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Space cooling now has the fastest-growing energy end-use in buildings, with an almost tripled energy demand
compared to 1990. This paper provides a state-of-the-art review of different integrated active cooling systems for
buildings. The cooling systems are classified based on the energy source, with attention to the performance of the
systems under multi-criteria assessment. The assessment criteria are described in five main parameters for energy
performance, flexibility to energy sources and integration with secondary systems, climate resilience to heat-
waves and power outages, as well as building typology, and technology readiness level. The qualitative
assessment shows that electricity-driven systems are widely available in the market and have several applications
integrated with PV systems. Therefore, they are more resilient to heatwaves. Only chillers are highly integrated
with secondary systems among electricity-driven systems. The study also found that only air-cooled and water-
cooled chillers can operate in passive cooling mode. It is found that thermal energy-driven systems are more
flexible to be driven by different energy sources, in addition to being more resistant to power outages due to their
low electrical input. Finally, some recommendations for further research and practice are given based on the

study’s strengths and limitations.

1. Introduction

Around 40% of the primary energy consumed in Europe is used in
buildings and cooling energy requirements contribute significantly to
the overall demand for electricity. There are several ways to cool the
building using passive techniques such as shading, natural ventilation,
evaporative cooling and various building designs to maintain a cool
indoor. Another option is the use of electric fans to increase convective
heat transfer around the body and therefore increase the body cooling by
circulating air inside rooms but will not remove sensible or latent heat
from the building. Currently, climate change has drawn great attention,
with the predicted increase in global surface air temperature by the end
of this century within a range of 1 and 5.7 K to (1850-1900) period
under various Carbon dioxide (CO-) emission scenarios [1,2]. Therefore,
in hot climates, the use of active cooling systems (ACs) is still necessary
to provide indoor thermal comfort and decrease indoor temperatures. In
tropical climates, using natural ventilation with large window openings
is not energy-efficient which encourages high energy use within the
building [3]. Another study by Elnagar et al. [4] studied the natural
ventilation effect in different climate conditions. The study found that,
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only natural ventilation results in a low reduction in cooling energy
demand. Therefore, controlled shading is taken into account with nat-
ural ventilation.

One of the largest energy consumers in buildings is ACs, which are
essential for ensuring occupant comfort. Therefore, performance im-
provements to classic Heating, Ventilation, and Air-Conditioning
(HVAC) systems present an attractive prospect for large energy sav-
ings [5]. Currently, various electricity-driven and thermal energy-driven
cooling systems are commercially available in different climates. On
extremely hot days, space cooling accounts for more than 70% of peak
electrical demand in residential buildings in different middle eastern
countries and some regions of the United States. Space cooling repre-
sented an average of 14% of peak demand globally in 2016 [6]. Ac-
cording to International Energy Agency (IEA), air conditioners and
electric fans used to maintain acceptable indoor temperatures account
for about 20% of the total electricity utilized in buildings worldwide
today [6]. While, according to the International Institute of Refrigera-
tion in Paris, the electricity usage for air-conditioning systems is esti-
mated to be around 45% of the total electricity consumption of
residential and commercial buildings [7,8].

Despite the availability of different cooling systems, vapour

Received 28 July 2022; Received in revised form 6 January 2023; Accepted 10 January 2023

Available online 17 January 2023
1364-0321/© 2023 Elsevier Ltd. All rights reserved.


mailto:essam.elnagar@uliege.be
www.sciencedirect.com/science/journal/13640321
https://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2023.113179
https://doi.org/10.1016/j.rser.2023.113179
https://doi.org/10.1016/j.rser.2023.113179
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2023.113179&domain=pdf

E. Elnagar et al.

Abbreviations

Active cooling systems ACs

Vapour Compression VC

Carbon dioxide CO,

Energy Efficiency Ratio EER

Seasonal Energy Efficiency Ratio SEER
European Seasonal Energy Efficiency Ratio ESEER
Coefficient of Performance COP

Fan Coil Unit FCU

Technology Readiness Level TRL

Variable Refrigerant Flow VRF

Electronic Expansion Valve EEV

Heating, ventilation, and air-conditioning HVAC
Photovoltaic PV

Thermal Energy Storage TES

Ice Thermal Energy Storage ITES

Indirect Evaporative Cooler IEC

Borehole Thermal Energy Storage BTES

Aquifer Thermal Energy Storage ATES
Ammonia NHj

Lithium Bromide LiBr

compression (VC) air-conditioning systems are the most widely used
systems in residential buildings around the world [9]. In addition to
electricity-driven cooling systems, thermal energy-driven cooling sys-
tems have been also commercially available in the market for many
years based on the availability of a large amount of waste heat to operate
the systems. Thermal energy-driven cooling systems are more coupled
with renewable energy sources [10].

Previous studies have described various cooling technologies, some
of them focused only on VC systems’ performance [11-13], while other
studies focused on thermal energy-driven cooling systems [14-16]. The
most relevant results are shown in a study by Zhang et al. [11], the study
conducted a comprehensive qualitative review of cooling techniques
with a focus on their performance during heatwaves and power outages.
Compression refrigeration technologies were part of the studied tech-
nologies, although the study didn’t focus on the different types of
compression refrigeration systems and their integration with secondary
systems. Additionally, a study by Pezzutto et al. [17] investigated the
recent advances in alternative cooling technologies using conventional
VC systems. The study showed that there are no cooling technologies
ready to compete with VC systems in the EU market between 2020 and
2030. Some studies showed that VC air-conditioning systems and re-
frigerators that are driven by electricity dominate the cooling technol-
ogies market by more than 99% [18,19]. Hughes et al. [20] assessed
different sustainable active and passive cooling techniques in buildings.
The study found that regardless of the significant advancements in
active and passive cooling techniques, each technology has its limita-
tions due to the climate conditions and electricity cost. While the study
didn’t discuss in detail the climate resilience of these cooling technol-
ogies. Oropeza-Perez et al. [21] investigated three active and ten passive
cooling technologies for dwellings. It has been shown that, under certain
outdoor conditions, passive cooling techniques can reduce indoor tem-
peratures as effectively as ACs. In addition to that, a decision-making
tool is created to select the optimum technology for the different
buildings according to climate, the building type, and the cooling
technology’s initial cost. The study only took into account three factors,
this assessment approach has some drawbacks such as occupants’
behaviour, integration between the different technologies, and studying
the performance of cooling technologies in severe events such as heat-
waves and power outages. Kojok et al. [22] highlighted the most typical
standalone cooling technologies used in hybrid cooling in buildings. The
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study found that, in comparison to VC cooling systems used alone,
hybrid systems based on VC offer significant energy savings and effi-
ciency improvements. Standalone cooling systems have been found to
occasionally be more efficient than hybrid ones. For instance, in
extremely hot and dry climates, it is not essential to remove latent heat
separately using a desiccant system, therefore the comfort level could be
achieved with an electric or standalone absorption chiller. In addition to
that, a thorough analysis of solar sorption cooling systems is presented
by Bataineh et al. [23]. The study came to the conclusion that additional
research is still required on solar sorption systems in order to make them
energy and cost-competitive with conventional cooling technologies.
Despite the numerous studies reviewing cooling systems, there is still a
need for a thorough review study that defines and compares different
cooling systems (electricity-driven and thermal energy-driven) systems
in the HVAC research field. In addition, there is relatively little quali-
tative assessment discussing all parameters of energy performance,
systems’ flexibility, resilience to heatwaves and power outages, tech-
nology readiness level (TRL), and building type. Lastly, among the
relevant studies of resilient cooling technologies, few of them have been
discussing the different active cooling technologies and their integration
with secondary systems.

This paper provides a valuable contribution by investigating and
reviewing the state of the art of different electricity-driven and thermal
energy-driven systems and assessing their performance based on the
physical principles of each system including three main technical fea-
tures (reversibility: possibility to reverse the machine to work as a heat
pump, recovery: possibility to recover heat at condenser - simultaneous
heating and cooling and passivity: possibility to make passive cooling)
and different assessment criteria: energy performance, the flexibility of
integration with secondary systems and renewable energies, climate
resilience to extreme events such as heatwaves and power outages,
building type and finally TRL. This paper also qualitatively compares the
different cooling systems using those five assessment criteria.

The paper is organized as follows. In section 2, the ACs assessment
criteria are presented. Section 3 explains the review methodology and
the number of literature review studies in this paper. Section 4 presents
the results of the electricity-driven systems (see section 4.1) and thermal
energy-driven systems (see section 4.2). Section 5 presents the qualita-
tive comparison between the different ACs. The key findings and rec-
ommendations are discussed in section 6 including strengths,
limitations, and future directions. Finally, section 7 concludes the paper.

2. Active cooling systems assessment criteria

The following is a list of the parameters studied for each cooling
system as shown in Fig. 1. When considering how to create a criteria
matrix, various variables must be considered. The topic has been
approached from many angles since different stakeholders would
emphasize different selection criteria.

2.1. Energy performance

2.1.1. System efficiency

System efficiency is defined by different terms: Energy Efficiency Ratio
(EER), Seasonal Energy Efficiency Ratio (SEER) and another similar
standard to the SEER is European Seasonal Energy Efficiency Ratio
(ESEER). SEER measures how efficiently an air conditioner operates
over an entire season, it is a seasonally averaged value calculated from
the measured EER values for different outdoor temperatures (20, 25, 30
and 35 °C). The higher the (S)EER, the more efficient the unit. For some
cooling technologies, the performance is still measured by the Coeffi-
cient of performance (COP). The system efficiency of the AC system is
expressed by the energy label with a scale from A+++ to D in some
types, and A+++ to G in other types [24]. According to the COMMIS-
SION DELEGATED REGULATION (EU) No 626/2011, “the energy effi-
ciency classes for air conditioners, except for single ducts and double ducts
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AC systems criteria parameters
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Fig. 1. Active cooling systems assessment criteria.

systems, start from SEER < 2.60 for G class to SEER > 8.50 for A+++
class” [24]. People regularly purchase air conditioners with average
efficiencies of less than half of what is offered in all major marketplaces
[6]. More efficient ACs cut CO, emissions from space cooling, especially
when the systems are combined with cleaner energy sources.

2.2. Flexibility of the system

2.2.1. Energy source flexibility

One of the most promising strategies is the integration of multi-
energy systems with different energy sources to meet buildings’ en-
ergy demands. This parameter considers the integration of different
energy sources into the building as a hybrid system. It also considers the
integration with renewable energy sources. The increasing usage of
primary energy by conventional air conditioners is tackled by the
introduction of renewable-based air-conditioning systems. The integra-
tion with renewable energies helps in reducing COy emissions. This
factor is qualitatively based on the flexibility of the primary AC system
to be driven by different energy sources and to be integrated with
different renewable energy sources.

2.2.2. Integration with secondary systems

This factor refers to the integration between the primary AC system
components and the secondary systems such as fan coil units (FCUs) and
radiant floor systems which makes the operating conditions/tempera-
ture for the system wider. While the integration with secondary systems
can also affect the complexity of the system. This factor is qualitatively
based on the flexibility of the primary AC system to be integrated with
secondary systems as part of the large HVAC system.

2.3. Climate resilience

2.3.1. Heatwaves

Extreme events such as heatwaves have an effect on cooling systems
and influence occupant indoor thermal comfort. This parameter explains
cooling systems’ resilience and their ability to cope with such extreme
events [11,25]. The World Meteorological Organization defines a
heatwave as “five or more consecutive days of prolonged heat, i.e. with a
daily maximum temperature at least 5°C higher than the average maximum”
and some countries have adopted their standards [26].

2.3.2. Power outages

Cooling systems can fail to operate in case of disruptive events such
as power outages. This parameter refers to the resilience of the different
cooling systems to power outages and their ability to adapt after the

failure.

2.4. Other

2.4.1. Building type

Selecting the accurate AC system for a building does not only depend
on the AC type but also on the building type. AC systems are installed in
different building types such as industrial, commercial, residential and
institutional buildings.

2.4.2. TRL

TRL is a system used to determine technology maturity, “TRL is based
on a scale from 1 to 9, with 9 being the most advanced technology”, ac-
cording to the U.S. Department of Energy’s Technology Readiness
Assessment Guide [27]. This factor examines the different active cooling
technologies’ readiness levels.

3. Review methodology

A comprehensive review is conducted to assess different ACs. A
critical analysis of the available literature was used to conduct this re-
view through different databases including Google Scholar, Web of
Science Elsevier (Science Direct), SpringerLink and Scopus. Various
keywords have been used for each cooling technology to perform the
review. We have mainly focused on recent publications but there was no
limit to the publication period. Table 1 shows the statistics of the
reviewed literature to assess the systems.

4. Cooling systems
AC systems, as shown in Fig. 2, are classified into two main cate-

gories based on the energy source. There are electricity-driven AC units
and thermal energy-driven AC units (heat, gas, etc.). Different types of

Table 1

Literature review statistics for the different cooling technologies.
Cooling Technology Number of References Publication Year
Split systems 36 1993-2021
Packaged Units 12 2004-2019
Air-cooled chillers 27 1996-2021
Water-cooled chillers 22 1981-2021
Evaporative cooled chillers 21 2005-2021
Sorption systems 15 1995-2021
Ejector cooling system 11 2011-2016
Desiccant systems 15 1992-2021
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Fig. 2. Classification of active cooling systems discussed in this study based on the energy source.
electricity-driven AC units exist, i.e., systems producing cold air and factor in our assessment criteria related to the flexibility of the system.
systems producing chilled water. Thermal energy-driven AC systems The different types of electricity-driven and thermal energy-driven AC
include several types (sorption chiller, ejector cooling system and units are discussed in this paper.
desiccant systems). Several energy sources are used to power the AC This section reviews the cooling technologies shown in Fig. 2 from
units: electricity, natural gas, heat, or solar power. In the 1960s, gas- the following aspects: the physical principle of each system, the
powered air conditioner units were common. However, the most com- assessment criteria shown above, and technical details regarding the
mon way to power AC units is still by using electricity. possibility to reverse the machine to work as a heat pump, referred to as
The compatibility of AC units to be driven by different energy “REV”, the possibility to recover heat at the condenser (simultaneous
sources is an advantage for some specific AC systems which is a key heating and cooling), “REC”, and the possibility to make passive cooling,
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Fig. 3. Integrated electricity-driven cooling systems (primary systems) with secondary systems and renewable energy sources (this figure gives an overview of the
common integration, but it is not generic).
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“PAS”.

To give an overview of the systems’ similarities and differences, a
comparison matrix of the ACs is provided in Table 2. The cooling sys-
tems are compared based on the aforementioned parameters. The first
section of the table provides technical details about the cooling systems
regarding reversibility, simultaneous heating and cooling, and the pos-
sibility to perform passive cooling. Due to the binary nature of those
characteristics, the comparison between systems is quite straightfor-
ward. The rest of the parameters are evaluated qualitatively by ‘high’,
‘medium’, or ‘low’ grades. The attribution of each system is based on the
performance of this system compared to the average of the other cooling
systems in the same category.

4.1. Electricity-driven AC units

Currently, the most common type of AC system mainly in residential
buildings is the VC system which uses electricity as the energy source, i.
e., the first group in Fig. 2. In practice, the most common types of
electricity-driven ACs are available in various configurations: split and
packaged systems; ducted and ductless; stationary and portable.

Fig. 3 shows an example of the common integration between primary
cooling systems (electricity-driven systems), secondary systems as well
as renewable energy sources in a building. The electricity-driven system
is represented in the figure by an indoor unit and an outdoor unit (see
Fig. 4, Fig. 5, and Fig. 6 for the detailed schematics of electricity-driven
systems). The figure also shows the 3 main types of ground coupling by
using a borehole heat exchanger or dynamic aquifer or static aquifer. In
addition to that, PV panels are used as an additional electricity source in
the building to drive the heat pumps. Mechanical ventilation can also be
provided by using for example a balanced mechanical ventilation system
with heat recovery which sometimes can be bypassed. The integration
also allows the heating or cooling of the building by radiant heating/
cooling technology. The EER of electricity-driven AC units is calculated
as follows in equation (1) [28]:

I o

elec

where.

o Q.,or: is the cooling capacity of the system [kW]
o Wi is the electrical power consumed by the system [kW]

4.1.1. Producing cold air
The systems that produce cold air are divided into two main
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categories, split systems (mono/mini-split systems, multi-split systems
and VRF systems), and packaged systems (window units, terminal units,
portable units and rooftop units).

4.1.1.1. Split systems. A split system air conditioner is a reversible air
source heat pump divided between one or several indoor units and one
outdoor unit. Air-to-air AC means an air conditioner that uses indoor air
as the cold heat source and outdoor air as the hot heat sink. In the split
system, the condensing unit consisting of compressor and condenser
coils is located outside the building, while the indoor unit consisting of
an evaporator coil and air filter is located inside the building. In split
systems, the secondary fluid in both the indoor units and the outdoor
unit is air.

a Mono-split systems

Mono-split system is the simplest air-conditioning unit. It is designed
to condition a small area or one room. It consists of one indoor unit
including an evaporator and one outdoor unit including a condenser, a
compressor and a fan. Mono-split systems are available in different
cooling capacities ranging from approximately 3.5 kW-14 kW [29]. The
schematic diagram is shown in Fig. 4 (a).

b Multi-split systems

A multi-split air conditioner means an air conditioner with an out-
door unit and one or more indoor units. The maximum cooling capacity
of multi-split systems depends on the total number of indoor units, the
capacity range is between 12 kW and 30 kW with 4 indoor units, but it
could reach up to 50 kW with 6 indoor units [29]. The schematic dia-
gram is shown in Fig. 4 (b).

Mono(mini)-split and multi-Split systems are both reversible systems
and can work as heat pumps but without heat recovery. A 2-pipe Vari-
able Refrigerant Flow (VRF) system is a reversible system without heat
recovery similar to multi-split systems (therefore, it provides either
heating or cooling according to the selected mode), while the heat re-
covery VRF system that provides both heating and cooling simulta-
neously, is the 3-pipe VRF system [30].

Among more than certified 3000 split reversible systems (<12 kW)
according to Eurovent certification, the SEER varies between 2.71 and
10.6 in some systems [31]. The EER has also a wide range between 2.11
and 6.45 [24].

Split systems (mono-split and multi-split) can also be divided into
two main types.

Indoor Unit Outdoor Unit (b)
@ e -
Low T! Medium T
L(:\: P! High P Indoor Unit 1
Throttling
.| Blower device
i = = : Indoor Unit 2
- 2 | 2 | —
Cold Air ¢ g 3 | == HotAir =
— % g —) —
: E o !
L Indoor Unit 3
High T Outdoor Unit
High P
‘ \_ /‘ Indoor Unit N
Low T Compressor
Low P!

Fig. 4. Split Systems air conditioner (a) Mono-split system schematic diagram (b) Configuration of a multi-split system.
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Fig. 5. VRF systems schematic diagram (a) two-pipe VRF system (b) three-pipe VRF system.
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Fig. 6. AC systems producing cold water (chillers) (a) air-cooled chiller schematic diagram (b) water-cooled chiller schematic diagram.

e Ducted systems: in ducted split systems, the evaporator is located in a
central location to provide cooling through a system of ducts in
different building types [29].

Ductless systems: ductless split systems provide space conditioning
by distributing low-pressure refrigerant to one or more evaporators
(typically up to four) located in conditioned spaces through a
network of insulated refrigerant lines [29]. Ductless systems do not
require any ductwork and could be installed anywhere. These units
work in the same way as the traditional (ducted systems), just
without the air ducts. Ductless split systems are the primary systems
in residential buildings because of their small size and energy savings
potential as they prevent duct air leakage from causing losses of
conditioned energy. The performance of the ductless system depends
on the appropriate placement of the indoor units. To moderately
distribute the conditioned air around the room, the evaporator
should be placed properly. Improper placement can result in inef-
fective space conditioning. Ductless multi-split systems allow for an
energy consumption reduction compared to ducted systems.
Multi-evaporator systems’ zone cooling control allows for even more
energy savings. Overall, the HVAC energy consumption is approxi-
mately reduced by 20% using a ductless AC system that operates at
the same efficiency as a ducted split system [29].

Split systems are mainly powered by electricity, not gas, hence, they
are not very flexible to different energy sources and usually rely on the
electricity grid. However, they can be powered by other electricity
sources such as PV panels or gensets (typically as a backup system as
explained hereunder). Ductless split units are ideal cooling systems that
can work with PV panels and they are widely used [32]. These systems
have previously been developed as solar-powered air conditioner that
operates using photovoltaic (PV) panels and commercial power supplies
[32]. The most important finding was that by reducing the building
cooling load, the size of the PV system required could be drastically
decreased; by minimizing the cooling load by over 75%, the required PV
array size was reduced by a factor of four [33].

In addition to that, split systems could be integrated with ice thermal
energy storage (ITES) enabling the system to provide cooling without
being connected to the grid for specific hours during the day. Ahmad
et al. [34] showed that TES allows the split units to shift peak load and
work during power blackouts for long periods, but the system is not
commercialized yet and has a drawback of the large space needed to
house the storage tank.

Extreme weather conditions can affect the cooling capacity of the
system and its performance. Wang et al. [35] studied the impact of the
outdoor air temperature on the COP of the split system, They showed
that the COP decreases from 3.1 to 2.65 with the increase of the outdoor
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temperature by 15 K from 30 °C to 45 °C. Hajidavalloo and Eghtedari
[36] showed that an evaporative-cooled condenser could be used to
maintain the cooling capacity of the split system at high temperatures.
Abdelaziz et al. [37] assessed the COP for different refrigerants at high
and extreme ambient temperatures for mini-split systems. The study
showed that R-290 produced a COP 8% higher than the baseline with
R-22 under extreme test conditions.

Since split systems rely on electricity, they are vulnerable to power
outages on their own. Therefore, split systems alone are not extremely
resilient to heatwaves and power outages. To increase this robustness as
previously mentioned, integration with renewable energies such as
solar-powered systems, integration with thermal storage such as ITES or
cold-water tanks, integration with electrochemical batteries, or inte-
gration with backup gensets is required for providing enough backup
power for full operation during a blackout.

Overall, split systems have a wide range of systems and capacities
that are available to cool all types of buildings (residential and com-
mercial) with an advantage to ductless systems over ducted systems,
which shows TRL 9 for split systems.

¢ VRF Systems

VRF systems operate on the direct expansion principle that uses one
compressor-heat exchanger (outdoor unit) and possible numerous heat
exchangers (indoor units) controlled by controllable expansion valves to
provide cooling (evaporator mode) and heating (condenser mode). The
mass flow rate is controlled by the electronic expansion valve (EEV). In
reaction to zone thermal measurements, this allows the VRF to be
changed. Since the cycle in VRF systems is reversible so they can operate
as reversible heat pumps, and the cycle can provide heating and/or
cooling [38].

VRF systems are generally characterized by a higher cooling capacity
than traditional split systems with cooling capacities mainly over 12 kW
and can reach more than 60 kW [39]. VRF systems with a Eurovent
Certified Performance have EERs varying around 3-4 [40]. There exist
two types of VRF systems as shown in see Fig. 5.

e 2-pipe system: with a 2-pipe system, the whole system is either
cooling or heating. The schematic of the 2-pipe system is shown in
Fig. 5 (a).

3-pipe system: with a 3-pipe system, there can be both heating and
cooling in different zones as shown in Fig. 5 (b). Generally, the 3-pipe
system is the most popular because it gives greater control. It is also
better if some rooms constantly require cooling while other areas
may vary between heating and cooling requirements depending on
the weather. VRF systems can transfer “heat” and “cold” according to
the local need with very low energy consumption.

There are various working modes for VRF systems to provide only
heating, only cooling, or heating and cooling simultaneously. In the first
working mode (cooling mode only), all the indoor units work in cooling
mode only while in the second working mode (heating mode only), all
the indoor units work in heating mode. In addition to that in some cases
for the 3-pipe VRF system, there is a heat recovery mode with cooling
demand equal, higher, or lower than the heating demand, in this case,
some indoor units work in heating mode while the others work in
cooling mode depending on the demand.

Compared to conventional air-conditioning systems, these systems
can control room-to-room temperature [41], without the use of air and
water distribution circuits. A 3-pipe VRF system may deliver both
cooling and heating simultaneously. However, VRFs have several
drawbacks compared to air and water distribution systems. They can
have much longer refrigerant pipes, hence a higher refrigerant charge
and higher refrigerant pressure drop along the pipes and they also have a
more complex control system [42].
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4.1.1.2. Packaged units. Packaged air conditioners are also known as
unitary systems. The evaporator, condenser and compressor are con-
tained in a single box assembled at the factory site, which ensures the
high quality of the packaged unit. Moreover, refrigerant charging is also
done at the factory, avoiding potential issues linked to piping, evacua-
tion, refrigerant charging, and leak testing onsite. The unit can also be
shipped very easily to the site. Overall, the resulting benefit of packaging
is cost reduction [43]. Packaged ACs can have various sizes, ranging
from single-room units that can fit through a window to large rooftop
units that can cool an entire building [6].

Similar to split systems, packaged unit systems can be reversible but
cannot be used to recover both heat and cold.

Faramarzi et al. [44] evaluated the performance of packaged rooftop
air-conditioning units at high ambient temperatures. They used six units
coming from three different manufacturers. The standard units had a
SEER of around 2.9 and an EER of around 2.5 while the SEER and EER of
high-efficiency units were around 3.7 and 3.2 respectively.

Packaged AC systems can be integrated with thermal energy storage
(TES) systems. TES systems can shift electric demand to off-peak hours
and come with energy savings. TES also offers the opportunity to
improve renewable energy systems integration. The integration could be
measured with source energy reduction, fossil fuel consumption reduc-
tion, emissions reduction, and cost-effectiveness [45]. Regarding resil-
ience to heatwaves, packaged AC systems are similar to split AC systems.

Packaged units are widely available on the market with a large range
of systems and capacities to cool all types of buildings. Although they are
more popular in the US than in Europe where packaged systems repre-
sent only 5% of the AC market share [39]. Overall Packaged systems
have a TRL 9.

According to IEA [6], the main packaged ACs are divided into four
main types.

a Window units

Window units can fit into a standard window frame due to their
compact size and are sometimes called “through-the-wall” units. Win-
dow air conditioners are usually used for small air-conditioning capac-
ities of up to 17 kW [46].

b Terminal units

Packaged terminal ACs are characterized by a large unit under a
window that has a grilled opening that passes through the wall con-
necting the condenser and the evaporator [47].

¢ Portable units

Portable units are designed to be easily carried inside a building,
with a tube to remove the unit’s heated air to the exterior [6,47].

d Rooftop units

Rooftop units, or outdoor packaged units, are larger systems that use
ducts to deliver cold air into the building. Those units are commonly
used in places like restaurants, homes, small halls, etc. They have higher
cooling capacities than window units, up to 50 kW [46].

4.1.2. Producing cold water (chillers)

Chillers are large ACs that produce and distribute chilled water
through a cooling network, made up of pipes and heat exchangers, to
terminal units and cooling coils in air handling units that cool the indoor
air. The main advantage of chillers is that they are very flexible
regarding integration with secondary systems. They can easily be
coupled with a thermal storage system (generally ice or chilled water) to
shift the energy usage of the HVAC system from on-peak to off-peak
periods [5]. Depending on the requirement of the terminal unit they
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can also provide water at a higher or lower temperature.
Low-temperature systems such as cooling coils require water around
7 °C while high-temperature systems such as radiant ceilings use water
at 18 °C [48]. If connected to an ice storage system, the temperature of
chilled water is typically around —5 °C during charging (an aqueous
solution of glycol, also called brine, must be used). Similarly, as
air-conditioning systems, chillers are electricity-driven, they are not
very flexible to energy sources, but they can be partly or entirely pow-
ered by PV panels or other renewable energy sources.

Electricity-driven water chillers are vulnerable to power outages. As
already mentioned, their robustness can be increased by integration
with renewable energies or TES to provide enough backup power for full
operation during a blackout. They could also be backed up by some gas-
driven or diesel-driven gensets, in case the system cannot be stopped.

Chillers have a wide range of systems and capacities that are avail-
able to cool all types of buildings (residential and commercial), which
gives them TRL 9.

There exist several types of water chiller systems that vary depending
on the way the heat harvested in the building is evacuated. The heat
evacuation is done through the condenser, which can be either air-
cooled, water-cooled or evaporative-cooled. The main characteristics,
advantages and drawbacks of those types of systems are described
hereunder, as well as their energy performance.

4.1.2.1. Air cooled. In air-cooled chillers, one or more fans are used to
cool the condenser coils as the heat generated by the refrigerant is
rejected directly to the outside air. The air-cooled condensers use
ambient air to absorb the sensible and latent heat energy dissipated by
the refrigerant during the process of condensation. Since convective heat
transfer coefficients are lower with air than with water, the air-cooled
condensers are larger and mostly less efficient compared to water-
cooled condensers in average operating conditions. The air-cooled
chiller schematic is shown in Fig. 6 (a).

This system is more often installed in smaller chiller plants, generally
below 700 kW, because space, water treatment, additional maintenance
cost and initial cost associated with the cooling tower, and condenser
water pump outweigh the energy benefit. The EER of typical air-cooled
systems varies between 2.8 and 3.1 [49]. This efficiency is strongly
linked to the outdoor temperature and the part-load ratio of the chiller.
The energy efficiency decreases at higher ambient temperatures and
sometimes at part load.

Compared to water-cooled condensers, it operates at a higher
condensing temperature; hence the performance of the compressor of
the refrigeration system is 15-20% lower. The condensing pressure can
be decreased by increasing the fan speed of the condenser, hence
decreasing the energy consumption of the compressor. However, it
simultaneously increases the consumption of the fan and a trade-off has
to be found.

Another drawback related to the higher condensing temperature is
that air-cooled chillers are generally less resilient to heatwaves than
water-cooled chillers. Using the outdoor air as a cooling medium means
that the system performance is strongly dependent on the outdoor
conditions.

4.1.2.2. Water cooled. In water-cooled chillers, heat is rejected to
water, which is pumped to a dry-cooler or a wet cooling tower and
circulated.

It is proven that water-cooled chillers are more energy-efficient
compared to air-cooled chillers. Water-cooled condensers are smaller
than air-cooled to provide the same cooling effect and they are also more
efficient. Generally, they can operate at lower condensing pressure,
since the theoretical water temperature limit is the wet bulb of the
outdoor air. However, it could become untrue in case of large pinch
points between the heat exchangers.

Another advantage of water-cooled chillers is that they can be
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bypassed to perform free chilling. The cold water that is produced to
cool the condenser of the chiller can be directly or indirectly (by heat
exchanger decoupling) used in the terminal units [50]. Generally,
water-cooled chillers have higher capital costs than air-cooled chillers.

The EER of water-cooled chillers is generally between 4.9 and 7.8
[49]. As for air-cooled chillers, the chiller energy efficiency drops when
operating at part loads and more significantly at a very low part load
below 30%, but it depends on the load control mechanism based on the
type of the compressor, in addition to that, the efficiency also decreases
at higher condenser water temperatures. The water-cooled chiller
schematic is shown in Fig. 6 (b).

a Dry cooler

Due to several reasons, such as environmental regulations or water
consumption restrictions, air-cooled condensers, and especially natural
draft dry cooling towers, are becoming a more favourable choice for
power plants even though they show reduced efficiency at high ambient
air temperatures [51,52]. During hot days, it is possible to improve the
efficiency of dry cooling towers by using techniques such as water
spraying [53,54].

b Wet cooling tower

Cooling towers rely on water evaporation. As such, circulating water
can potentially be cooled down to the outdoor air wet-bulb temperature.
Compared to dry cooling towers, wet cooling towers are more effective
and have a substantially smaller surface area [55]. However, the water
consumption of wet cooling towers is larger due to evaporation, drift
and draining losses [56]. There is approximately 1% evaporation from
the total water flow for each 7 K temperature change in the exhaust
water temperature of the cooling tower [57].

Cooling towers can be either natural or mechanical drafts, meaning
that the airflow through the cooling tower can be induced either by
natural means or with fans [58]. Less space is required for mechanical
draft cooling towers than for natural draft ones but the fans require
electrical energy, which comes with higher energy consumption (fan
power is approximately 1.8% and the pump power 0.2% of the cooling
capacity) [59] and higher operating costs [60].

The Performance of wet cooling towers can be further enhanced by
pre-cooling the air entering the tower. Pre-cooling of the air can be done
through an “indirect evaporative cooler” (IEC), which consists of a
water-to-air heat exchanger. Part of the cold water produced by the
cooling tower is diverted and used in the IEC to pre-cool the outside air
entering the tower. In such a configuration, the temperature limit of the
circulating water becomes the dew point of the outdoor air, rather than
the wet bulb temperature [61].

¢ Geothermal borehole

The temperature of the earth remains relatively constant at depth,
being warmer than the air temperature in winter and colder in summer.
Geothermal boreholes allow rejecting heat in the ground to provide a
lower temperature heat sink than outdoor air [5].

Borehole thermal energy storage (BTES) systems can also be used for
seasonal TES by transferring heat or cold to the ground. Heat and cold
can be stored in the ground over either short-term or long-term periods
at a rather low cost. When the ground temperature is higher than the
temperature at which chilled water should be provided to the terminal
units, a chiller must be used to provide chilled water to the conditioned
space at the desired temperature. If the temperature of the ground is low
enough, it is possible to perform passive cooling (called “geocooling”),
which can be the case if a high-temperature emitter is used, such as
radiant panels or chilled beams. Available low ground temperatures will
result from the history of heat extraction during the heating season. In
geocooling mode, the cooling system consumes low amounts of energy
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[62], associated with water-circulating pumps, leading to typical SEER
values of 12 or more.

BTES is mainly used for combined heating and cooling, typically in
well-insulated office buildings which have cooling requirements in
summer due to high internal heat gains. The heat is then delivered to the
BTES for seasonal storage. To avoid temperature drifts in the ground,
heating and cooling loads should be balanced over the year [63].

d Aquifer thermal energy storage (ATES)

ATES is, on the contrary, an open-loop cooling solution that depends
on the existence of an aquifer. It consists of at least two separate wells,
one for the extraction of groundwater, and another for the reinjection
[64].

During winter, cold can be stored in the aquifer, for example with a
heat pump that extracts heat from the aquifer to cover the heating needs
in the building. In summer, the stored cold can be used for cooling
purposes. In static aquifers, thermal energy is stored seasonally. In dy-
namic aquifers, however, there is a flow of underground water that
ensures a constant temperature of the water but prevents seasonal
storage. The main advantage of this technique is that during the cooling
season, it is sometimes possible to perform passive cooling by taking
advantage of the sufficiently cold ground water temperature. In this
case, the chillers are unnecessary, resulting in large energy savings. In
most cases, the use of chillers is significantly reduced, which leads to
major savings on electricity [65].

4.1.2.3. Evaporative cooled. Hybrid evaporative air-cooled condensers
are a combination of a cooling tower and an air-cooled refrigerant
condenser that takes the profit of adiabatic cooling. The hot refrigerant
gas passes through a “tube to plate” design evaporative condenser and
water cascades over its surface. Air is drawn through the condenser and
some of the water evaporates causing heat transfer. In comparison to an
air-cooled system, the evaporative condenser results in a lower
condensing temperature. As a result, it is considerably more efficient
than air-cooled condensers.

Compared to water-cooled condensers, this system eliminates cool-
ing towers and condenser water pumps, saving initial and operating
costs for additional auxiliaries.

Hajidavallo and Eghtedari [36] experimentally showed that an
evaporative cooler coupled with an air-cooled condenser can reduce the
power consumption of the air-conditioner by up to 20% and increase the
system EER by 50%. They also showed that evaporative-cooled chillers
are less sensitive to outdoor air conditions than dray air-cooled chillers.

Youbi-Idrissi et al. [66] modelled a sprayed air-cooled condenser
coupled to a refrigeration system. They showed that compared to a
dry-cooled air condenser, the EER and calorific capacity of the system
increased by 55 and 13% respectively.

Yu and Chan [67] investigated the usage of mist pre-cooling to
improve the EER of air-cooled chillers. They estimated that the annual
energy usage could be decreased by up to 18%.

4.2. Thermal energy-driven AC units

The different types of thermal energy-driven systems are shown in
the second group of Fig. 2. There are different cooling techniques driven
by low-temperature heat sources, including absorption, adsorption,
desiccant, and ejector cooling systems. Absorption is the most exten-
sively utilized of these methods, accounting for 59% of installed
thermal-energy-driven systems in Europe, compared to 11% for
adsorption and 23% for desiccant cooling [68].

The electrical energy input of thermal energy-driven cooling systems
often is negligibly small. Therefore, the electrical COP (COP¢je.) can be
used to distinguish it from the thermal COP (COPy,). COPgle. is defined
as the amount of heat extracted by the evaporator divided by the amount
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of electricity consumed as shown in equation (2) [69]. COPy, is defined
as the amount of heat extracted by the evaporator divided by the amount
of required heat by the system as shown in equation (3) [69].

COP, = 2or @

elec

COP,, = .Q” 3)

gen

As explained previously in Fig. 3 for the integration between the
different cooling systems for the electricity-driven systems category.
Fig. 7 also shows the integration between the primary (thermal energy-
driven systems), secondary systems as well as renewable energy sources.
The thermal energy-driven cooling systems are represented by sorption
cooling systems, ejector cooling systems, and desiccant cooling systems
(see Fig. 8, Figs. 9 and 10 for the detailed schematics of thermal energy-
driven systems). There is also a connection between the thermal panel
and biomass supply as energy sources for thermal energy-driven
systems.

4.2.1. Sorption chiller

Sorption cooling systems are thermal energy-driven AC units as they
use heat to produce cooling based on the solid and liquid sorption
process. They could be classified based on the sorption mechanism into
absorption and adsorption cooling systems. Absorption and adsorption
cooling systems are similar to the traditional VC refrigeration systems,
with the primary distinction being that heat rather than mechanical
work drives the cycle [19].

The sorption cooling system has four main components: condenser,
evaporator, generator and absorber components [70]. To extract vapour
refrigerant from the high-pressure sorbent, heat is provided to the
generator (high-temperature heat source). This heat is the energy input
provided to the machine. The condenser condenses the vapour refrig-
erant, rejecting heat to the ambient (medium temperature heat sink).
After the condenser, to reduce the pressure of the liquid refrigerant, the
latter flows through an expansion valve to the evaporator where the
refrigerant evaporates, producing a cooling effect (low-temperature heat
source) [70]. Finally, the vaporized low-pressure refrigerant is absorbed
by the sorbent, rejecting heat to the ambient (medium temperature heat
sink). The schematic diagram of the sorption cooling systems is shown in
Fig. 8. Due to the significant environmental characteristics, sorption
cooling systems, especially adsorption chillers, are becoming more and
more popular [71].

Sorption cooling systems can work as heat pumps since they could
absorb heat at low temperature and pump it to a heat sink at medium
temperatures [72]. In addition to that, they can offer heat recovery and
be used for both heating and cooling purposes simultaneously [73].

There are two types of sorption cooling systems and both systems
have similar components.

4.2.1.1. Absorption chiller. Absorption chillers use lithium Bromide
(LiBr) or water as the absorbent fluid and water or ammonia (NH3) as
the refrigerant. The absorption chiller has a higher COP value than the
adsorption chiller [71]. In the absorption chiller, a “thermal
compressor” is used, rather than the mechanical compressor used in VC
refrigeration systems as shown in Fig. 8 (a) [74].

4.2.1.2. Adsorption chiller. Adsorption chillers use silica gel, activated
carbon or zeolites as the adsorbents and water as the refrigerant.
Compared to absorption systems, adsorption systems are less sensitive to
the temperatures of the heating source and the cooling water. The
schematic of the adsorption chiller is shown in Fig. 8 (b).

Kuczynska & Szaflik [71] analysed the COP of the absorption and
adsorption cooling systems, the study showed that the COP varies with
the temperatures of the driving source and cooling water. Absorption
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chillers reach higher COP values than adsorption chillers. The COP of
the absorption chiller varies between 0.7 and 1.2 depending on the cycle
configuration (single or double effect chiller) [75], while the COP for the
adsorption chiller varies between 0.4 and 0.6 [71]. Pilatowsky et al. [72]
discussed the various capacities of the different commercial systems of
different manufacturers. Absorption and adsorption chillers are avail-
able in different capacities starting from 4.5 kW up to 30 MW depending
on the manufacturer characteristics for the different systems [69,72].
Sorption cooling systems are energy source flexible systems as they
could be driven by various energy sources, including solar energy. Low-
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grade heat sources, such as waste heat, can also be used to power the
sorption cooling systems [73,76]. Wang et al. [77] studied the LiBr-H50
absorption cooling system’s thermal performance using a
Parabolic-trough collector. The study analysed how the steam flow rate
affects the variations in the cooling capacity and COP. When the load
factor changes from 20% to 100%, the COP increases from 0.89 to 1.32,
which is the same for the absorption chiller driven by exhaust gas.
Heatwaves could decrease the cooling capacity and the efficiency of
sorption cooling systems, Kim et al. [78] showed that the air-cooled half
effect LiBr-water absorption chiller’s cooling capacity in
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high-temperature conditions is 4.8 kW at 50 °C ambient temperature
which is 62.5% lower than the cooling capacity at 35 °C ambient tem-
perature (in case of the direct air-cooled chiller), while the cooling ca-
pacity for the indirect chiller at 50 °C ambient temperature is 3.2 kW
(64.4% lower than the cooling capacity at 35 °C ambient). The cooling
water distribution system of the sorption cooling systems, as well as a
number of components inside the system, cannot be operated without an
electrical power source, as a result, the system has medium resilience in
the event of a power outage [11]. Resilience could be improved by
connecting the sorption cooling system with solar systems like the
assisted solar-absorption cooling systems where the electricity is pro-
vided by solar energy as electricity consumption (in kWe per kWy, of
cooling capacity) is much lower than for a conventional VC chiller. The
sorption systems could also integrate local electricity production like the
conventional compression refrigeration systems to operate during
power outages [11].

In the past, there have been major manufacturers offering sorption
cooling systems mainly for high capacities for commercial buildings and
industrial applications. Currently, many companies developed chillers
of medium and small capacities, therefore sorption cooling systems can
be categorized in TRL of 3-9 [72,79].
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4.2.2. Ejector cooling systems

The schematic diagram of the ejector cooling system is shown in
Fig. 9. The cycle consists of an evaporator, a generator, an ejector, a
condenser, an expansion valve and a circulation pump. The generator
uses low-grade heat energy for vaporization, then, the high-pressure
vapour (primary flow), enters the nozzle of the ejector and entrains
low-pressure vapour from the evaporator (secondary flow). Both flows
are mixed and undergo pressure increase in the ejector diffuser. They are
then fed into the condenser. At the condenser outlet, the liquid is divided
into two flows: the primary flow and the secondary flow. The secondary
flow goes through the expansion device to the evaporator producing the
refrigerating effect, while the primary flow is pumped back to the
generator which completes the cycle [80,81]. The ejector can be used as
a component of a refrigeration system, where it fulfils the role of a
compressor [81].

The main advantage of the ejector is that it has no rotating compo-
nent for compression or any other part that could require maintenance
or lubrication. However, there are losses resulting from the direct
interaction of two fluids moving at various velocities [81].

Those systems can be driven by low-grade thermal energy and enable
the reduction of mechanical work requirements since the work of the
pump can be neglected compared to the generator heat input [80,82].
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The heat rejected at the condenser can be recovered to perform
simultaneous heating and cooling, given that heat should be delivered at
a lower temperature range (medium-temperature heat sink) than the
generator heat (high-temperature heat source).

Ejector refrigeration systems are characterized by relatively low
COP. Chen et al. [82] reported EERs ranging from 0.03 to 0.48 for
cooling capacities up to 5 kW. Besagni et al. [83] presented a compre-
hensive literature review on ejector refrigeration systems. They pro-
vided a deep analysis of existing ejector technologies and their influence
on ejector performance. Over more than 30 studies on ejector refriger-
ation systems, it appears that the EER varies within the range of
0.02-0.85.

The generator of the refrigeration cycle can be fed by various heat
sources. Ejector refrigeration systems can be coupled with solar heating.
The main advantage of solar energy is the temporal coincidence between
heat input and cooling load. However, the solar collector should pref-
erably be combined with TES due to the intermittent feature of solar
energy [82]. Most of the studies concluded that the efficiency of an
ejector system would be enhanced in a region with sufficient solar ra-
diation but where a low condenser temperature could be maintained.
The overall COP of the solar ejector refrigeration cycle can be expressed
as equation (4) [80].

COPovamll = r].yo[ur_pam»/ COPejeczor,chilIer (4)

Therefore, the solar collector determines the solar-powered system’s
performance and cooling capability. Advanced refrigeration systems can
be developed by completely removing the mechanical pump to realize
heat-driven refrigeration systems [84]. Nguyen et al. [85] studied the
possibility to use gravitational force to transfer the refrigerant from the
condenser to the generator. Shen et al. [86] proposed replacing the
mechanical pump with a gas-liquid ejector. Removing completely the
mechanical pump would also ensure the resilience of the system as it
would not be affected by power outages. Regarding the resilience to
heatwaves, the system is dependent on the variability of the conditions
at the condenser. The condenser temperature should be kept low enough
to ensure system performance.

Due to their rather low EER, ejector refrigeration cycles are not
competitive on the market yet due to high costs compared to absorption
chillers. Ejector refrigeration systems may become a competitive tech-
nology only with higher EERs, which would lead to a reduction of heat
exchanger size, hence decreased costs. The main advantages of this
refrigeration system are robust operation, low cost and environmental
safety [87]. So far, the TRL of ejector systems is 3 [88].

4.2.3. Desiccant systems

Desiccant cooling systems are heat-driven systems that can be used
alternatively to conventional VC and sorption cooling systems. They can
handle sensible and latent heat loads independently. A desiccant is a
substance, either solid or liquid, which absorbs water molecules from
warm humid air. The desiccant is later regenerated by heating so that it
releases the absorbed moisture [89].

The underlying principle of desiccant cooling systems is to handle
latent and sensible loads separately for more efficiency. The latent load
of the process air (i.e., moisture) is removed in a dehumidifier that
contains a desiccant material. Then, the sensible load can be handled by
heat exchangers, evaporative coolers or cooling coils, in which the
temperature of the dried process air is decreased to the desired comfort
conditions [90]. For the system to work continuously, the desiccant
should be regenerated using a heat supply. The regeneration process
only requires low-grade heat at about 60-95 °C. Therefore, waste heat
from traditional fossil-fuel systems and renewable energies like solar
and geothermal heat are potential energy sources for regeneration.
However, the desiccant system can also be coupled with an auxiliary
heat source such as electricity or a gas heater if the continuous operation
of the system is to be ensured [91]. The schematic diagram of the
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desiccant system is shown in Fig. 10. If necessary, the air is further
cooled in an evaporative air cooler (aftercooler), before being directed
into the room.

The system is simple and generally has a satisfactory thermal coef-
ficient of performance. Sahlot & Riffat [92] showed that liquid desiccant
systems and solar-assisted desiccant cooling systems have EERs in the
range of 0.47-1.38 in different regions [93-96]. Liquid desiccant sys-
tems can be used in conjunction with direct or indirect evaporative
cooling systems or conventional VC systems since they are suited for
latent heat extraction but not sensible heat [97]. Liquid desiccant sys-
tems can also be coupled with VC systems, offering the possibility to
control temperature and humidity independently. Pena et al. [98]
showed that such a system can reach an EER of 4.6. A novel design of a
hybrid system of VC system and liquid desiccant system was proposed by
She et al. [99]. In this system, the desiccant solution is regenerated using
the condensing heat of the VC system. Generally, hybrid VC refrigeration
systems show significantly higher EER than conventional VC refrigera-
tion systems. The COP could be increased by up to 18%. Romero-Lara
et al. [100] established a comparison between three air-cooling sys-
tems in which it appears that desiccant cooling systems consume from
three to fifteen times less energy than a conventional VC system
depending on the climate zone. Regarding environmental impact, they
concluded that desiccant systems could be an alternative to traditional
VC systems to reduce CO2 emissions by 68-78% in the warmest zones.

Desiccant cooling systems are very flexible to energy sources. Since
only low-temperature heat is required, the desiccant system can be
coupled with a solar system or a geothermal system or by recycling the
waste heat from another process. The heat production system can be
combined with thermal storage to adapt to the building’s needs without
requiring the use of a gas heater or electricity [101].

They are not very robust to climate change since their efficiency
strongly depends on outdoor air conditions. Moreover, the system re-
quires electricity to drive the fans and pumps, meaning that it is not
resilient in case of a power outage. Resilience could be improved by
connecting the desiccant cooling system to a microgrid in which elec-
tricity is produced by solar panels.

Desiccator wheels are mainly used in non-residential applications,
also they can also be used in residential buildings. However, the existing
desiccant systems are generally simple with basic equipment and more
advanced systems are not widely implemented yet [63]. Desiccant
cooling technology could be categorized in TRL level of 3-4 [102].

a Solid desiccant system

In solid-assisted desiccant systems, solid desiccant materials are used
to remove the air moisture content in the air through the adsorption
process. The advantage of solid desiccant systems over liquid ones is the
simpler handling of desiccant materials. Solid desiccants are also
compact, less subject to corrosion and carryover [102]. However, solid
desiccant materials generally have a higher regeneration temperature
than liquid desiccants. Research is carried out to lower the regeneration
temperature requirement [103].

b Liquid desiccant system

Liquid desiccants have several advantages over solid desiccants.
Liquid desiccants are generally associated with lower-pressure drops,
which makes them suitable to use with low-temperature regeneration
[104]. The liquid desiccant can also be stored when a heat source is not
available for regeneration. A liquid desiccant system combined with a
VC system can reduce power consumption by 25% and condensation and
evaporation areas by 34%, compared with a VC system alone [89].

5. Comparison between different active cooling systems
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Table 2
Qualitative comparison between active cooling systems based on the assessment criteria.
AC Systems
Electricity- Driven AC units (VC) Thermal Energy-Driven AC Units
Performance ’ : - ) ) ) -
Producing cold air Producing chilled water (Chillers) Sorption Chiller Desiccant
measures
Split systems Packaged Units Water-cooled chillers Systems
” o Air- Adsorption Absorption EJECtor
Mono-split systems Multi-split systems VRF . cooled . cooled . L .
Window Portable Rooftop chillers Dry Wet cooling Geothermal ATES chillers Chiller Chiller Liquid Solid
Ducted Ductless | Ducted Ductless | 2-pipe 3-pipe Unit Unit Unit cooler tower borehole Desiccant | Desiccant
systems | systems | systems | systems | system system
1
REV v v v v v v v v v v X X v v X v v X X X
2
' REC X X X X X v X X X X X v v v X X
Technical
details 3
PAS X X X X X X X X X v v v v X X X X X X
System
capacity
range Large Large Large Large Large Large Low Medium Large Large Large Large Large Large Large Large Large Low Large Large
Assessment Criteria
Energy System
performance Efficiency High High High High High High High High High High High High High High High Low Low Low High High
Energy
source
Flexibility of flexibility Medium Medium Medium Medium Low Low Low Low Low Medium Medium Medium Medium Medium Medium High High High High High
Y Integration
the system )
with
secondary
systems Medium | Medium | Medium | Medium | Medium Medium Low Low Medium High High High High High High Low Low High High High
Climate Heatwaves High High High High Medium Medium Low Low High Medium | Medium High High High High Medium Medium Medium Low Low
resilience Power
outages Low Low Low Low Low Low Low Low Low Low Medium Medium Medium Medium Low Medium Medium High Medium Medium
Large
Building All All All All Larger Larger Large All All Large office office
Other type types types types types buildings buildings Residential All types buildings types types buildings All types buildings All types All types All types All types All types All types
TRL 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 3-9 39 3 3-4 3-4

IREV: Possibility to reverse the machine to work as a heat pump.
2REC: Possibility to recover heat at condenser (simultaneous heating and cooling).
3PAS: Possibility to make passive cooling.
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6. Discussion
6.1. Findings and recommendations

According to the sixth assessment report of the Intergovernmental
Panel on Climate Change (IPCC) [105], recurring heatwaves are
becoming increasingly frequent. At the same time, buildings should be
equipped with resilient cooling technologies to tackle the upcoming
heatwaves. In this paper, ACs are classified into two main categories
(electricity-driven and thermal energy-driven) cooling systems, with an
overall assessment of 20 cooling systems as shown in Fig. 2.
Electricity-driven systems are classified into systems producing cold air
(split systems and packaged units) and systems producing cold water
(air-cooled, water-cooled, and evaporative-cooled) chillers. Thermal
energy-driven systems are classified into sorption systems, ejector
cooling systems and desiccant systems. As shown in Fig. 1, cooling
systems are qualitatively assessed through five assessment criteria (en-
ergy performance, flexibility to energy source and secondary systems,
climate resilience to heatwaves and power outages, as well as building
typology, and TRL). Furthermore, the prospect of reversing the machine
to operate as a heat pump, recovering heat at the condenser, and
operating in passive cooling mode is also studied.

Table 2 summarizes the results, it can be found that most electricity-
driven systems can reverse the machine and work as a heat pump to
work in heating mode except for the dry cooler and wet cooling tower.
While only adsorption and absorption systems from thermal energy-
driven systems can be reversed. Most of the systems cannot recover
heat at the condenser except for 3-pipe VRF systems, water-cooled
chillers, absorption systems, adsorption systems, and ejector cooling
systems. Furthermore, air-cooled chillers and water-cooled chillers are
the only systems that can work in passive cooling mode. The results also
have shown that most of the systems are available in low, medium, and
large capacities except for window units and ejector cooling systems that
have low capacities, and portable units that have medium capacities.
The efficiency for most of the systems is high as mostly all the conven-
tional VC systems are available in the market with high efficiency, as
well as; desiccant cooling systems [106,107], while sorption chiller and
ejector cooling systems have lower efficiency levels compared to con-
ventional VC systems.

Electricity-driven systems lack high flexibility with different energy
sources. Therefore, they have either low or medium grades as shown in
Table 2, based on the system flexibility to be driven by PV systems and
renewable energy sources. On one hand, thermal energy-driven systems
are energy source flexible systems and can be driven by various thermal
energy sources as shown for sorption chillers, ejector cooling systems
and desiccant systems. On the other hand, not all electricity-driven
systems are highly integrated with secondary systems, only chillers
are very flexible regarding integration with secondary systems (e.g.,
FCU and radiant panels). For thermal energy-driven systems, several
applications show high flexibility with integration between ejector
cooling systems, desiccant systems, and secondary systems which is not
the case for sorption cooling systems.

Climate resilience to heatwaves is assessed according to the system’s
integration with renewable energy sources (specifically PV systems with
batteries as well as biomass), and secondary systems. The results show
that split systems and chillers are highly resilient to heatwaves, while
the other electricity-driven systems are not very robust against heat-
waves. In addition, air-cooled chillers and dry coolers are more sensitive
to the outdoor temperature, therefore, they are less resilient to heat-
waves than water-cooled chillers. The efficiency and capacity of thermal
energy-driven systems are highly dependent on the outdoor temperature
more than VC systems. Therefore, they are not strongly resilient to
heatwaves, while for sorption systems, a previous study has shown that
using a spray-evaporative heat exchanger can reduce the effect of the
outdoor temperature on the sorption system capacity [108].

Electricity-driven systems are vulnerable to power outages due to
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their dependency on electricity; therefore, they show low resilience to
power outages. However, water-cooled chillers can work in passive
mode (free chilling/geocooling). Therefore, they are more resilient to
power outages than other electricity-driven systems. Sorption systems
and desiccant systems have higher resilience grades to power outages
compared to electricity-driven systems; due to the small electrical input
to run the systems, while ejector cooling systems show high resilient to
power outages as an advanced system could be operated without a
mechanical pump [84].

Table 2 also shows the building type for the different cooling sys-
tems, as well as; their TRL. Most of the systems can be used in all
building types except VRF systems, rooftop units, wet cooling towers
and ATES that are used in larger buildings, and window units that can be
used in residential buildings only. All the electricity-driven systems are
widely available and have a TRL of 9. Thermal energy-driven systems
have a lower TRL between 3 and 4 and it could reach 9 in absorption and
adsorption systems.

The list below is given as a summary of the main findings and
recommendations.

1. Electricity-driven cooling systems are generally more mature tech-
nologies than thermal energy-driven cooling systems and they have
higher efficiencies. They can also easily be coupled with renewable
energy sources such as PV panels. Most electricity-driven systems
also exist in reversible modes, such as they can provide cooling in
summer and heating in winter.

2. Under some conditions, systems producing chilled water can be used
to perform free chilling, leading to a considerable amount of energy
saving. Such operating mode largely decreases electricity consump-
tion making it more resilient to power outages.

3. Cooling systems coupled with mechanical ventilation systems grant
improving both indoor air quality and energy savings. Generally,
they are better suited for newly constructed residential buildings.

4. Thermal energy-driven AC units should be preferentially used in
buildings in which some processes induce waste heat. They can also
easily be coupled with renewable energy sources, e.g., solar thermal
collectors or biomass combustion.

6.2. Strengths and limitations

Through a qualitative approach, this study evaluates the perfor-
mance of several ACs based on a multi-criteria assessment. This section
highlights the strength and limitations that were encountered by using a
qualitative approach.

The original strengths of this study are fourfold. First, the perfor-
mances of the ACs take into account their flexibility to integrate with
renewable energy sources and secondary systems. The integration be-
tween the different systems is provided in original schematics in this
study. Second, the study assesses the possibility of the cooling systems
operating, in reverse mode, as a heat pump, the possibility to recover
heat at the condenser (simultaneous heating and cooling), and the
possibility to operate in passive cooling mode. Third, the study has been
conducted on a wide range of technologies, applied to an extended range
of cooling capacities and building types. Lastly, this study can be
considered a part of the assessment of the different electricity-driven and
thermal energy-driven cooling systems; which gives an overview of the
most common types on the market.

However, the study has some limitations. First, the amount of liter-
ature discussing the resilience of ACs to heatwaves or power outages is
rather limited. Generally, research is more focused on studying the
performance of ACs under normal operating conditions. However, this
uniquely utilises the collection of a large database to evaluate the sys-
tems’ performances. For each system, the range of EER or COP that is
given is resulting from a comparison of more than 30 systems.

The second limitation lies in the comparison between the perfor-
mances of the different systems. All the systems have not necessarily
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been tested using the same boundary conditions or in the same climate,
they can also have different capacities for several building types and
have different operating conditions. All those parameters make the
direct comparison between the systems more complex. Finally, the pa-
rameters that have been chosen to compare the ACs are oriented toward
climate change mitigation, some other parameters could also have been
taken into account to characterize performance measurement that could
have advantaged some other systems. In addition, some of the criteria
chosen can sometimes be subjective regarding the evaluation (low,
moderate or high) and influenced by the comparison with the other
systems.

6.3. Future directions

Based on the critical review of the prior studies, a concrete com-
parison of different cooling systems based on multiple assessment
criteria under the same boundary conditions remains challenging. The
future directions should be able to consider both challenges and op-
portunities related to building site and location. For example, it could be
an opportunity for one site to provide a water source for heat pumps,
while another site has a main gas supply. Another direction should be to
the probabilistic changes that are likely to occur in the future with the
decision-making process in the different countries, for example, decar-
bonization of the electrical supply and the energy transitions.

7. Conclusion

This paper provides a qualitative assessment review to classify and
assess ACs based on multi-assessment criteria. The study classified the
cooling systems based on the energy source into electricity-driven
cooling systems and thermal energy-driven cooling systems. The
assessment criteria discussed for each cooling technology are the energy
performance of the system, the flexibility of the system to energy sources
and secondary systems, climate resilience to heatwaves and power
outages, and the last parameter is related to the building type and TRL.

The results show that thermal energy-driven systems still lack the
technological maturity of electricity-driven systems and are not ready to
compete in the market now. Most typical VC systems are available in the
market with high efficiency, as well as desiccant cooling systems. While
sorption systems and ejector cooling systems have lower efficiency than
conventional VC systems. Instead, thermal energy-driven systems are
more flexible to be driven by different energy sources, and due to their
low electrical input, they are more resilient to power outages. The study
also found that only air-cooled and water-cooled chillers are capable of
passive cooling operation. Additionally, dry coolers and air-cooled
chillers are less resistant to heatwaves than other chillers due to their
high sensitivity to outdoor temperatures. The strengths and limitations
of the study are concluded in section 6.2 which shows that the paper’s
strengths rely on discussing the integration with renewable energies and
secondary systems including original schematics showing the integra-
tion, investigating the reversibility, recovery, and passivity of each
system and finally the assessment and comparison for more than 20
cooling systems. However, the study has some limitations due to the fact
that limited data sources discuss the resilience of cooling systems to
heatwaves and power outages. In addition, the boundary conditions
used to discuss each system are not the same in this review, which re-
quires future directions to take into account a quantitative assessment of
the same boundary conditions to compare the different systems.
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