicant (e. g. CN is China). If a patent has more than one IPC class or applicant, these are extracted
and checked for duplication.

b) Analysing the patents
The first step in the qualitative analysis after the patent search is to categorise the patents in terms of
their relevance on the basis of the predefined requirements (see Figure 2). This is done first within a
search term and then in a summarised form.
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The distribution of patents is then analysed according to their assigned category. On the one
hand, this shows the proportion of relevant patents and, on the other, the distribution by technology.
Based on Figure 1, a categorisation is made up to the fourth level. This is where the technology in the
patent application can be further specified. On this basis, the patents categorised as relevant will be
listed according to the frequency of patent applications by section and main group. This enables a
determination of the mainly used sections as well as main groups and also alternative sections.
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level. This is where the technology in the patent application can be further specified. On 321

this basis, the patents categorised as relevant will be listed according to the frequency of 322

patent applications by section and main group. This enables a determination of the mainly 323

used sections as well as main groups and also alternative sections. 324
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Figure 2. Structure of the classification, data processing and visualisation of patents on cooling
technologies for data centers. EPO = European Patent Office.

Figure 2. Structure of the classification, data processing and visualisation of patents on cooling
technologies for data centers. EPO = European Patent Office.

The regional distribution of patent application is then analysed. This takes place at the level
of both the patent offices and the countries of origin on the basis of the applicants. In addition, the
cooling technology classification is used as a further differentiating feature. In this way, the particularly
relevant countries in the area of patent applications for data center cooling technologies and the
distribution of the technological specialisations are to be determined.

A detailed analysis at the level of the main groups and subgroups is then carried out, taking
the technologies into account. The Pareto analysis is used to determine the groups that occur most
frequently in absolute terms. In addition, the cumulative share of the most frequent groups in the total
number of patents is calculated. This allows the relevant groups to be identified and their importance
to be determined. With regard to the subgroups, the share of the respective subgroup in the main group
is also determined. Thus, the significance of the subgroup within the main group will be determined.
It is limited to the 10 most frequently listed groups

Analogue to the analysis of the country distribution, the most active organisations are specified
from the perspective of patent applications. A differentiation is made according to the cooling
technology. The aim is to identify not only the active organisations but also their technological centers
of gravity. To classify the importance of cooling technologies in relation to the overall activities of an
organisation, the number of relevant patents is compared with the total number of patent applications.
With the resulting ratio the degree of specialisation can be evaluated.

In addition to the aggregated analysis of all patents, the annual patent application activities over
the period under review are also investigated. In addition, a differentiation is made according to
technology. This makes it possible to show the characteristics of patent applications in the field of
cooling technology and the shares by technology over time.
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Based on this, a technology focus analysis is carried out. For that purpose, the distribution of
patent applications for the various cooling technologies will be aggregated for three periods of equal
length. A change in the distribution may indicate a change in the future technology focus.

4. Analysis and Discussion of the Data

Table 2 lists the “simple search results” for the search terms from Table 1. As Espacenet is a
family-based tool, not all retrieved patents are shown. Instead, only one of the family members
selected by the system to represent the entire family is returned. Since a patent family is a collection of
several patent applications covering the same or a similar technical field, it is sufficient to consider
only one representative patent from this family [51]. Depending on the search terms, “all publication
matchings” are listed in the second column. To classify the simple search results, the number of
complete publication hits and their ratios have been identified. Depending on the search term, the
simple family matches cover 44 to 82 % of all matches; the average is 60 %. To classify the patent
applications, the last three entries include the number of patents for general search terms in the context
of data centers and cooling. Within the data center, cooling technologies at the server, rack and room
cooling levels covers less than 1 % of the patents in the period 2000 to 2023. Within cooling, the results
of detailed search queries account for 34 %. Most patents were identified with the search terms “CRAC
/ CRAH” and “server cooling”, followed by “immersion” and “direct chip water cooling”. “GPU
cooling” and “RDHX” had the fewest search results.

Table 3 expands the results from Table 2 with the number of patents classified as relevant and the
difference resulting from the subsequent determination of duplicates between or within the search
terms. In addition, the ratio of simple family matches to those classified as relevant was determined.
Almost every search term is affected by overlapping duplicates. Consequently, 68 % of the results of
the matches are considered relevant.

The small number of patent applications in the field of data center cooling indicates that no major
application activities are being carried out in this area. The comparison between the general search
term for data center cooling and the specific search terms shows that the levels of cooling investigated
in this study only account for 34 %. The remaining patents presumably deal primarily with cooling in
the cooling infrastructure. In addition, the search results for coolants show a wide range of applications.
This ranges from server cooling to the fluid circuits of recoolers. For this reason, no detailed analysis
was carried out.
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Table 2. Number of search results for the different search topics; period: 2000 - 2023 (earliest priority
year).

Search topic Simple families matchesa All publications matchesb Sharec

Cooling Optimization 17 30 57 %
CPU Cooling 72 92 78 %
CRAC / CRAH 151 206 73 %
Direct Chip Water Cooling 78 121 64 %
GPU Cooling 9 11 82 %
Hybrid Cooling 12 18 67 %
Immersion Cooling 88 119 74 %
Modular Cooling 49 109 45 %
Rack Cooling 62 141 44 %
RDHX 9 20 45 %
Server Cooling 119 255 47 %
Thermal Management 67 107 63 %
Sum 733 1,229 60 %

Data cent*1 266,400 387,585 69 %
Data cent* cooling2,3 2,188 3,543 62 %
Cooling Fluid 424 574 74 %

a Number of simple patent families matching the search criteria. One simple family can encompass many publications in
different countries.
b Number of all patent publications matching the search criteria.
c The quotient of “simple patent families matches”a to “all patent publications matches”b.
1 Search logic: ab all "data cent*".
2 Search logic: ti all "Cooling" AND ab all "data cent*".
3 Share of "data cent* cooling" on "data cent*": 0.82 %a and 0.91 %b.

Table 3. Comparison of the number of patent applications classified as relevant compared to the search
results; period: 2000 - 2023 (earliest priority year).

Search topic Simple families matches Relevant patents1 Share of relevant to machted
patents2

Cooling Optimization 17 12 -2 71 % / 59 %
CPU Cooling 72 49 -1 68 % / 67 %
CRAC / CRAH 151 116 -5 77 % / 74 %
Direct Chip Cooling 78 70 -1 90 % / 88 %
GPU Cooling 9 7 -1 78 % / 67 %
Hybrid Cooling 12 7 -0 58 %
Immersion Cooling 88 62 -3 70 % / 67 %
Modular Cooling 49 32 -1 65 % / 63 %
Rack Cooling 62 55 -10 89 % / 73 %
RDHX 9 9 -0 100 %
Server Cooling 119 92 -10 77 % / 69 %
Thermal Management 67 18 -0 27 %
Sum 733 529 -34 72 % / 68 %

1 Subtrahend: Indicates the number of relevant patents that appear due to multiple results in the other search topics.
2 The second value refers to the final determination of the relevant patents after verification of the duplicates between the search
topics.

The search terms that were more generic and had more common industry names tended to have
more search hits. This can be seen in particular when looking at “CRAC / CRAH”, “RDHX” and
“Rack Cooling”. While RDHX refers to a special technology that has only been in use for two decades,
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the term rack cooling is more general and also includes technologies that are similar to RDHX. The
partial overlapping of general and specific search terms leads to a higher proportion of duplications
between the search terms. Another search term for which this applies is "Server Cooling". In contrast,
the search query for air cooling using "CRAC / CRAH" is both sufficiently precise and familiar in
terms of the name of the technology.

The distribution of relevant and irrelevant patents is illustrated in Figure 3 with the addition
of the classification according to Figure 1. The further classificatio in Figure 3 is also contained in
Table A1 in the appendix. Within the “Not relevant” category, the required criteria in particular
were not met. In the “Relevant" section, air (27 %) and liquid (35 %) cooling are the most typical
mentioned technologies. Both hybrid cooling and others account only for 3 % of the total number
of applications. In liquid cooling, direct cooling (20 %) is used before (9 %) and indirect cooling (4
%). Within these sub-categories, cold plates (17 %), immersion (8 %) respectively RDHX (2 %) are the
most common technologies addressed in the patent applications. If a specification of the coolant was
available, a fraction of two-phase coolants of 2 % could be determined for both the cooling plates and
the immersion cooling. In the domain of air cooling, there is a distribution into CRAC (11 %), CRAH
(5 %) and “Other” (15 %).

The further classification in Figure 3 revealed a relatively high proportion of patents (28 %) that
did not fulfil the criteria required in section 3.3. The non-fulfilment of the developed requirements for
relevant patents is mainly due to the fact that the search syntax does not have any strict specifications
regarding the order of search terms. Their share could have been reduced by using proximity operators.
The proportion of duplicates, on the other hand, is relatively low, which indicates a low overall overlap
of patents.
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Figure 3. Distribution of the relevance of patents and the related cooling technology (nP, total = 733);
period: 2000 - 2023 (earliest priority year). 1. Hybrid cooling; 2. Other; 3. Indirect liquid cooling; 4.
CRAH.
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Within the relevant patents, air and liquid cooling are the most widespread technologies. Although
there are also combinations of different technology approaches and other technologies, these do
not account for a high proportion. Other technologies include, in particular, all approaches that
utilise thermoelectric effects in any form (especially Seebeck and Peltier effect). Technologies based on
thermoelectric effects have not yet been used to any substantial extent in the data center sector, which
is why their patent numbers are low and have not progressed as far as the classic solutions. Hybrid
cooling, on the other hand, is a relatively new approach. Their development has mainly taken place in
the last decade (82 %; see Figure 5). Due to the increasing demands on cooling and the simultaneous
advances in the various cooling solutions, a combination of these for targeted and customized heat
dissipation was expedient. The combination of cold plates and immersion cooling is a particularly
common approach. On the one hand, all waste heat is absorbed into a liquid and, on the other hand,
the powerful and less temperature-sensitive components can be cooled in a controlled manner even
at higher coolant inlet temperatures. Although other cooling technologies such as direct or indirect
liquid cooling could also be regarded as hybrid cooling, the classification is still based on the patent
title and the focus of the patent description.

Air cooling is primarily made up of CRAC systems and other approaches that cannot be classified
further. Although CRAH systems can also be found, they only make up a minor fraction. In today’s
data centers with an IT power of more than several hundred kilowatts, however, CRAH systems are
increasingly the preferred choice [52]. A global market survey by VM Reports on the market shares of
CRAC and CRAH across various applications revealed a slightly larger share for CRAH compared to
CRAC [53].

Within liquid cooling, the focus is on cold plates (DLC) and immersion cooling (TLC). In most
cases, these are not specified further. As the coolant is only explicitly emphasised in a few cases - in the
case of two-phase cooling - it can be assumed that single-phase coolants are more likely to be preferred
due to their easier and safer handling. The widespread use of DLC can in turn be attributed to the fact
that the necessary structural changes to an air-cooled standard server are less than those required for
TLC. In addition, the requirements for the coolant are not as high as for the TLC.

Figure 4 visualises the aggregated annual distribution of patent applications, taking into account
the search terms from Table 1. In addition, these values are cumulated. Despite recurring deviations,
the overall trend over the past 20 years shows an increase in the number of patent applications. There
was a sharp increase from 2016 in particular. Both 2022 and 2023 have not yet exceeded the publication
deadline, which means that it is likely that not all patents from those years are yet public.

The development of the annual patent application for cooling technologies for data centers reveals
an increasing growth over the period under observation. This is mainly due to technical progress in the
area of server hardware and increasing performance densities. This is compounded by the increasing
demand for corresponding hardware solutions and the intense competition between manufacturers. In
order to maintain this trend, further developments are required at server and rack cooling level. The
increasing relevance of energy-intensive technologies such as AI is simultaneously causing significant
growth boosts at chip level, which have an impact on cooling requirements.

Based on Figure 4, Figure 5 breaks down the annual patent applications by technology with an
additional aggregation in 5 annual periods from 2004 until 2023. Patents with air cooling rose steadily
until 2018. Subsequently, application numbers fell by 57 % between the third and fourth period. All
other technologies were at a low level in the comparison period and rarely exceeded a maximum of 20
% of the patent applications for air cooling. The two exceptions are indirect (1st and 2nd period) and
direct (3rd) liquid cooling, which reached between 26 and 53 % of the applications of patents for air
cooling. At the same time, the sum of the four liquid cooling technologies analysed was always below
that of air cooling within the first three periods. It was only in the fourth period that both direct and
total liquid cooling registered more patent applications than air cooling. Within liquid cooling, the
focus in the first two periods was on indirect liquid cooling and in the last two periods on direct liquid
cooling. Total liquid cooling, in turn, has increased significantly since 2014 in particular, whereby it
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was the second most common technology after direct liquid cooling in the fourth period. Indirect
liquid cooling, by contrast, recorded a decline in patent applications from the third period onwards.
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Figure 4. Historical development of relevant patents in the field of data center cooling (nP, relev. = 496);
period: 2000 - 2023 (earliest priority year).
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Figure 5. Development over time of relevant patents in the field of data center cooling by cooling
technology in five year periods (nP, relev. = 486); period: 2004 - 2023 (earliest priority year). * Not all
relevant patents have presumably been published for 2023 and the second half of 2022.

The technology change that is taking place is clearly highlighted in Figure 5. Since 2019, liquid
cooling has accounted for the largest share of annual patent applications, replacing air cooling. In
previous years, air cooling was sufficient for most applications and liquid cooling was generally not
strictly necessary and more expensive. However, this has changed in recent years due to increased
cooling demand as a result of technical developments to meet the performance requirements of the
applications used on the server. Although the number of patent applications for air cooling has not
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fallen to zero, there is no longer any major potential for optimization here. It is a proven technology that
has been developed and used for decades. Even if liquid cooling is becoming increasingly important,
air cooling may be relevant. This applies in particular to hybrid cooling, which also uses air cooling to
some extent, depending on the concept. In the case of direct liquid cooling, the remaining waste heat
must be dissipated with a different technological approach (e. g. air cooling) due to a limited heat to
water ratio. These types of concepts have only been specifically developed in recent years (since 2014).

To illustrate the aggregated development over three equal periods from 2015 onwards to gain
a better insight into technology breakdown in the recent past, the shares of the individual cooling
technologies are shown in Figure 6b–d and in Table A2 in the appendix. Together, these cover 77 %
of the relevant patents identified. In all three periods, the share of hybrid cooling and “Other” was
less than 5 %. Over the three periods, the proportion of air cooling gradually decreased, while liquid
cooling increased. Air cooling fell from 69 to 9 %, while liquid cooling increased from 24 to 84 %.
Within liquid cooling, the focus was on direct liquid cooling. This accounted for at least 58 and up to
68 % of liquid cooling in all three periods. At the same time, the proportion of total cooling increased
from 17 to 33 %.

The aggregated comparison of the technologies over three equal time periods compared to
Figure 6a makes the general development especially visible. Today’s developments are dominated by
liquid cooling in direct and total technologies for the reasons mentioned above.
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Figure 6. Distribution of technology sectors over three three-year periods (b - d) and the overall
period analysed (a). 1. Air cooling; 2. Liquid cooling; 3. Hybrid cooling; 4. Other; 5. Indirect liquid
cooling (ILC); 6. Other liquid cooling. DLC: Direct liquid cooling; TLC: Total liquid cooling.
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Figure 6. Distribution of technology sectors over three three-year periods (b - d) and the overall period
analysed (a). 1. Air cooling; 2. Liquid cooling; 3. Hybrid cooling; 4. Other; 5. Indirect liquid cooling
(ILC); 6. Other liquid cooling. DLC: Direct liquid cooling; TLC: Total liquid cooling.

Figure 7 illustrates the hierarchical structures depending on the IPC section and main group of
the patents in a treemap. The corresponding results are summarised in Table A3 in the appendix. The
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number of patents resulting from the main groups is higher than that determined in Table 3, as a patent
can be assigned to several main groups. The three most common sections are in descending order:
Electricity H (434), Mechanical engineering [...] F (299) and Physics G (278) [37]. Within the three most
common sections, the main groups H05K7 (32 %; Constructional details common to different types of
electric apparatus [...]), G06F1 (16 %; Details not covered by groups G06F 3/00-G06F 13/00 and G06F
21/00 [...]) and F24F11 (9 %; Control or safety arrangements) are the most common main groups [54].
There are also sections Performing operations; Transporting B (15), Fixed constructions E (9), Chemistry;
Metallurgy C (3), Human necessities A (1) and one patent that cannot be assigned as the corresponding
text field is empty.

With regard to the distribution of patent classes there are large shares for H05K7 (32 %), G06F1 (16
%) and F24F11 (9 %). The first main group deals with constructive elements, the second with cooling
and the third with control and safety elements. Apart from the superior subclass of the second main
group, the issue of cooling is not central to the others. Their sections, in turn, are strongly represented.
H, F and G are sections which, precisely because of their titles, could be assigned to the area of cooling
data centers in advance. With the exception of section Textilies; Paper D, all other sections were present.
On the one hand, other classes tended to be represented more frequently, on the other hand, the focus
of section D was not on cooling technology. Nevertheless, the results are similar in both cases.
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Figure 7. Distribution of relevant patents in the IPC sections and main groups (nP, relev. = 496, nP, MG, relev.

= 1040); section B, E, C and A in grey, unassignable section in red; period: 2000 - 2023 (earliest priority
year).

The absolute number of different IPC sections depending on the search term and cooling technol-
ogy are specified in Table 4 and Table 5 respectively. All search terms are represented in sections F to H.
Less than half of the search terms have patents in sections B and E. Within Section F, the largest share
(58 %) is attributable to “CRAC / CRAH”. In section G, the allocation is more evenly balanced with
focus on “CPU” (22 %) and “Server Cooling” (24 %). In section H with the highest number of patents,
several search terms have a similarly high share. These include in particular “Immersion Cooling”
(17 %), “Server Cooling” (16 %), “CRAC / CRAH” (16 %), “Direct Chip Cooling” (16 %) and “Rack
Cooling” (14 %).

The distribution of the IPC sections according to cooling technology in Table 5 is similar to Table 4.
Section F focuses on the area of air cooling (74 %), whereas liquid cooling predominates in sections
G (51 %) and H (59 %). In both sections G and H, air cooling achieves a share of 34 %, in contrast to
liquid cooling in section F with a share of 27 %. In terms of the various forms of liquid cooling, section
H is the most occurring section. With regard to hybrid cooling, the focus is on sections F to H, with an
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even distribution. In the case of “Other” cooling technologies, sections F to H have also been used in
particular. Within “Other”, Section G has the largest share of over 51 %.

Table 4. Distribution of relevant patents by search term and IPC section1; period: 2000 - 2023 (earliest
priority year).

Search topic A B C D E F G H N2

Cooling Optimization 9 9 1 1
CPU Cooling 4 3 3 53 16
CRAC / CRAH 5 138 30 59
Direct Chip Cooling 4 10 33 58
GPU Cooling 1 5 4
Hybrid Cooling 4 2 5
Immersion Cooling 1 2 4 11 64
Modular Cooling 1 17 3 33
Rack Cooling 1 17 8 53
RDHX 1 4 5 6
Server Cooling 3 2 20 56 60
Thermal Management 11 21 15
Sum 1 14 3 0 9 238 236 374 1

1 The IPC sections of the first three entries of the patent classifications of a patent were used. In this analysis, a
patent consisted of up to 12 patent classifications. The first three IPC classifications result in a total of 876 (56 %)
entries, while a total of 1,562 patent classifications entries were found. 2 Patents that cannot be assigned to
an IPC section.

Table 5. Distribution of relevant patents by cooling technology and IPC section1; period: 2000 - 2023
(earliest priority year).

Search topic A B C D E F G H N2

Air cooling 1 8 176 80 128
Liquid cooling 1 13 1 47 121 221

Indirect liquid cooling 3 13 10 31
Direct liquid cooling 8 1 18 85 110
Total liquid cooling 1 2 6 21 69

Hybrid cooling 8 10 12
Other 3 7 25 13 1
Sum3 1 14 3 0 9 238 236 374 1

1 The IPC sections of the first three entries of the patent classifications of a patent were used. In this analysis, a
patent consisted of up to 12 patent classifications. The first three IPC classifications result in a total of 876 (56 %)
entries, while a total of 1,562 patent classifications entries were found. 2 Patents that cannot be assigned to
an IPC section. 3 Not including the various types of liquid cooling technologies.

As a result of the aggregation at cooling technology level, the technical focus of the sections can be
determined in relevance to data centre cooling. To determine the reason for this breakdown, Figure 10
and 12 visualises the composition of the TOP 10 main and subgroups in terms of cooling technology.
In contrast, with regard to the “Other” cooling technologies, which primarily utilise the thermoelectric
effect, which is a physical effect, it can be stated that there is the greatest overlap with Section G in
terms of subject content.

The regional distribution of patents is visualised in Figure 8 on the basis of the patent offices and
in Figure 9 on the basis of the country code in the patent number or the applicant. The number of
patents based on patent offices is higher, as a patent can be registered by several patent offices at the
same time. The most patent applications were filed in Europe, the USA and China. 18 % of the patents
could not be assigned to a patent office. 86 % of the patents affected can be related to China based
on the applicant’s country of origin. In addition, 6 % could not be allocated in this way. However,
taking into account the country code in the publication number, these patents could also be attributed
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to China. The remaining 8 % can be allocated to Japan, South Korea and Singapore on the basis of
the applicants. Taking into account the country allocation for patents without direct indication of the
patent office, it can be concluded that China probably has the most patent applications (37 %).

33 %

21 %

20 %

18 %

8 %

Patent offices
EPO
USA
China
Not specified
Other

Figure 8. Distribution of all data center cooling patents by patent offices (nP, total = 733, nP, relev. = 496,
nP, PO, relev. = 840); period: 2000 - 2023 (earliest priority year).

Most of the so-called IP5, the 5 largest patent offices (China, Europe, Japan, Korea and USA), are
represented in Figure 8. Together they process around 85 % of the world’s patent applications [55].
As a result of their economic and technological importance, this leads to a high proportion of patents
being processed. In this case, they account for a combined share of 74 or 91 % with the uncertainty in
the allocation of the patent office in cases “Not specified”. However, it should be considered that a
patent can be registered simultaneously with several patent offices across the various patent classes it
contains.
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Figure 9. Distribution of patents by country of origin (nP, relev. = 496); period: 2000 - 2023 (earliest
priority year).

In terms of patent applications by country of origin, China (313) and the USA (114) reveal the
highest level of activity. Their share of the total number of relevant patents in the area of data center
cooling is 63 and 23 % respectively. The remaining countries together account for less than 14 %.
Chinese patents have a share of 36 % for air cooling and of 57 % for liquid cooling. In the case of
American patents, the distribution is more even — it is 43 % for air cooling and 46 % for liquid cooling.
Within the liquid cooling category, the focus in China is on direct (63 %) and in the USA on indirect
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liquid cooling (38 %). Figure A1 in the appendix additionally presents a differentiation of the country
distribution by cooling technology.

China and the USA are by far the most active countries. This also correlates very strongly with
general patent applications [56]. France and Japan are also represented as part of the general TOP 5.
This means that the general distribution of patent offices roughly corresponds to that of all patents.
The high proportion of liquid cooling, both in China and the USA, is presumably due to the increasing
importance of high-performance hardware and applications (AI, big data and cloud computing). A
number of large providers of these services are represented in these two countries in particular, which
also operate worldwide.

Figure 10 is showing the distribution of the 10 most often used IPC main classes in addition to
Figure 7. The corresponding explanation of the main groups can be found in Table A4 in the appendix.
A differentiation is furthermore made according to cooling technology. In addition, their cumulative
share of all patents is included and amounts to 75 % of all main groups. The main groups H05K7 and
G06F1 alone account for 49 % of all main groups. Most of the main groups are primarily characterised
by air cooling, whereas H05K7, G06F1, H05K5 (Casings, cabinets or drawers for electric apparatus [...])
and H01L23 (Details of semiconductor or other solid state devices [...]) have a share of liquid cooling of
between 58 and 78 % [54]. In these cases, the technology is characterised in the following descending
order: direct, total and indirect liquid cooling. In the area of hybrid cooling and “Other”, H05K7 and
G06F1 have the most patents.
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Figure 10. Distribution of the 10 most common IPC main groups (nMG, relev. = 1040, nMG, relev., TOP 10 =
777); period: 2000 - 2023 (earliest priority year).
H05K7: Constructional details common to different types of electric apparatus [...], G06F1: Details not
covered by groups G06F 3/00-G06F 13/00 and G06F 21/00 [...], F24F11: Control or safety arrangements,
F24F5: Air-conditioning systems or apparatus not covered by group F24F 1/00 or F24F 3/00 [54].

The development of patent applications over time for the four most common main groups is
visualised in Figure 11. They account for 82 % of the TOP 10. In addition, the black dashed vertical line
shows the 18-month limit for the completed publication of a patent. For all patents with an priority
date before mid-June 2022, it is important to emphasise that not all patents have yet to be published.
The result is that 49 and 70 % of all patent applications in the first two main groups are published
before the 18-month-limit. This does not apply to patents from subclass F24F. Over the past 22 years,
the ranking of the main groups has tended to remain the same. For the first time, more than 10 patent
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applications per year were achieved by H05K7 in 2007. Significant decreases can be seen in 2008 and
2010, especially for H05K7. In addition, the TOP 4 reveal a dip to almost zero in 2016. Thereafter, patent
activity increases significantly, with subclass F24F remaining at a low level close to zero. In the years
from 2019, a total of 285 patents were registered in the TOP 4, accounting for 44 % of all registrations
since 2001.

The initial decline in patent applications is the result of the general global economic situation
following the financial crisis in 2008. The subsequent sharp rise in H05K7 in particular can be explained
by a significant increase in the proportion of liquid cooling in general (see Figure 5) and the high
proportion of liquid cooling in this main group (see Figure 10). This is the result of the increasing need
for liquid cooling for high-performance applications such as AI or complex simulation calculations
and the trend towards further increases in the thermal design power (TDP) expectations of CPUs and
GPUs. The main reason why the two main groups from the subclass F24F tend to rank behind the
first two main groups at the end of the period under review is due to the significant proportion of air
cooling (88 to 97 %). At the same time, the general trend showed a decrease in patent applications in
the field of air cooling.
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Figure 11. Development of patent applications over time for the four most predominant main groups
(nMG, relev., TOP 4 = 641); period: 2000 - 2023 (earliest priority year).

To illustrate the significance of the individual main groups of the TOP 10 and their occurrence in
combination with other main groups, Table 6 presents their appearance independently of other main
groups on the main diagonal. A main group is considered independent if a patent uses only one main
group and this occurs once. The secondary diagonal in turn indicates the absolute frequency of cases
in which two different TOP 10 main groups occur together in a patent. All other main groups as well
as multiple occurrences of a TOP 10 main group in a patent are not taken into account.

With regard to the TOP 10 main groups, F24F5, F24F7, F24F11, G06F1, H05K5 and H05K7 were
used individually. With the exception of H01L23, all other TOP 10 main groups are only used in
combination with other TOP 10 main groups. The most common independent main groups are H05K7
(184), G06F1 (77) and F24F11 (10). With regard to a combination with other TOP 10 main groups,
mainly H05K7 (8) as well as F24F3, F24F5 and F24F11 (7) are used. The most identified combinations
are G06F1 / H05K7, F24F11 / H05K7 and F24F5 / F24F11 as well as F24F5 / F24F13.

The reason why certain main groups can occur independently is probably because they are
sufficient to describe a cooling technology in terms of their content alone (see Table A4 in the appendix).
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The fact that the TOP 3 main groups in particular occur most often alone is due on the one hand to
their significant importance for cooling technologies and their frequent appearance. In cases where
there is a combination with other main groups, the main groups can complement each other. On the
other hand, it would also be conceivable to integrate additional main groups in order to make it more
difficult to find and clearly categorise them. Main group H01L23 deals with semiconductors and other
fixed devices, which in contrast to the other TOP 10 main groups is very close to the actual server
components and the original heat source and is less associated with the cooling of the corresponding
components. For this reason, it probably does not occur in combination with the other TOP 10 main
groups. In terms of combinations, there is a concentration in the area of section F. Three different main
groups can be found here, which are characterised above all by their high proportion of air cooling.
This makes them particularly suitable for combined use. In contrast, the main groups G06F1 / H05K7
are characterised above all by their high proportion of liquid cooling. These two main groups cover
the area of computer architecture on the one hand and supporting superstructures on the other, which
complement each other ideally with regard to liquid cooling. The combination of main groups F24F11
and H05K7, on the other hand, presumably contributes to the proportion of air cooling in main group
H05K7.

Table 6. The absolute number of cases in which the TOP 10 main groups appeared alone or in
combination with another TOP 10 main group; period: 2000 - 2023 (earliest priority year).

F24F3 F24F5 F24F7 F24F11 F24F13 F24F110 G06F1 H01L23 H05K5 H05K7

F24F3 x 5 1 8 5 1 2 - - 4
F24F5 4 2 17 16 8 3 - - 9
F24F7 1 6 2 - 2 - - 5
F24F11 10 13 13 2 - - 17
F24F13 x 4 - - - 5
F24F110 x - - - 5
G06F1 77 - 3 47
H01L23 x - -
H05K5 2 16
H05K7 184

Figure 12 illustrates the distribution of the TOP 10 subgroups. The share of the sub group in
the main group is also indicated. In this case, the TOP 10 represent 57 % of all patents in the sub
group. The first three subgroups show a high degree of intersection with the main group - shares are
in the range of 80 to 100 %. The subgroups, whose main groups also deal with cooling technologies
other than air cooling, show a high proportion of liquid cooling. These include in particular H05K7/20,
G06F1/20, G06F1/18, H05K7/14 and H05K5/00. The first two represent 43 % of the TOP 10 results and
embody the majority of the patents in the TOP 10 subgroups.

All patents in the subclass F24F are predominantly composed of air cooling, which is due to their
focus on air conditioning etc. In contrast the two most common main groups in particular account
for a large proportion of liquid cooling (see Figure 10). The reason for this can be seen in the TOP 10
distribution of the subgroups in Figure 12. As subclass F24F is explicitly limited to cooling with the
aid of air, air-based solutions are presumably primarily registered in this subclass. The subordinate
frequency of the other subgroups from sections H and G is presumably due to the fact that they do not
deal directly with direct cooling, but rather with the supporting technologies required for this. For
example, H05K7/14 and H05K5/02 address “mounting supporting structure” and “casing details”.

It is therefore also possible the allocation of search terms and cooling technologies by section based
on the technological distribution of cooling technologies in the TOP 10 main groups and subgroups
(Table 4 and Table 5). Section F is dominated by main groups and subgroups, which are primarily
technologies focussing on air cooling. In contrast, the main and subgroups of sections G and H have a
high proportion of liquid cooling, but not exclusively.
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Figure 12. Distribution of the 10 most common IPC sub groups (nSG relev. = 1040, nSG, relev., TOP 10 = 596);
period: 2000 - 2023 (earliest priority year).
H05K7/20: ... Modifications to facilitate cooling, ventilating, or heating, G06F1/20: ... Cooling means,
F24F5/00: Air-conditioning systems or apparatus not covered by group F24F 1/00 or F24F 3/00,
G06F1/18: ... Packaging or power distribution.

In addition to the countries of origin, it is also possible to differentiate according to the applicant’s
organisation. The TOP 10 most frequently listed organisations, including the technology structure, are
shown in Figure 13. The associated distribution by cooling technology is provided in Figure A2 in
the appendix. The companies are from the USA or China, and the technological focus is mostly on
liquid cooling. They account for 22 % of the patent activities of all identified companies. In terms of
patents, NVIDIA, Univ. Nanjing Tech, Google and Intel in particular have a high proportion of different
liquid cooling solutions. At IBM, on the other hand, the focus is on indirect liquid cooling using RDHX
in addition to air cooling. With regard to direct liquid cooling, Suzhou Inspur has the largest share,
whereas in total liquid cooling Baidu has the largest contribution. The chip manufacturers listed in
the TOP 10, NVIDIA and Intel, have a high proportion of direct liquid cooling. In contrast to Intel and
Nvidia, AMD is not listed at all in the patent results. Further globally active server manufacturer are
Lenovo (5) and DELL (2).

The composition of the TOP 10 companies in Figure 13 shows a concentration of Chinese and
American companies. It corresponds essentially to the country distribution in Figure 9. The “BECH-
Index” analyzes the demand capacity for business-to-business information technology and related
services worldwide [57]. The USA and China in particular are in the top two places, which explains
their high demand for IT technologies. At the same time, this also results in a high concentration
of companies in these countries that serve this demand. The high proportion of liquid cooling used
by CPU and GPU manufacturers can be explained by the trend towards increasing TDPs, which can
no longer be cooled reliably with air alone from a certain performance range. The fact that IBM in
particular has the highest proportion of indirect liquid cooling results from its early activities and
fundamental research in this area (see [58]). The search engine providers and hyperscalers also have a
high proportion of liquid cooling. This is the result of their activities in the field of AI, which requires
specialized high-performance hardware, which in turn reaches its limits with air cooling. Nevertheless,
most of the applications that are run on the server are not computationally intensive programmes.
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Figure 13. Distribution of relevant patents across data center cooling technologies and organisations
(nOrgan., relev. = 607, nOrgan., relev., TOP 10 = 133); period: 2000 - 2023 (earliest priority year).

In order to be able to classify the patent activities of the TOP 10 organisations, Table 7 lists all
their patent applications for the period 2013 - 2023. In contrast to the targeted search for patents in the
field of data center cooling, the search period for the general search could not be extended beyond the
year 2013. The ratio can be calculated on the basis of the two patent numbers, whereby these are given
in per mille due to the different orders of magnitude. For the most part, the ratio is less than one per
mille. This threshold is only exceeded by the following companies in descending order of ranking:
Baidu (14.91 ‰), Suzhou Inspur (2.12 ‰), NVIDIA (4.78 ‰) and Inspur Electronic (1.21 ‰).
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Table 7. Ratio of relevant patents to the total number of patents registered by the leading companies
(nOrgan., relev., TOP 10 = 133; period: 2000 - 2023) (earliest priority year).

Applicant Relevant patents (Total:
Air / Liquid)

All patents1 Ratio of relevant to all
patents2

Suzhou Inspur I. 30: 3 / 26 14,156 2.12 ‰
IBM 25: 9 / 12 46,473 0.54 ‰
Baidu USA 15: 3 / 12 1,006 14.91 ‰
NVIDIA 13: 1 / 9 2,721 4.78 ‰
Univ Nanjing Tech 11: 1 / 9 39,717 0.28 ‰
Hewlett Packard 10: 5 / 4 17,034 0.59 ‰
Zhengzhou Yunhai Inf. Tech 10: 9 / 1 11,603 0.86 ‰
Google 7: 1 / 6 14,554 0.48 ‰
Inspur Electronic I. 6: 2 / 2 4,955 1.21 ‰
INTEL 6: 1 / 4 26,463 0.23 ‰

1 Number of simple patent families matches with applicant as inventor or applicant within the priority year period 2013 - 2023.
2 This is the ratio of all patents classified as relevant in the field of cooling technology to all patent applications registered by the
applicant in the period 2013 - 2023.

Baidu, Suzhou Inspur, NVIDIA and Inspur Electronic show the greatest degree of specialisation in
the field of data center cooling based on their patent applications by exceeding the specified threshold
value (> 1.00 ‰). There is no case in which companies have a specialization share in the percentage
range, indicates that cooling is of minor importance for the business. The reason that Baidu in particular
has such a high proportion of patents on cooling technologies compared to the company’s general
activities, and that direct and total liquid cooling in particular accounts for the largest share, can be
seen, among other things, in the content of its company reports [59–61]. The research and development
of suitable cooling technologies for use in data centres is of great importance in this context, and the
use of direct and total liquid cooling is already being tested extensively in data centres [61].

5. Conclusions and Outlook

The secure and appropriate cooling of a data center’s IT infrastructure at all times is of fundamen-
tal importance for its operation. At the same time, cooling can account for a large proportion of total
energy consumption. The optimisation of this area in particular has contributed to a improvement of
the power usage effectiveness (PUE). In addition to the further development of existing concepts such
as air cooling, which is the current standard solution for server cooling, intensive research is being
carried out into high-performance alternatives, such as liquid cooling. This study aims to investigate
the development in the field of data centre cooling. Therefore the patent applications in various patent
databases are a comprehensive source of data for determining research developments in this area.

This source of information has not yet been used systematically to investigate technological
developments in the field of data center cooling technologies. As part of this study, the European Patent
Office database was examined using Espacent. Suitable keywords and logics were used to determine
relevant patents, which were iteratively optimised on the basis of the search results. The information
obtained was then classified in order to visualise and analyzed the technological developments over
the last two decades. The technological focus of the developments in the past as well as the future
trend can be derived from this. In addition to categorisation by cooling technology, the countries
of origin, patent offices, applicants and patent classes are included in the analysis. Furthermore, a
differentiation was generally applied according to the cooling technology.

The patent analysis of data center cooling technologies at server / rack / IT room level revealed
a trend towards an increase in the importance of liquid cooling due to a rising number of patent
applications. In this context, the focus was primarily on the general classification of technological
approaches for cooling data centres, such as direct or total liquid cooling. In addition, possible
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characteristics of the individual technology options were to be determined. They include, for example,
the medium used as a coolant (water, single-phase or two-phase fluids, etc.).

The investigation carried out here revealed two things in particular. On the one hand, the number
of patents registered in the field of liquid cooling has increased rapidly, especially in the last 10 years. In
contrast, patent application activities in the field of air cooling declined in the same period. Despite the
contrary trend, however, total annual patent applications of server cooling technologies increased. This
highlights a trend switch in cooling technology, which also confirms the expectations made. Besides
this, the research results confirm the assumption regarding the distribution of the various technological
approaches within liquid cooling with direct liquid cooling as a key technologie. Total liquid cooling
is a technological approach that faces a number of challenges. These include the different system
design of the racks and the highly specialised cooling fluids, which can sometimes be hazardous to the
environment. In both cases, the focus is primarly on single-phase coolants, while two-phase coolants
make up a small part. Nevertheless, the proportion of total liquid cooling has increased significantly
over the period under review, which is presumably due to the further development of cooling liquids.
The area of two-phase coolants in combination with direct or total liquid cooling can be a technology of
the future by utilising the enthalpy of vaporisation to increase the cooling capacity. Another approach
could become increasingly important in the future - the combination of different cooling approaches in
the form of hybrid cooling.

Even though hybrid cooling was rarely mentioned directly, most of the patents in the field of
liquid cooling could be allocated to this area. Although the relative share has not changed much, the
absolute number of patent applications has increased significantly (+600 % from the period 2004 - 2008
to 2019 - 2023). The great advantage of hybrid cooling is the targeted combination of the benefits of the
different cooling approaches. If the TDP limit of 500 or 1000 W for CPU and / or GPU is exceeded in the
future, liquid cooling must be used with more recent server setups. However, this limit does not apply
to applications that do not require or have a high power density - air cooling is still sufficient here.
In particular, the use of direct liquid cooling in combination with air or immersion cooling enables
high-performance CPUs and GPUs to be cooled precisely, reliably and efficiently. In the coming years,
the combination with air cooling, which is already a proven technology, can be suitable. These or
modified forms of cooling can be further developed and optimised in the future.

On the other hand, the assumptions regarding the importance of the USA in patent applications
in the area of data centre cooling were only partially confirmed. A significant proportion of patent ap-
plications are based on applications from companies from the USA or were filed at the US Patent Office.
However, it turned out that the majority of patent applications were filed by Chinese organisations or
at the Chinese Patent Office. As a result, the 10 most applicants identified only come from these two
countries. In order to gain an up-to-date understanding of current developments, both regions should
be observed in particular, as this is where most of the research activities based on patent applications
can be observed.

This is in line with the general market situation, especially from the perspective of the most
important component manufacturers and end users. The most important chip (INTEL, NVIDIA and
AMD) and server manufacturers (HP, DELL, Cisco etc.) are located in the USA, while some of the
largest data centre operators (Google, Baidu, etc.) also come from these two countries. Due to their
great importance as suppliers and users of server hardware and the direct link to the issue of cooling,
they will continue to play a major role in the coming years.

Furthermore, the most important sections according to the IPC for data centre cooling technologies
were identified. These are in detail “Electricity” (42 %), “Mechanical Engineering” (29 %) and “Physics”
(27 %), which is due to the high degree of similarity in content between the thematic focal points of the
patents and cooling technology. Based on the patent analysis, we anticipate that these patent classes
will continue to be the focus of patent applications in this field in the future. However, it also became
apparent that “Mechanical Engineering” in particular has a special focus on air cooling, while the other
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two sections do not only contain technologies based on liquid cooling. Nevertheless, it can be assumed
that all approaches based on coolants will continue to be found in “Electricity” and “Physics”.

This study was able to identify the most important applicants and patent classes as well as tech-
nologie developments in the area of data center cooling. On the basis of this study, past developments
can be confirmed and possible future research priorities can be identified. At the same time, the
relevant main groups and subgroups were identified depending on the cooling technology, which will
support further research and investigations in this area.

The qualitative analysis of cooling technologies was carried out using the European patent
database. Other “IP5” databases should be analysed to validate the results. In particular, the Chinese
and American patent databases should be used to validate the results. In addition, the other patents
that were identified with the more general search terms for coolant and cooling can be analysed in
greater depth. Moreover, not only the simple family matches but the totality of all patent search results
should be used for validation. However, this would probably lead to a misinterpretation of the results,
especially if the entirety of a patent family were to unilaterally change the share of a technology. This
study did not include a qualitative classification and a corresponding weighting of the results, which is
why the patents identified could be categorised in future with regard to their technological significance
and impact on the cooling of data centers.

The study uses patent analysis to investigate the historical evolution and potential future technol-
ogy paths in the field of data center cooling, focusing on server and computer room levels, in order to
meet the increasing cooling demands driven by higher performance and power density of components.
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Nomenclature

Abbreviations
AC Air cooling
AE American English
AI Artificial Intelligence
API Application Programming Interface
BE British English
CN China
CPC Cooperative Patent Classification
CPU Central processing unit
CRAC Computer Room Air Conditioner
CRAH Computer Room Air Handler
DLC Direct Liquid Cooling
ECLA European Classification
EPO European Patent Office
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GPU Graphics processing unit
HC Hybrid Cooling
ILC Indirect Liquid Cooling
IPC International Patent Classification
LC Liquid Cooling
MG Main Group
Organ Organisation
P Patent
PO Patent Office
PUE Power Usage Effectiveness
rel Relevant
RDHX Rear door heat exchanger
SG Sub Group
TDP Thermal Design Power
TLC Total Liquid Cooling
USA United States of America
USPC United States Patents Classification
WIPO World Intellectual Property Organization

Appendix A

Table A1 contains the distribution and number of patents in Figure 3. In Table A2 are additionally
the distribution and number of patents from Figure 6. Table A3 contains the distribution and number
of patents in Figure 7. The definitions associated with the main IPC groups can be found in [54].
Figure A1 includes the technological allocation of the country distribution for Figure 9. In Figure A2
the technological allocation of the TOP 10 applicants for Figure 13 are presented. The definitions of the
main IPC groups with at least 10 patent applications in the field of data centre cooling are listed in
Table A4.
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Table A1. Additional data for Figure 3; period: 2000 - 2023 (earliest priority year).

Categorie Cooling
technology

Cooling
technology

specification

Technology
specification

Patents

Duplicates1 34
Criterias are not fulfilled1 203

Air cooling
CRAC 78
CRAH 9
Other 108

Liquid cooling

Indirect liquid cooling RDHX 17
Other 14

Direct liquid cooling Cold plate

Cold plate 85
Two phase2 16

Water2 12
Other 14

Other 20

Total liquid cooling Immersion cooling
Immersion cooling 40

Two phase2 16
Other 6

Other 3

Other 17
Hybrid cooling 21
Other 20

1 Not relevant.
2 Listing of patents in which this classification occurs. In contrast to the other classifications, patents with supplementary
classifications are also taken into account.

Table A2. Additional data for Figure 6; period: 2000 - 2023 (earliest priority year).

Cooling technology 2015 - 2017 2018 - 2020 2021 - 2023 2000 - 2023
Patents

Air cooling 51 60 14 195
Liquid cooling (ILC1) 2 3 3 31
Liquid cooling (DLC2) 12 54 77 147
Liquid cooling (TLC3) 3 17 44 65
Liquid cooling (Other) 1 5 8 17
Hybrid cooling 2 7 8 21
Other 3 4 3 20

1 ILC: Indirect Liquid Cooling. 2 DLC: Direct Liquid Cooling. 3 TLC: Total Liquid Cooling.
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Table A3. Additional data for Figure 7; period: 2000 - 2023 (earliest priority year).

IPC section IPC main group Patents

A A61L2 1

B
B01D46 3

B08B5, B23P15 2

B05B15, B05C1, B05C11, B05C13, B23P11, B25J19,
B66C1, B66C13

1

C C23C14 2

C25D11 1

E
E04F15 2

E04H5 4

E04B5, E05D15, E06B3 1

F

F24F3 16

F24F5 41

F24F7 14

F24F11 92

F24F13 32

F24F110 18

F24F140 4

F25D23 8

F28D15 9

F24F1, F25B41, F28F9 5

F24D19, F25B39, F25D1, F25D17, F28D1 3

F04B49, F24H3, F25B49, F25D3, F28F7, F28F25,
F28F27

2

F04D25, F04D27, F23N5, F24D3, F24D11, F24D17,
F24F6, F24F12, F24J3, F25B1, F25B5, F25B15,

F25B21, F25D31, F28B1, F28B7, F28C1, F28C3,
F28D9, F28F1, F28F13

1

G

G05B13 6

G05D23 13

G06F1 171

G05B15, G06F11 8

G06F19, G06F30, G06G7, G06Q10 4

G05B19, G06F9, G06F119, G06N3, G16Y40 3

G01K3, G01M1 G03G21, G05D27, G06F15, G06F17,
G06F113, G06K9

2

G01K1, G01K7, G01K11, G01K13, G01M3, G01M10,
G01M99, G01N25, G02B6, G05B17, G05B21,

G05D3, G05D7, G05D13, G05D15, G05D16, G06F7,
G06F8, G06F16, G06N20, G06Q50, G08B21,

G16Y10, G16Y20, G16Y30

1

H

H01L23 27

H01M10 10

H04L12 4

H05K5 29

H05K7 337

H01L25, H04L29, H01M50 3

H01L35, H02B1, H02G3, H04W4, H05K1 2

H01R24, H01R31, H02J7, H02J9, H02P27, H04L67,
H04Q9, H04W84

1

Not specified N/A 1
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(b) Legend.

22.0 %
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(d) Direct liquid cooling; nP, relev. = 147.
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20.0 %

3.0 %3.0 %

(e) Total liquid cooling; nP, relev. = 65.

69.0 %

12.0 %

6.0 %
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(f) Other liquid cooling; nP, relev. = 16.

76.0 %
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(g) Hybrid cooling; nP, relev. = 21.
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(h) Other; nP, relev. = 20.
Figure A1. Technological allocation of the country distribution; period: 2000 - 2023 (earliest priority
year).Figure A1. Technological allocation of the country distribution; period: 2000 - 2023 (earliest priority

year).
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12.0 %

25.0 %
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(g) Hybrid cooling; nP, relev. = 8.
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20.0 %

20.0 %

(h) Other; nP, relev. = 5.
Figure A2. Technological allocation of the TOP 10 applicants distribution; period: 2000 - 2023 (earliest
priority year).

Figure A2. Technological allocation of the TOP 10 applicants distribution; period: 2000 - 2023 (earliest
priority year).
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Table A4. Definition of IPC main groups [54] with at least 10 patent applications in the field of data
center cooling.

IPC section IPC main group Definition

F

F24F3 Air-conditioning systems in which conditioned primary
air is supplied from one or more central stations to dis-
tributing units in the rooms or spaces where it may
receive secondary treatment; Apparatus specially de-
signed for such systems (room units F24F 1/00).

F24F5 Air-conditioning systems or apparatus not covered by
group F24F 1/00 or F24F 3/00.

F24F7 Ventilation.
F24F11 Control or safety arrangements.
F24F13 Details common to, or for air-conditioning, air-

humidification, ventilation or use of air currents for
screening.

F24F110 Control inputs relating to air properties.

G G05D23 Control of temperature (automatic switching arrange-
ments for electric heating apparatus H05B 1/02).

G06F1 Details not covered by groups G06F 3/00-G06F 13/00
and G06F 21/00 (architectures of general purpose stored
program computers G06F 15/76).

H

H01L23 Details of semiconductor or other solid state devices
(H01L 25/00 takes precedence).

H01M10 Secondary cells; Manufacture thereof.
H05K5 Casings, cabinets or drawers for electric apparatus.
H05K7 Constructional details common to different types of elec-

tric apparatus (casings, cabinets, drawers H05K 5/00).
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