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Abstract: This study fills in knowledge gaps for the European air-conditioning (AC) market, which is
fundamentally important to raising awareness about primary energy utilization. In contrast to space
heating (SH) and domestic hot water (DHW) preparation, the European Union (EU) AC market is
barely explored in scientific literature. While the focus of previous research has been on the residential
sector, a shortfall of data for the services (wholesale and retail, offices, education, health, hotels and
bars) exists. In this paper, data describing the actual space cooling (SC) market in Europe (quantity of
SC units, equivalent full-load hours, installed capacities, seasonal energy efficiency values as well as
cooled floor area per AC type and/or sector) is collected and explored using a bottom-up approach.
Results indicate that SC is responsible for a significant portion of EU electricity consumption in
households (nearly 5%) and even more in the service sector (~13%). Energy consumption for SC in
the EU28 appears to be more than 140 TWh/y. The quantification of the European AC consumption
shows a significant difference between the service and residential sectors: about 115 versus 25 TWh/y
respectively. The SC market in Europe is characterized by a high potential for growth, especially
in households.
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1. Introduction

The European Union (EU) member states (MS) have committed that by 2020, they will decrease
greenhouse gas (GHG) emissions by 20% from 1990 levels as well as increase the energy use produced
by renewable sources (RES) to 20%. A third goal is to achieve a 20% drop in primary energy
consumption through improving energy efficiency [1].

By 2030, the EU intends to further decrease domestic emissions of GHG by 40%, relative to 1990
levels. Through an integrated policy framework, EU countries will direct a coordinated approach
to provide investors with sound regulatory frameworks. National policies have been designed to
permanently improve energy efficiency and increase the energy produced by RES to 27% [2].

Furthermore, by 2050 the EU MS have declared the goal of decreasing GHG emissions in Europe
by 80–95%, relative to 1990 levels. The fulfillment of the Paris COP21 agreement will require even
higher reduction of GHG emissions, or at least at the upper boundary of this range. Industrialized
countries are expected to decrease GHG emissions before developing countries; therefore, the EU MS
must reassess their climate and energy policy targets [3].
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Primary energy utilization at the EU level amounted to around 1600 Mtoe/y in 2014. The main
source of energy consumption is through different types of heating and cooling applications: buildings’
space heating (SH), space cooling (SC) and domestic hot water (DHW) as well as industrial heat
account for almost 800 Mtoe/y. Transportation and electricity usage is responsible for the remaining
800 Mtoe/y, contributing 490 and 310 Mtoe/y respectively [4–8].

In recent years, the EU countries have invested heavily in quantifying the energy uses of the
different sectors [9–11]. However, in contrast to energy utilization for SH and DHW, there is almost no
data available for the SC consumption portion [12].

The main sources of data collection for this study have concentrated on preceding investigations.
In particular, the “Armines—Mines de Paris/Mines Paristech Graduate School” was involved in a
number of projects and publications to analyze the present topic, including: (i) the Intelligent Energy
Europe (IEE) projects AUDITAC (field benchmarking and market development for Audit methods
in Air Conditioning) and HARMONAC (harmonizing air-conditioning (AC) inspection and audit
procedures in the tertiary building sectors); (ii) the ERAC (energy efficiency of room air-conditioners)
and EECCAC (Energy Efficiency and Certification of Central Air Conditioners) reports; as well as (iii)
a number of relevant publications in this field—e.g., [13–18].

An additional important information repository is given by CIRCABC (Communication and
Information Resource Centre for Administration, Businesses and Citizens) of which especially
Lot 6—AC and ventilation as well as Lot 10—air-conditioners, comfort fans, residential ventilation are
of relevance for the present investigation [19].

Other important information sources were also used. They are: the IEE projects SOLAIR
(Solar AC) and Stratego (Multi-level actions for enhanced Heating and Cooling plans), the Sixth
Framework Programme Project POLYSMART (polygeneration with advanced small and medium
scale thermally driven AC and refrigeration technology), the Seventh Framework Programme project
iNSPiRe (Development of Systematic packages for Deep Energy Renovation of Residential and Tertiary
Buildings including Envelope and Systems), the International Energy Agency project ANNEX 34
(Thermally Driven Heat Pumps for Heating and Cooling) as well as the Horizon 2020 project HRE4
(Heat Roadmap Europe 4) [20–25].

While the previously noted data sources provide information on employed technologies for SC
purposes, related energy consumption values and market figures within Europe, until now a clear
picture of the SC market in the EU has been missing.

A review of previous research provides contrasting outlooks. Investigations have both shown the
European SC market to be characterized by moderate growth [26–28], but have also indicated the field
to be a booming market [29–31].

The present SC market investigation has been subdivided by Section 2, which details information
collection and methodology applied; Section 3 presents the main outcomes and the discussion and
conclusions are provided in Section 4.

2. Materials and Methods

First, different AC technologies installed in Europe have been analyzed. Due to finding a
number of literature sources indicating a significantly different classification of AC types, a breakdown
following diverse SC generation (air-to-air or air-to-water) and distribution systems (decentralized
or centralized) has been carried out. Figure 1 summarizes the breakdown structure for different
AC application. Letters A–G have been assigned to denote the various AC technologies within the
scheme. (Ventilators as well as natural cooling/passive cooling/natural ventilation technologies, and
thermally driven heat pumps (TDHPs), have not been taken into consideration. The reason for this
is that there is the perception of a cooling effect during ventilation as air moves across the skin and
dries sweat. However, in contrast to room air-conditioners (RACs) and centralized air-conditioners
(CACs), ventilation alone cannot lower the indoor temperature below the ambient temperature [32].
With regard to TDHPs, the current market penetration is negligible compared to electrically driven
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heat pump systems [33–35].) Figure 1 shows the utilization of air handling units (AHUs) and fan coil
units (FCUs) for the various AC equipment. AHUs condition the outdoor/recirculating air, supply the
conditioned air to the conditioned space and extract the return air from the space through ductwork
and space diffusion devices. In contrast, FCUs are factory made assemblies, which provide the function
of SC air by using chilled water or refrigerant with air flowing to spaces, ensured by local electrically
driven fans [12–18].
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As is visible in Figure 1, given technology mix analysis for SC purposes in Europe indicates four
different types of RACs:

• Split systems (A);
• Multisplit systems (B);
• Single-duct systems (C);
• Packed units (D);

As well as three diverse kinds of CACs:

• Variable refrigerant flow systems (E);
• Rooftops (F);
• Chiller (G).

So-called portable units relate to (C) single-duct systems. Single-duct system are appliances in
which the condenser rejects hot air to the outside by a duct. Generally, these are movable AC systems,
but in order to operate they must be close to an envelope hole (e.g., door or window) through which
the hot air is directed by a duct [12,15,16].

Beginning from the given AC technologies breakdown, an analysis of the SC market has been
performed. With regard to the various AC technologies, different sectors (residential, and various
service sectors: offices, wholesale and retail, education, health and hotels and bars) have been taken
into consideration. It is important to clearly define the different sectors [39]:

• Residential sector: includes occupied or unoccupied dwellings (single-family houses, multi-family
houses and apartment blocks) and mobile homes. Institutional housing such as school dormitories,
hostels, hotels, health, military barracks, and night shelters are excluded;

• Offices: composed of private company and public sector offices;
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• Wholesale and retail: consists of detached shops, department stores, shopping centers, retail, food
shops, car sales and maintenance, bakeries, hairdresser, service stations, laundries, congress and
fair buildings, and other wholesale and retail infrastructures;

• Education: contains primary, secondary and high schools. Furthermore, also universities, infrastructure
for professional training activities, and research centers/laboratories are part of this sector;

• Health: comprises private and public health, homes for handicapped, medical care and nursery;
• Hotels and bars: include hotels, cafés, pubs, restaurants, canteens, and catering in business.

How the different AC technologies, equivalent full-load hours, cooled floor area and number of
AC units installed are distributed between the sectors named above was analyzed. Further classification
identified which kind of SC units these are, their installed capacity, their seasonal energy efficiency
ratio (SEER) values and yearly hours of operation per sector. In order to retrieve reliable values, within
the indicated bottom-up approach, an extensive literature analysis has been performed.

Only scientific literature sources have been utilized for data collection (see Appendix A,
Tables A1–A5 and respective sources). All collected information have been filtered and evaluated
statistically. As far as the number of sources allowed, data which lie outside a range of plus or
minus one standard deviation around the average of the respective data pool have been discarded.
The filtered values have then been used to compute a more robust average. Respective calculations are
shown in the Appendix A (Tables A1–A5)—the outcome of the statistical elaboration can be found in
the “Results” column.

Moreover, the work input (electricity) per AC type has been calculated. To obtain these values,
the average capacities per AC type have been divided through their respective SEER means. While the
energy efficiency ratio (EER) is measured under rated load conditions, the SEER has been selected,
because it reflects the real usage conditions of the AC equipment for the SC season over a year [16,40,41].

The SEER indicates the whole heat amount removed from the conditioned space during the entire
annual AC season (Qcold, season), divided by the total work input (electricity) of the SC machinery
during the same period (Welectricity, season) [40]. See Equation (1):

SEER = Qcold, season/Welectricity, season (1)

Finally, the electricity consumption by AC type and sector has been calculated. To obtain the
yearly energy consumption for SC purposes and sector, the quantity of SC units per sector has been
multiplied by their average equivalent full-load hours (T: time) within a year and its work input
(electricity). See Equation (2):

Energy consumptionSpace cooling = Nr. AC units * Tequivalent full-load hours * Welectricity (2)

Due to input data for Equation (2) only being available for the EU15, initially values concerning
these MS have been collected. Then the obtained results have been projected for the entire EU28.
Approximately 90% of the EU28 SC consumption is caused by EU15 states [41]. Thus, to obtain
Figures 2 and 3 for the entire EU28, results for the EU15 have been multiplied by 1.1. In this regard,
it has to be underlined that the EU15 countries account for around 80% of all EU inhabitants [42].

Looking at the data published within the past two decades, the most significant contribution comes
from the “Armines—Mines de Paris/Mines Paristech Graduate School” investigations concerning the
distribution of diverse AC application across Europe´s building stock [13,43,44]. Thus, Figure 4 has
been adapted from the latter mentioned source.

The service sector related columns in Figures 3, 5 and 6 have been calculated as a simple mean of
the different corresponding service sectors, while the service part column in Figure 7 has been obtained
by weighting the SC equivalent full-load hours of the different service sectors with the related cooled
floor area.
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With regard to Figure 8, it was not possible to find any source with indications concerning the
average AC equivalent full-load hours for the education and health sectors. However, for the health
sector a number of case studies have been found studying AC application in Austria and Italy [45–47].
Taking into consideration these cases, the health sector has been estimated to require more than
1000 equivalent full-load hours of SC a year.
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The total amount of energy consumption from two separate sources was used to estimate the
average amount of AC used in the educational sector [16,36]. Both sources indicate a total AC energy
consumption value for this sector of about 6 TWh/y. This available data makes it possible to use
Equation 2 to identify the average equivalent full-load hours in the education sector. The result is
equal to approximately 300 equivalent full-load hours.

In order to obtain the final energy consumption of different room air-conditioning (RAC)
technologies in Figures 2 and 3, the RACs distribution given in Figures 4 and 5 have been equally
allocated among sectors based on previous studies’ indications [13,16,44]: 62% split systems,
5% multisplit systems, 16% single-duct systems, and 17% packed units.

3. Results

Figure 4 visualizes the distribution of SC equipment within different sectors in percentage.
In Figure 4 it is particularly striking, that the residential sector is dominated exclusively by

RAC application. A possible reason for this could be that within dwellings only certain rooms are
air-conditioned rather than providing the whole dwelling with SC.

The office sector is the only one including all four types of AC equipment. RAC units are present
in all sectors, while chiller appear only within the service sectors. Chiller systems dominate almost all
service sectors—wholesale and retail is the exception, where RAC application show the majority of
units installed.

The highest percentage of AC application is provided by chiller, followed by RACs with around
1/3 less share. Rooftops come next, characterized by a value of about 1/10 that of RACs. Variable
refrigerant flow (VRF) systems are found in the last position with a relative significantly low presence
of less than 1/5 compared to rooftops.

Figure 4 also displays the distribution of centralized air-conditioning (CAC) systems in large
mono-use buildings (e.g., entire office buildings, hospitals—health and hotels) and RAC units in
infrastructures, where single room application are requested (e.g., small shops).
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If the distribution of installed AC application by sector and type in percentage is reduced to
the residential and service sectors only, the dominance of chiller in the service sector appears clearly.
They represent ~70% of AC units installed (Figure 5).

RAC units are the second most utilized within the service sector with approximately 1/3 as many
applications as chiller. Rooftops and VRF systems are the least utilized, showing values around 5%
and 1% respectively.

As previously mentioned, the distribution of the cooled floor area per sector and AC type has also
been retrieved. Figure 9 visualizes the amount of cooled floor area per sector and AC type in million
square meters (Mm2).
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The residential sector has the highest amount of cooled floor area, followed by wholesale and
retail and offices with approximately 50% fewer cooled square meters. The education, health, and
hotels and bars sectors come next with about one fourth of the cooled floor area given for households.

Concerning the AC typologies which cover most air-conditioned floor area, first the RAC units
have to be mentioned—with more than 2200 Mm2. These are about half of the total cooled square
meters within the considered sectors: almost 4400 Mm2. Chiller are in second place, providing SC for
more than 1000 Mm2. Rooftops and VRF systems follow, covering about 600 Mm2 each.

Figure 6 shows the distribution of cooled floor area per type within the residential and
service sectors.

As is visible in Figure 6, the cooled floor area of all service sectors together exceeds significantly
that of the residential sector: by almost two times. In this regards, it has to be stressed that out of
the total residential floor area only 4% is cooled while in the service sector 30% of the floor area is
cooled [45–50].

As shown in Figure 6, chiller are responsible for nearly 35% of the air-conditioned floor area in the
service section. Rooftops are responsible for 25% of cooled floor area, while VRF systems and RACs
account for 20% each.

Comparing Figures 5 and 6, the percentage of CACs in the service sector based on typology of
units installed is higher than the one based on the cooled floor area. A possible reason for that could
be that CACs are able to cover a larger number of cooled square meters per unit installed than RACs.

Figure 8 shows the mean equivalent full-load hours per sector of the various SC systems.
The wholesale and retail and health sectors have the highest average AC equivalent full-load

hours, followed by offices and hotels and bars with about 20% less operation time. The residential
sector is placed at the fifth position with an operation time 50% lower than that of wholesale and retail.
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The education sector is last with approximately 70% fewer equivalent full-load hours than wholesale
and retail and health. A possible reason for the latter value could be that the considered EU15 countries
are characterized by vacations for students during the hottest period of the year, which vary from
more than one to over three month [51–53].

If the average AC equivalent full-load hours get compared between residential and service, the
service results to have around 350 equivalent full-load hours more than the residential (Figure 7).

Figure 10 provides information concerning the number of installed AC units per type.
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Split systems account for the majority of AC units per type with more than 30 million (Mil.)
installed applications. Packed and single-duct systems follow with approximately 9 and 8 Mil. systems
respectively. The least represented RAC type are multisplit systems, with less than 3 Mil. units.

The amount of installed CAC systems is in order: 1.15 Mil. chiller, 0.5 Mil. VRF systems and
finally 0.2 Mil. rooftops. Summing up, there are almost 60 Mil. installed AC units within the EU15.

Figure 11 indicates the average installed capacity per AC type and sector in kW.
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Centralized AC systems are characterized by a larger mean installed capacity than RAC units,
because as previously mentioned, CACs are applied to provide SC for entire buildings, while RACs
are used to cover SC necessities in single rooms.

Average values for chiller, rooftops and VRF systems are around 140, 40 and 20 kW each. Multisplit
systems have the largest average installed capacity within RACs, representing approximately 16 kW,
followed by single-duct systems with about 11 kW. The penultimate and last positions are packed and
split systems with ~5 and 4 kW respectively. Hence, split systems are at the same time the most widely
diffused and smallest capacity AC systems.

Figure 12 provides information concerning the SEER.
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According to Figure 12, the CAC systems on average are slightly more efficient than RAC units
(for about SEER = 0.3). The most efficient AC type emerges to be split systems, chiller and VRF
units with a SEER value of >3. Single-duct systems follow with a SEER of around 2.4. Packed units,
multisplit systems and rooftops show the lowest SEER numbers with values around 2.

As shown in Table A5 (Appendix A), the collected SEER values vary significantly per AC
technology going from less than 2 for multisplit systems to almost 4 for chiller.

As it can be seen in Figure 12, the simple average of SEER values per AC technology is 2.59.
The SEER values per AC equipment presented in the figure above are lower than those claimed by a
number of manufacturers [12].

Through the collected average capacity and SEER values per AC type the corresponding electricity
input in kW has been calculated. Figure 13 relates to this point.
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The AC energy consumption per type and sector in TWh/y was obtained from data in Figures 4–13,
as reported in Figure 2.

As is visible in Figure 2, wholesale and retail is the most energy consuming sector for AC purposes
with approximately 40 TWh/y. In this regard, it must be stressed, that this is the most largely defined
sector considered in the present investigation, containing a huge amount of different commercial
activities. This sector entails a wide range of building types as described in Section 2 Materials
and Methods.

Furthermore, a number of scientific literature sources indicate the wholesale and retail sector as
the most or one of the most energy consuming sectors concerning AC application [32,54–57].

As shown in Figure 2, the residential sector is the second largest regarding SC purposes within
the considered sections with about 30 TWh/y. A possible reason is that dwellings have the highest
cooled floor area with respect to the considered sectors (Figure 9: Distribution of cooled floor area per
sector and AC type, EU15).

Offices, hotels and bars and health are found at the third, fourth and fifth position with more than
20 TWh/y energy consumption for AC application each. The education sector is last, representing
about 5 TWh/y. Summing up, the total energy consumption for AC purposes within the considered
sectors is nearly 140 TWh/y.

The most energy consuming AC type is the chiller with approximately 30% of the total SC energy
use registered. Single-duct and split systems follow, emerging to be responsible for around 20% of
the AC energy use respectively. Packed and multisplit systems come next with about 10% of the AC
energy need each. Finally, there are rooftops and VRF systems, consuming ~5% of the AC application
per SC typology.

As shown in Figure 2 and anticipated before in Figures 4 and 5, households use solely RAC units
(split systems, multisplit systems, packed units and single-duct systems). However, that might not be
fully correct as a limited presence of other AC technologies in the residential sector is given by e.g.,
district heating and cooling systems as well as CACs like rooftops [12,27].

If the AC energy consumption per type and sector is reduced to solely the residential and service
sectors, the dominance of SC energy consumption in the service part becomes visible. See Figure 3.
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The energy consumption for AC purposes within the service section is almost four times higher
than that given in the residential part: 115 versus 25 TWh/y respectively. It has to be underlined
that the energy consumption portions indicated in Figures 2 and 3 include energy utilized by AHUs
and FCUs.

4. Discussion and Conclusions

SC accounts for an important part of the European Union’s household energy consumption
(about 5%) and is particularly meaningful for the service sector (approximately 13%) [58,59]. The
European AC consumption quantification, following a bottom-up approach, shows a significant
disparity between the service and residential part: about 115 TWh/y for service and 25 TWh/y for
residential. The main reason for this mismatch is the percentage of total cooled floor area is much
higher in the service sector: less than 40% for households and greater than 60% for the service section.

The European Union SC market is characterized by a huge potential for growth, especially
for households. The percentage of the whole cooled floor area in the service sector is almost ten
times higher (30%) than in the residential (4%) [48–50]. Due to an expressed desire by the European
population for increased comfort standards, SC application are expected to increase, in particular
within the residential sector [26]. Further possible reasons for the future rise of SC application in
Europe are global warming and modern building architecture with larger glazing areas [60].

The SC estimates calculated in this study significantly exceed data from the European Commission
(2009 and 2012) on the European SC market. It estimates between nearly 20 and 40 TWh/y [61–63].
Also Kranzl et al. [64] approximates the European Union AC consumption to reach a value of around
30 TWh/y. A number of further investigations indicate the SC branch in Europe to be about 50 and
90 TWh/y: e.g., Marinhas et al. [65–67].

Other estimates closely match the SC consumption value found by the present study. For example,
Boermans et al. [68] indicates the SC consumption in Europe to be approximately 130 TWh/y. Kalz and
Pfafferott [69] quantify the AC consumption in the European Union to be almost the same size.

Further research shows the European Union AC market to be significantly larger. For example,
Sanner et al. [29] estimate the AC consumption in Europe to be more than 170 TWh/y. Dalin [55]
indicates a number of almost 250 TWh/y.

There is a major lack of information for the SC sector. The retrieved data was only laboriously
obtained. Not all collected information appear to be credible—even if the mentioned data has been
retrieved from reliable sources solely. In particular, the reliability of values collected for the cooled
floor area has to be further investigated (as is visible in the Appendix A—Table A1—collected values
for each sector can vary significantly).

Thus, it is recommended to analyze the European SC consumption and related cooled floor area
in more detail, with a major focus on service buildings.

Another open point refers to the past and possible future development of SEER. SEER ratings are
affected by several aspects, e.g., the efficiency of compressors and chiller units but also outdoor climate
and building specific characteristics and installations. While the former ones (SEER of equipment as
such) could be covered with some reliability, the latter ones are highly speculative [12,16,19,36,68].
Hence, it would require an assessment of all these different factors in the past—and possible future
developments. Such an analysis is far beyond the scope of the present investigation.

Further research could also→focus on quantifying the energy consumption for SC applications
for other fields of operation, such as transportation and industry.
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Appendix A

Table A1. Statistical calculations regarding the cooled floor area per sector, EU15, (Mm2) [15–17,20–25,
36,38,45,48,49,55].

Sector Cooled Floor Area Standard Deviation Average Result

Residential 1696 1073 1932 444 1567 1814
Offices 985 645 756 174 795 700

Wholesale and retail 864 869 840 15 858 866
Education 369 411 352 30 377 360

Health 350 - - - 350 350
Hotels and bars 278 350 347 40 325 348

Table A2. Statistical calculations regarding the air-conditioning (AC) equivalent full-load hours per
sector, EU15, (equivalent full load hours) [9,15,16,19,20,45–48,54,69–73].

Sector Equivalent Full-Load Hours Standard Deviation Average Result

Residential 519 610 500 59 543 510
Offices 803 874 866 39 848 870

Wholesale and retail 1019 1026 1200 103 1082 1023
Education 300 - - - 300 300

Health 1000 - - - 1000 1000
Hotels and bars 751 768 711 29 743 760

Table A3. Statistical calculations regarding the amount of air-conditioners installed per type, EU15,
(Mil. units) [15,16,20–25,36,71–75].

AC Type Installed Air-Conditioners Standard Deviation Average Result

Split systems 23.96 39.17 36.60 - 8.14 33.24 37.89
Multisplit systems 1.74 2.84 3.60 - 0.94 2.73 3.22

Single-duct systems 5.92 9.68 9.60 - 2.15 8.40 9.64
Packed 6.64 10.86 10.20 - 2.27 9.23 10.53

VRF 0.52 0.85 0.59 - 0.17 0.65 0.55
Rooftops 0.16 0.26 0.21 0.20 0.04 0.21 0.21
Chiller 1.06 1.73 1.30 1.09 0.31 1.30 1.15

Table A4. Statistical calculations regarding the capacity per AC type, EU15, (kW), [15,16,33,68–72].

AC Type Capacity Standard Deviation Average Result

Split systems 4.00 3.00 3.50 - 0.50 3.50 3.50
Multisplit systems 19.80 15.75 16.30 - 2.20 17.28 16.03

Single-duct systems 10.58 10.38 12.67 - 1.27 11.21 10.48
Packed 5.00 5.40 4.65 4.60 0.37 4.91 4.75

VRF 20.40 22.20 29.00 - 4.54 23.87 21.30
Rooftops 42.30 51.00 39.00 - 6.20 44.10 40.65
Chiller 136.40 187.00 135.00 - 29.63 152.80 135.70
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Table A5. Statistical calculations regarding the seasonal energy efficiency ratio per AC type, EU15,
(-) [12,16,19,36,68–70,76,77].

AC Type Seasonal Energy Efficiency Ratio Standard Deviation Average Result

Split systems 3.00 3.24 2.43 3.25 3.40 0.38 3.1 3.22
Multisplit systems 1.98 2.25 - - - 0.19 2.1 2.12

Single-duct systems 1.68 2.60 2.20 - - 0.46 2.2 2.40
Packed 1.98 2.25 2.88 - - 0.46 2.4 2.12

VRF 3.45 2.80 - - - 0.46 3.1 3.13
Rooftops 1.97 2.25 1.95 - - 0.17 2.1 1.96
Chiller 3.93 3.25 3.27 3.10 3.14 0.34 3.3 3.19
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