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Abstract: At present, novel, small-to-large capacity absorption chillers with unique technical features
have emerged on the global market, and laboratory and pre-industrial prototypes have also been
developed. These chillers have been designed for the efficient use of low-grade heat sources; some are
air-cooled, small capacity systems; compact water/LiBr chillers; or solar-gas-fired single/double-effect
chillers. Also, some advanced commercial absorption chillers have an extensive temperature glide
in the driving heat stream (>30 K) which extracts approximately twice as much heat (~200%)
as the single-effect chiller. This large temperature glide means that the chillers are well suited
to solar thermal collector installations and district heating networks, and the extra driving heat
increases cold production. Moreover, recent advances in R718 turbo compressor technologies have
helped to solve the problems water/LiBr absorption chillers have in adapting to extreme operating
conditions (e.g., high ambient temperature, >35 °C) by using a compressor-boosted absorption
chiller configuration. This review paper presents and discusses the developments and progress in
these absorption chiller technologies. In summary, the new absorption chillers may be useful for
developing efficient, cost-effective, and robust solar cooling solutions that are needed to mitigate the
unsustainable impact of the rising global demand for space cooling.

Keywords: absorption chillers; air-cooled; double-lift; driving heat temperature glide; plate heat
exchangers; solar cooling

1. Introduction

According to an International Energy Agency (IEA) [1] report, the global energy required for
space cooling applications will increase three-fold over the next 30 years (i.e., it will rise to 6200 TWh
by 2050) if the current policies and targets are continued. This projected energy demand is mainly due
to the fact of economic growth and population increases in the hotter regions of the world, 50% of
which is contributed to by three countries (i.e., China, India, and Indonesia). Also, more people are
interested in comfort cooling due to the fact of rising living standards and increases in the income of the
burgeoning middle classes in these countries. Thus, the total number of air conditioners in buildings
will increase by approximately 250% between 2016 and 2050, from 1.6 billion to 5.6 billion units [1,2].
In addition, the global electrical power capacity needed to meet these space cooling demands will also
increase from 850 GW in 2016 to 3350 GW in 2050 [1]. In 2018, the use of air conditioners and electric
fans to satisfy cooling demand accounted for nearly 20% of the total electricity consumed in buildings
(equivalent to 10% of the world’s electricity consumption) [2]. Moreover, air conditioning will account
for approximately 37% of the world’s growth in electricity demand by 2050 [3].

The global air conditioning market is dominated by technologies based on vapor-compression
refrigeration cycles driven by electricity and uses synthetic refrigerants (with considerable global
warming potential). The current air conditioning systems comprise packaged air conditioners,
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split-system air conditioners, and various types of compression chillers (e.g., centrifugal, reciprocating,
or screw-type compression chillers). Packaged air conditioners include window units, terminal air
conditioners, portable units, and rooftop units. In addition, split-system air conditioners range from
small single room units to large systems that can supply cold to large buildings.

Solar thermal energy-driven systems for space cooling and refrigeration applications are attractive
solutions for three main reasons [1,3,4]: (1) they use natural refrigerants (such as ammonia and water)
which have recently been pushed by national and international regulations (e.g., European F-gas
regulation No. 517/2014); (2) they consume less electricity and reduce peak electricity demand, which is
especially beneficial in countries with significant cooling needs and electric grid constraints; and (3) the
concurrence of solar radiation and the cooling demands of most buildings can save costly electricity
in peak periods. Hence, they help to reduce the consumption of fossil fuels and their associated
greenhouse gas (GHG) emissions. They can also be an option for storing solar heat for cooling in the
evenings, nights, and mornings [3].

Globally, an estimated 1800 solar cooling systems have been installed by 2018, of which 70%
were small- and medium-capacity (<350 kW (100 TR)) systems in Europe [3]. Most of these systems
use relatively mature technologies: non-tracking solar thermal collectors and absorption chillers.
Large-scale systems (>350 kW cooling capacity) that use absorption chillers continue to improve
their performance and decrease capital investment costs. This is due to the significant increase
in the performance of flat-plate solar collectors (up to 120 °C) and economies of scale for the cost
competitiveness of solar cooling applications (e.g., for large office buildings, hotels, and hospitals).
The world’s largest solar cooling system with a nominal capacity of 1750 kW was installed and
commissioned in Arizona (USA) in 2014. This system uses a single-effect water/LiBr chiller driven by a
4865 m? roof-mounted solar collector field with a thermal capacity of 3400 kW [3]. However, only three
large solar absorption cooling systems were deployed in 2018, of which two were driven by evacuated
tube collectors and installed in Italy. Another system using Fresnel collectors was installed in Jordan.
The other recent large-scale installations were in 2017 in India (528 kW cooling capacity using 1575 m?
evacuated tube collectors), Nicaragua (1023 kW cooling capacity using 4450 m? flat plate collectors),
and Singapore (880 kW cooling capacity using 2472 m? flat plate collectors) [3].

Only a few solar thermal cooling systems have been installed worldwide, although there have
been significant technical and economic improvements in solar collector technologies. The main
obstacles to the more extensive deployment of these systems are their lack of economic competitiveness,
low energy efficiency, large footprint, and operational limitations. This is mostly due to the high
capital investment required, the need for compactness, and the limited working range of absorption
chillers compared to the grid electricity-driven compression chiller, as well as high parasitic energy
consumption and an inefficient backup system. Therefore, absorption chillers with unique technical
features can be adopted to address these technical and economic obstacles and implement cost-effective
and reliable solar thermal space cooling systems.

Solar absorption cooling systems based on classical absorption chiller technologies have been
reviewed elsewhere [5-10] and related aspects have also been discussed [11]. These review papers
focused on theoretical studies [5,6] and experimental investigations [8] into solar heat-driven cooling
systems (including absorption, adsorption, and ejector cooling systems). Moreover, Infante Ferreira
and Kim [7] reviewed and discussed the technical and economic performances of various types of
solar cooling technologies (including absorption chiller-based systems) using location specific data
(for central Spain and the Netherlands). Besides, the type of solar collector technologies used in these
cooling systems, their integration, and the system’s operation performance have been described and
discussed in, for example, Shirazi et al. [10]. However, these reviews have overlooked the current
status of commercially available absorption chiller technologies, and developments in laboratory
and pre-industrial absorption chiller prototypes focused on solar cooling applications. Thus, there
is a gap in the literature on these aspects and new advances in absorption chiller technologies.
Accordingly, the present article presents and discusses recent developments in absorption chiller
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technologies that are useful for the efficient and cost-effective use of solar resources for space cooling
applications. These newly developed absorption chillers have key unique features compared to
traditional market-available absorption chillers, namely, a small-capacity air-cooled unit; a compact
water/LiBr chiller; a high-efficiency compact reversible absorption chiller for cooling and heating
applications; a large temperature glide of the driving heat; efficient use of backup fossil fuel resources,
and others.

This article is structured as follows. Section 2 describes the layout of a typical solar absorption
cooling system and its components as well as the challenges of classical absorption chillers. Section 3
discusses recently developed commercial absorption chillers with the new features. Section 4 discusses
advances made in laboratory and pre-industrial absorption chiller prototypes using ammonia-based
working fluids and a water/LiBr mixture with a new set of features. Section 5 considers research trends
and opportunities to further improve the capacity of these absorption chiller technologies to exploit
solar energy. The paper concludes with a summary of the key findings in Section 6.

2. Solar-Powered Absorption Cooling Systems

2.1. System Description

Natural gas or industrial waste heat-driven absorption chillers are usually deployed in large
buildings for space cooling applications [10]. However, in recent years, the potential of absorption
chillers to use solar energy has been shown in several demonstration projects around the world.
A typical solar-driven absorption cooling system (see Figure 1) has four main components: namely,
a solar thermal collector, an absorption chiller, a backup heater, and a thermal energy storage unit
(e.g., hot water storage tank).
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CP1: solar collector circulation pump; CP2: hot water circulation pump; CP3: chilled water circulation pump; CP4: cooling water circulation pump
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Figure 1. Generic layout of a solar absorption cooling system [10]. Note: CP = circulation pump.

The solar thermal collector converts incident solar radiation to heat, which is transferred to the
thermal energy storage medium via a heat transfer fluid (usually water or thermal oil) circulated using
a circulation pump (i.e., CP1 in Figure 1). The collected heat then drives the absorption chiller to
provide the required cooling effect, which is carried by the chilled water loop to the cold distribution
unit available at the end-user (e.g., fan coils). The heat rejected from the absorption chiller (i.e., the sum
of the driving heat and end-user thermal load) is typically dissipated through a cooling water loop to
the atmosphere by using a cooling tower. Because of the intermittent nature of solar energy, the system
is equipped with a backup heater and thermal energy storage unit (Figure 1). These units are needed
to operate the solar cooling system smoothly by providing residence time in the chiller when solar
radiation varies (e.g., due to the cloud cover). They are particularly crucial for absorption chillers which
have slow startup times and a dilution cycle when going into shutdown [12]. For the system’s specific
components and operation strategies, there are many options that impact the system’s performance
and operation boundary.
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2.2. Conventional Absorption Chillers—Technical Challenges

Solar absorption cooling systems are often based on classical/conventional absorption chillers

available on the market. However, most current absorption chillers have problems in effectively
exploiting solar resources in an energy-efficient (from a primary energy viewpoint) and cost-effective
way. Hence, the main hurdle for the broader deployment of such systems is that most commercially
available absorption chillers lack key technical features. The limitations of these technical features are

the following.

Heat rejection. High ambient temperature has two adverse effects: (1) an increased cooling load
of the building and (2) a lower potential for heat rejection of the cooling tower. An air-cooled
heat rejection system involves increasing the absorber and condenser temperatures which creates
the need for high-temperature driving heat in the absorption chillers. In water/LiBr absorption
chillers, crystallization is the main obstacle to operating the chiller at high ambient temperature,
so various methods have been proposed and applied to limit the risk. These methods include the
use of chemical inhibitors, heat and mass transfer enhancement in the absorber, and boosting the
absorber pressure using mechanical compression. Consequently, the absorption chillers” potential
to reject heat to the atmosphere is hampered, particularly in hot climates. Thereby, evaporative
or wet cooling towers are commonly required which is a shortcoming in regions with a scarcity
of water. Even in regions where water is not a limited resource, the costs of water and bacteria
treatment in evaporative cooling towers of small capacity systems can be as high as 30-40% of the
operating costs. Therefore, the absorption systems currently available are relatively expensive in
terms of capital expenditure (CAPEX) and operating expenses (OPEX).

Compactness. The cost of the heat exchangers is the biggest contribution to the capital investment
of any chiller technology. In this regard, absorption chillers always have a downside compared to
compression chiller technologies, since they have more heat and mass exchanger components. So,
among other factors, such as reducing the consumption of parasitic electricity, if absorption chillers
are to be economically competitive, heat exchangers need to be smaller. Conventional absorption
chillers are unnecessarily large because of dead spaces that do not have any function (i.e., which are
not involved in the cooling process [13—-15]). Moreover, since absorption chillers are large, it is
usually impossible or very difficult to retrofit them in existing buildings. Therefore, there is a
significant economic incentive to minimize the overall size of the chiller in any new developments.
Capacity. The capacity of most commercial absorption chillers is 300 kW or more. In terms of
capacity, shell and tube heat exchangers are state-of-the-art technologies; in these chillers, copper
tubes are rolled into the heavy front plates to ensure vacuum operating conditions inside the
water/LiBr absorption chiller. Using this practice in small-scale chillers (<200 kW) leads to a high
specific cost [13]. On the other hand, small chiller machines based on coiled tube heat exchangers
are available from some manufacturers, but they have high-pressure drops which lead to high
parasitic electricity demands (i.e., they limit the advantages of heat-driven chillers) [13].
Temperature glide of the driving heat. A conventional single-effect water/LiBr absorption chiller
typically uses 85-90 °C hot water as its driving heat and releases it at about 75-80 °C
(i.e., a temperature glide of up to 10 K) [16]. For example, in several chillers driven by district heat,
the driving heat transfer medium only cools by around 10 °C. This means that a large proportion
of the useable heat at a relatively high temperature is recirculated unnecessarily to the driving
heat source (e.g., district heat network or solar thermal collector installation). It also requires high
pump capacity and electricity consumption.

2.3. Primary Energy Use

Another main issue for the supply of cost-competitive cold using absorption chillers is the effective

use of the primary energy of the entire solar absorption cooling system (Figure 1) [17]. Hence, apart
from increasing thermal efficiency (i.e., high thermal COP, Equation (1)), energy density (cooling
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capacity per chiller volume), and reducing capital investment, the consumption of parasitic electricity
is a crucial factor in solar space cooling systems based on absorption chillers. The thermal COP, COP,,
is defined as the ratio of the cooling capacity, Q.4 to the driving heat input (Q;):

cop,, — Seid 1)
Quns

The parasitic electricity consumption is the electricity consumed by the circulation pumps to drive
heat, reject heat, and carry cold, and other systems such as fans and the control system. The electrical
efficiency of the system is determined in terms of electrical COP, COP,,;, defined as the ratio of the
cooling capacity to the total parasitic electricity consumption (Wmml,el):

COPEZ _ .Qcold (2)
Wtotal,el

Furthermore, the contribution of solar energy (Qq1) to cold production is often expressed in terms
of solar fraction (SF) as:

_ Qsol
Quans

In solar-assisted absorption cooling systems, the driving heat is the sum of solar heat and auxiliary

SF 3)

heat from the backup system (e.g., gas-fired heater (or boiler)): ths = Qsol + Qb.
The primary energy, PE,;;, demand of the solar absorption cooling system includes: (i) the
part associated with the parasitic electricity demand (i.e., Wmml,el/ 1) and (ii) the demand of the

backup heater (ths (1-SF)/np). 1 and 1, are the electric power plant and backup heater efficiencies,
respectively. Then, the primary energy rate (PER ;) of the system becomes [18]:

Qcold _ Qcold
PEps (ths(l — SF) /T]b) + (Wtotal,el/nel)

p ERubs = (4)

The solar-assisted absorption cooling system is more competitive than the conventional cooling
system when its primary energy rate, PER , is higher than the electricity-driven vapor compression
chiller (PER o) which is the benchmark for space cooling technology. This means that the primary
energy rate ratio (1), defined in Equation (5), must be higher than one [18].

le'copth,abs 1+ Pa - (1 + COPcom)
T =
Net - COPeom | 1 + p, - (1 + Copth,abs) - (Mp/Ner) = SF

©)

where COPy, 415 is the absorption chiller thermal COP, COPy;, the compression chiller COP, and p,
the parasitic electrical power demand ratio. The value of p, is equivalent to the ratio of the
parasitic electrical power demand to the heat rejected by the absorption chiller, i.e., approximately

Wiotal,et/ (ths + Qcold) [17].

3. Newly Developed Commercial Absorption Chillers

This section discusses the recently developed commercial water/LiBr absorption chillers with
unique features for effectively using solar energy for small- to large-scale space cooling applications.
These features include heat rejection without cooling towers (i.e., directly and indirectly air-cooled),
high efficiency, compactness, use of dual heat sources with effective backup fuel, and alarge temperature
glide in the driving heat source.
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3.1. Air-Cooled Small Capacity Chiller

The solar absorption cooling system benefits if dry cooling towers are used because less
maintenance is required and operational costs are lower, especially in a small capacity range.

An air-cooled small capacity water/LiBr chiller (ASC) was developed for small-scale
applications [19,20] which introduced a new concept in solar space cooling. It consisted of three
main components—flat plate solar thermal collectors, an ASC, and several types of indoor cooling
devices—and made it possible to replace the most typical space cooling systems used in residential
and small commercial buildings (i.e., split air conditioner systems which were often designed with
mounted indoor cooling devices and outdoor electricity-driven vapor compression chillers). The solar
space cooling that uses ASC (depicted in Figure 2) is a stand-alone system based on a modular design
that replaces electricity-driven split air conditioner systems, of which there were about 145 million
units worldwide in 2018.

-

High wall-mounted

Y/ -

Cassette

R ——
S|

Floor/Ceiling
(b)

Figure 2. A modular stand-alone, small-scale solar space cooling system developed and commercialized
by PURIX ApS (type A25s). (a) Outdoor unit: ASC and two flat-plate solar collectors; (b) Indoor unit:
fan coil types. Adapted from References [19,20]. Note: ASC = air-cooled small capacity water/LiBr chiller.

Additionally, the solar cooling system connected to a backup central heating system (e.g., central
boiler and district heating (DH) networks) to ensure a continuous supply of space cooling to the
end-user throughout the year despite intermittent solar radiation. The modular features of this system
provide long-term operational reliability and facilitate installation. Moreover, the flexibility of the
design enables various indoor cooling devices to be incorporated to adapt to the interior design and
architectural needs of existing buildings as well as new ones. These indoor cooling devices include
wall-mounted fan coil units, cassettes, radiant ceiling panels, and suspended/integrated chilled beams
(Figure 2) and can be used in single or multi-split arrangements depending on the design requirements.

The ASC, type A25s, has a nominal cooling capacity of 2.5 kW at an ambient temperature of
35 °C with chilled water supply/return temperatures of 13/18 °C and a thermal COP of ~0.81 [20].
The chiller is driven by hot water, >70 °C, produced by two flat-plate collectors (total aperture area of
4.8 m?, 2 x 2.39 m?, and/or backup central heating systems (with 3.1 kW heat supply capacity)). It has a
compact size of approximately 0.39 m® and a weight of 75 kg which can connect up to three indoor
cooling units. This chiller needs minimal electricity (<0.15 kW) for its solution circulation pump and
parasitic electrical power consumption. Besides, the electricity consumption of the indoor cooling unit
depends on whether the unit used in the air conditioning system is, for example, a wall-mounted fan
coil unit (<0.05 kW), a cassette unit (<0.11 kWy), or a floor/ceiling unit (<0.08 kWy). The system
is relatively silent with a noise level of less than 45 dB(A) for outdoor units (i.e., ASC) and 48 dB(A)
for indoor cooling devices (i.e., wall-mounted, cassette, and floor/ceiling fan coils) [20]. The cooling
capacity of the system can be extended to 160 kW by using a cascade control unit to manage the
absorption chiller and up to 256 fan coil units [21].
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The system can be implemented as a stand-alone or in combination with other air conditioner
systems using chilled water as a secondary fluid for cold distribution. A system such as this one
has economic and environmental benefits: it saves up to 85% on the electricity bill and reduces CO,
emissions by 64% (compared to an energy class A+ air conditioning system) [22]. The total capital
investment cost of the absorption chiller (type A25s) is approximately 4200 Euro (without VAT in
2020), and the annual maintenance cost is 20 Euro (excluding VAT in 2020) which is equivalent to
approximately 1680 Euro/kW of cold production. The system was developed and commercialized by
the company PURIX ApS, established in Denmark in 2011 as a spin-off in close cooperation with the
Danish company Exima and venture capital. Then, in 2012, the company set-up a production and sales
company in Bari (Italy) to supply air-conditioning systems to the local market and beyond [23].

3.2. Efficient and Compact Absorption Heat Pump: Cooling and Heating

A new generation of water/LiBr absorption heat pumps, new-AHP, driven by low-temperature
heat, was designed and developed by the Technical University of Berlin (TU Berlin) in collaboration
with Vattenfall Europe and ZAE Bayern [13,14,24,25]. The development of this type of new-AHP
technology started in 2008 with the optimization of various aspects (including thermodynamic design,
cost effectiveness, and manufacturing process) and case studies which were followed by various field
tests carried out between 2012 and 2017. Commercial product versions of this chiller technology
have been launched since 2014: the model “Bee” (50 kW) [26]; the model “Bumblebee” (160 kW) [27];
and the model “Hornet” (500 kW) [28] which recently came on the market [24]. This technology
was developed to address the need for high energy efficiency (thermal COP > 0.75 in cooling mode),
a low-temperature driving heat limit (<60 °C), high heat rejection temperatures (>45 °C), high energy
density, and size compactness [25]. The new AHP divided the whole machine into two main individual
modules (as shown in Figure 3 for the model “Bee”): a high-pressure vessel (containing the condenser
and desorber) and a low-pressure vessel (containing the absorber, evaporator, solution heat exchanger,
and solution pump) with base frame.

Top Vessel: CON and DES

.

Bottom Vessel: ABS, BF, EVA, SHX and SP

Figure 3. The single-effect water/LiBr absorption heat pump machine with a 50 kW cooling capacity,
model “Bee”, from W. Baelz & Sohn GmbH & Co. Adapted from Reference [26]. Note: ABS = absorber;
BF = base frame; CON = condenser; DES = desorber; EVA = evaporator; SHX = solution heat exchanger;
SP = solution pump.
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Under the nominal operating condition, the new AHP provides chilled water at supply/return
temperatures of 16/21 °C with a thermal COP of ~0.8. The driving hot water and cooling water
inlet/outlet temperatures are 90/72 °C (i.e., temperature glide of 18 K) and 30/37 °C (for model “Bee”) or
30/38 °C (for model “Bumblebee”), respectively. The innovative heat exchanger layout of the new-AHP
machine (i.e., U-shaped bent tubes) with stable avoidance of thermal bridges on the process side enables
the machine to extend its temperature limit for heat rejection up to 50 °C (which is approximately
35-40 °C in conventional absorption chillers) with good thermal performance (excellent COP in these
operating conditions). Moreover, the new AHP has a more compact design (0.052 m3/kW g4 for the
model “Bee” and 0.026 m3/kW_ .4 for “Bumblebee”) and weighs less (15 kg/kW1q for “Bee” and
10.94 kg/kW q1q for “Bumblebee”) than other commercially available absorption chillers.

Besides, the new AHP design reduced the time required to reach full loading (or attain load changes)
by ~50% compared to typical absorption chillers which need approximately 30 min. Dead spaces were
avoided by optimizing the heat exchanger and housing it as a single component not individual ones.
Therefore, these machines reduced the water/LiBr volumes (i.e., refrigerant and solution volumes)
by approximately 33.3%, which reduced the machine’s working weight as well as the CAPEX and
OPEX. The components of the new AHP machine are U-shaped bent tube heat exchangers arranged
face-to-face (absorber (ABS) and evaporator (EVA)) or cross-shaped parallel (desorber (DES) and
condenser (CON)) (a split CON arrangement was applied, right and left of the DES) [14].

The new-AHP machines (“Bee” and “Bumblebee”) were installed and field-tested in four pilot
projects for solar space cooling applications in Jordan [24,29]. These installations demonstrated the
new AHP machine’s use as a chiller in extreme conditions with dry cooling towers in a hot climate
(illustrated in Figure 4). The chillers were driven by hot water from compound parabolic solar collectors
(gross area of 480 m?, 388 m?, 449 m?, and 140 m? for each pilot project). The system showed stable and
successful operation during the field test with electrical and thermal COPs of up to 30 kWh,,1q/kWhy
and 0.8 kWh,1q/kWhdyg, respectively, with chiller availability of 90-100% [29]. The electrical efficiency
of the systems improved due to the volume flow control approach applied in the control strategy.

100 Driving Hot Water

80
60

40 1 Cooling Output

Heat Flow (kW)

20 4

07;00 09:00 11:00 13:00 15:00

(a)

100 { Driving Hot Water
Inlet

Driving Hot Water
Outlet

Cooling Water Inlet

Temperature (°C)

Chilled Water Outlet

07:00 09:00 11:00 13:00 15:00
(b)
Figure 4. The new absorption heat pump machine, new-AHP, operating as a chiller for solar space

cooling in extreme ambient conditions in Jordan [24]. (a) Driving heat input and cooling capacity;
(b) Temperature of the external heat carrier streams.
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3.3. Compact Absorption Chiller: Asymmetric Plate Heat Exchanger

Typically, horizontal tube bundle heat exchangers are used as the main components of water/LiBr
absorption chillers (i.e., absorber, condenser, desorber, and evaporator). Besides, designing a compact
water/LiBr absorption chiller has been a challenge because of the high specific volume of water vapor
which requires a relatively large heat exchanger surface area. The use of conventional plate heat
exchangers (PHEs) (i.e., the same channel heights in both fluid flow sides) for water/LiBr absorption
chiller technology is hampered by the high specific volume of water vapor and the low-pressure drops
allowed in the heat exchanger’s vapor channels. In contrast, on the external heat carrier sides of the
chiller (i.e., driving hot water, cooling water, and chilled water), small dimensions are required for
better heat transfer [30]. Hence, conventional PHEs cannot be used in water/LiBr chillers because
channel heights need to be different. Different channel heights create optimum heat transfer conditions
on both sides of the heat exchanger (i.e., optimum heat transfer on both the vapor and the liquid
sides). Accordingly, a new asymmetric PHE was designed exclusively for use in water/LiBr absorption
technology by EAW Energieanlagenbau GmbH and ILK Dresden (Germany) [30,31]. This asymmetric
PHE has engraved patterns that improve plate wettability and flow conditions [30]. The asymmetric
PHESs developed with optimized channel heights under the operating conditions of the components of
water/LiBr chillers, particularly for the absorber and evaporator, are the low-pressure side of the chiller.
These PHEs can be used to manufacture absorption machines with cooling capacities up to 400 kW.

By using the newly developed asymmetric PHEs, a new generation of single-effect water/LiBr
absorption chillers, shown in Figure 5, was developed and commercialized by the company EAW [32].
The company’s current product series, model WEGRACAL® Maral, includes chillers with a nominal
capacity of 15 kW (Maral 1), 30 kW (Maral 2), and 65 kW (Maral 3) with thermal COP of 0.75 at chilled
water supply/return temperatures of 9/15 °C [32]. In nominal conditions, the inlet/outlet temperatures
of the driving hot water and heat rejection medium (water/ethylene glycol mixture (66%/34%) or water)
are 86/71 °C and 27/32 °C, respectively. These chillers are activated using low-temperature hot water
between 75 and 95 °C [32]. The specific chiller volume and transport weight (and operating weight) are
approximately in the range 0.062-0.101 m3/kWgq and 20.9-30.0 kg/kWcoiq (28.3-36.7 kg/kW o1q) [32].
The volume of this chiller is, on average, 40% less than the same capacity chiller using tube bundle
heat exchangers.

(b)

Figure 5. A 30 kW single-effect water/LiBr absorption chiller machine using an asymmetric plate heat
exchanger technology from EAW Energieanlagenbau GmbH [30]. (a) Internal view of WEGRACAL®
Maral 2; (b) External view of WEGRACAL® Maral 2. Reproduced with the permission of the
International Institute of Refrigeration (https://iifiir.org) + Richter et al. [30].
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3.4. Single-Effect Double-Lift (Half-Effect) Absorption Chiller

A new absorption cycle that combines the typical single-lift (i.e., single-effect) and a double-lift
(i.e., half-effect) absorption cycle was proposed and studied by Schweigler et al. [33,34] for solar energy,
industrial use, and application in DH networks. It extracts unused low-temperature heat sources and
uses excess heat from DH networks in summer. This cycle can use driving heat at return temperatures
of about 55 °C and permits temperature glides in desorption of more than 30 K. Therefore, the return
(i.e., outlet) temperature of the hot water was lower with this cycle configuration, and it increased heat
intake. Thus, the cooling capacity produced from the same heat source can be larger than that of a
single-effect chiller run at the same heat carrier supply temperature and mass flow. On the basis of
this cycle configuration, since 2017, the company Hitachi Johnson Controls Air Conditioning Co., Ltd.
has been developing and commercializing a single-effect double-lift water/LiBr absorption chiller
(product type DXS) [16,35]. This product was developed under the commissioned research of the New
Energy and Industrial Technology Development Organization (NEDO), Japan. The company has been
conducting a research project of for NEDO on technology for the innovative use of unused thermal
energy since 2015.

The single-effect double-lift absorption chiller (see Figure 6) can be operated as both a double-lift
and a single-effect double-lift operation absorption chiller. Switching between these two modes of
operations, half-effect and single-effect double-lift, is done using the hot water and solution valves
to switch the flow directions. This absorption chiller adopts a two-stage structure for the evaporator
and absorber, denoted as two-step EVA-ABS, which is applied in high-performance chillers [16].
Since the temperature of the chilled water in the first evaporator (EVA1) is lower than that of the
second evaporator (EVA2), the refrigerant pressure in the EVA1 (Pow1) is also lower than EVA2 (Piow2).
Consequently, this chiller design has four pressure levels (i.e., high-pressure (Pign), mid-pressure
(Pmiq), and two low-pressure levels (Piow2 > Piow1). Hence, the chiller operates at four pressure levels
by dividing the evaporator and absorber into two-step instead of three pressure levels as in the basic
single-effect double-lift cycle. The driving hot water stream first enters the high-temperature desorber
(HDES) and then the low-temperature desorber (LDES) and auxiliary desorber (ADES). The cooling
water is connected in a series flow arrangement entering first the ABS and then the auxiliary absorber
(AABS) and condenser (CON). The hot water and cooling water circulating patterns, shown in Figure 6a,
were chosen to maximize the chiller’s cooling capacity. It is useful for applications of this kind of
heat-driven chiller because it maximizes the specific cooling capacity per unit of hot water mass flow.

The single-effect double-lift water/LiBr chiller (Figure 6b) has a nominal cooling capacity between
176 kW and 4395 kW with chilled water supply/return temperatures of 7/12 °C for the European
market and 8/13 °C for the Asian market (e.g., Japan). The inlet/outlet temperatures of the hot water
and cooling water in the nominal condition are 95/51 °C and 27/33 °C, respectively, for the European
market and 95/55 °C and 31/36.5 °C for the Asian market. The corresponding thermal COP of the
absorption chiller is 0.72 and 0.70, respectively, for the European and Asian chiller market. This chiller
product (type DXS) can extend the usable temperature of hot water (obtained from a solar thermal
collector installation or DH network) to the low-temperature range and extract about twice as much
heat (~200%) as the temperature difference of the single-effect absorption chiller machines. In addition
to individual solar thermal cooling applications, the large temperature glide in the driving hot water
and the low return temperature are especially suitable for the operating conditions in the DH networks
and for delivering cold with this chiller during summer.

Another type of single-effect double-lift water/LiBr chiller driven by hot water was developed and
commercialized by the company World Energy Co., Ltd. (Gunpo-si, Gyeonggi-do, South Korea) [36].
The company’s first-generation (2AB product series) of this type of absorption chiller was
developed with the Korea District Heating Corporation in 2005 and was further improved in 2009.
Their second-generation highly efficient chiller (2ABH product series) was developed by 2013 and
certified in 2018. The advantages of the 2ABH product series are high efficiency at full and partial
load operations (10% thermal COP improvement at full load, i.e., from 0.64 to 0.71); lower operating



Appl. Sci. 2020, 10, 4073 11 0f 35

costs and footprint (14% and 20%, respectively); and a smaller cooling water pump and cooling
tower (8%). The absorption cycle schematic and external view of this chiller technology are illustrated
in Figures 7 and 8, respectively.
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Figure 6. Single-effect double-lift water/LiBr absorption chiller machine, type DXS, developed by
Hitachi Johnson Controls Air Conditioning Co., Ltd. Adapted from References [16,35]. (a) absorption
cycle schematic; (b) absorption chiller external view. Note: AABS = auxiliary absorber; ABS = absorber;
ADES = auxiliary desorber; ASHX = auxiliary solution heat exchanger; CON = condenser;
EVA = evaporator; LDES = low-temperature desorber; LSHX = low-temperature solution heat
exchanger; HDES = high-temperature desorber; HSHX = high-temperature solution heat exchanger.
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Figure 7. Singe-effect double-lift water/LiBr absorption cycle schematic of the absorption chiller
developed by World Energy Co., Ltd. Adapted from Reference [36]. Note: AABS = auxiliary absorber;
ABS = absorber; ABS-HX = absorber heat exchanger; ADES = auxiliary desorber; ASHX = auxiliary
solution heat exchanger; CON = condenser; DES1 = first-desorber; DES2 = second-desorber;
EVA = evaporator; LSHX = low-temperature solution heat exchanger; HSHX = high-temperature
solution heat exchanger.
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Figure 8. Single-effect double-lift water/LiBr absorption chiller developed by the World Energy Co., Ltd.
Adapted from Reference [36].

In the nominal condition, the chiller delivered chilled water at supply/return temperatures of
8/13 °C with a thermal COP of 0.71 (type 2ABH) using driving hot water at inlet/outlet temperatures of
95/55 °C (i.e., a driving heat temperature glide of 40 K). The cooling water inlet/outlet temperatures
were 31/36.5 °C. The nominal cooling capacity of this chiller product covers the medium- to large-scale,
between 105 and 4571 kW. To date, the total installed capacity of this chiller (product type 2AB) is
approximately 476.5 MW in South Korea and 47.6 MW in the rest of the world. It can lead to savings of
28 GWh of electricity per year and avoids 45 MW of power for peak demand in South Korea.

3.5. Single/Double-Effect Absorption Chiller: Solar-Gas Fired

In the conventional solar space cooling system, illustrated in Figure 1, single-effect absorption
chillers are driven by low-temperature solar thermal collectors (i.e., evacuated tube and flat-plate solar
collectors are mostly used). In this system, a gas-fired heater was used as a backup to supply hot water
to the low-efficiency single-effect chiller (i.e., thermal COP of about 0.7-0.8 [10]). Additionally, the solar
cooling system uses a complicated control system to regulate the hot water supply of the chiller per
end-user cooling load and solar heat variations [37,38]. Hence, it is difficult to establish an optimum
control system. To avoid these shortcomings, a new absorption chiller was exclusively designed and
developed to efficiently use low-temperature solar thermal collectors for air-conditioning applications
by Kawasaki Thermal Engineering Co., Ltd. in 2010 [37]. The main features of the solar cooling system
concept, depicted in Figure 9, are no external backup heater; direct gas-fired desorber; and continuous
priority for the efficient use of the solar resources available. This system is particularly relevant to
buildings with high cooling loads and a limited area for installing solar collectors.

The crucial part of this improved solar absorption cooling system (Figure 9) is the solar-gas-fired
single/double-effect water/LiBr chiller developed and commercialized by Kawasaki Thermal
Engineering Co., Ltd. [39,40]. This chiller, depicted in Figure 10, functions as a single-effect chiller,
a double-effect chiller, or a single/double-effect hybrid depending on the intensity of the solar irradiation
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and the cooling load of the end-user (e.g., buildings). It has three desorbers (shown in Figure 10a):
the high-temperature desorber (HDES); low-temperature desorber (LDES); and a single-effect desorber
(SDES). The chiller also operates at four pressure levels. The SDES is driven by hot water between 75
and 90 °C produced using solar heat in the nominal condition (i.e., cooling water inlet temperature at
32 °C and 100% cooling capacity). The HDES is a direct-fired-type desorber using natural gas as a fuel,
the primary function of which is to support/provide backup when there is not enough solar irradiation
and/or the cooling demand is high. The cooling water first enters the single-effect condenser (SCON)
coupled to the SDES, then the low-temperature condenser (LCON), and finally the absorber (ABS) to
collect heat rejected from the corresponding condensation and absorption processes. This series flow
arrangement of the cooling water stream, from the cooling tower, enables maximum use of the solar
energy available by allowing the SDES to operate at a relatively lower pressure (and, consequently,
driven by a lower temperature heat). The absorption chiller has a nominal cooling capacity of
281-1055 kW at chilled water supply/return temperatures of 7/15 °C and cooling water inlet/outlet
temperatures of 32/37.6 °C. The driving hot water inlet/outlet temperatures at the SDES are 90/79.5 °C
for the nominal operating condition [37].

Hot Water Cooling Tower
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Figure 9. Solar absorption cooling system based on solar-gas-fired single/double effect absorption

chiller [37,38].
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Figure 10. Solar-gas-fired single/double-effect absorption chiller from Kawasaki Thermal Engineering
Co.Ltd. Adapted from Reference [41]. (a) Absorption cycle schematic; (b) Absorption chiller external view.
Note: ABS =absorber; EVA = evaporator; HDES = high-temperature desorber; HSHX = high-temperature
solution heat exchanger; LCON = low-temperature condenser; LDES = low-temperature
desorber; LSHX = low-temperature solution heat exchanger; SCON = single-effect condenser;
SDES = single-effect desorber.
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The contribution of driving heat inputs (i.e., from solar energy and gas combustion) for the
production of cold is illustrated in Figure 11 at different cooling water inlet temperatures (28-34 °C) [40].
The inlet temperature of hot water was between 75 °C and 90 °C. The inlet temperature of cooling water
has a significant effect on the share of the solar energy and gas consumption, e.g., each reached 50% of
the cooling capacity at cooling water and hot water inlet temperatures of 28 °C and ~89 °C, respectively.
Also, the minimum hot water inlet temperature was between ~59 °C and 72 °C, the cooling water
inlet temperature was between 28 °C-34 °C, and the chilled water was supplied at 7 °C with a cooling
capacity of 239 kW [40]. This hybrid chiller operated at nearly 55% of its nominal capacity using only
solar energy to supply chilled water at 7 °C. Besides, in order to be economically competitive, the solar
cooling system has to work with high solar fraction (Equation (3)) and the primary energy rates ratio
(Equation (5)) must be higher than one. Therefore, the solar-gas-fired single/double effect water/LiBr
absorption chiller was designed and developed to address this cost effectiveness using optimized solar
energy use and gas consumption.

In parallel, Thermax Ltd. developed and commercialized absorption chillers designed on the basis
of the single/double-effect technology to enable maximum use of heat sources at two-temperature levels
with a single machine [42]. The chiller is known as a multi-energy driven chiller (2D Series) in which
the high-temperature heat source is used in the double-effect desorber, while the low-temperature heat
source is used in the single-effect desorber. In this type of chiller, high-temperature steam (3.92 to
9.81 bar), exhaust gas (350 to 600 °C), and hot water (150 to 180 °C) are supplied to the high-temperature
desorber, whereas steam (up to 2.94 bar) and hot water (80 to 95 °C) are supplied to the low-temperature
desorber. Additionally, it has a backup direct oil/gas-fired system. For instance, in the EJ Series product
line (see Figure 12), engine exhaust gas and jacket cooling water are used in high-temperature and
low-temperature desorbers, respectively, to drive the absorption chiller. The nominal cooling capacity
of the commercially available absorption chiller of this type is between 175 and 12,300 kW, medium- to
large-capacity, with chilled water supplied at temperatures up to —1 °C and brine supplied up to -2 °C.
It has a thermal COP between 1.1 and 1.2. The main differences between the Thermax EJ Series and
Kawasaki’s hybrid chiller are the type of high-temperature desorber (indirectly driven by exhaust gas
and directly gas-fired, respectively) and the flow arrangement of the absorber and condenser cooling
water connections (see Figures 10a and 12a).
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Cooling capacity by gas supply (%)

Cooling capacity by solar energy supply (%)
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Hot water inlet temperature (°C)

Figure 11. Effect of driving hot water inlet temperature for the contribution of solar energy and gas on
cooling capacity at a chilled water supply of 7 °C and several cooling water inlet temperatures [40].

The above small-to-large capacity of newly developed water/LiBr chiller technologies with special
features suitable for solar space cooling applications are summarized in Table 1.
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Table 1. Small-to-large capacity commercially available new water/LiBr absorption chillers with unique features suitable for solar space cooling applications.

Manufacturer (Country) Technology Capacity (kW) Temperatures (°C) COPy, (-) Remarks
EAW Energieanlagenbau Cycle type: Single-effect Maral 1: 15 DHS inlet/outlet: 86/71 “HR m: ];Hill.nlet tte:/n[:}?railtﬁre Iiangle m71i;9§ (C6 6/34%)
GmbH (Romhild, Product: WEGRACAL® Maral 1; Maral 2: 30 HR inlet/outlet: 27/32 0.75 edium: wate eoryvjatee ;0’ yeo ure °
Germany) [32] Maral 2; and Maral 3 Maral 3: 65 CHW inlet/outlet: 15/9 - DHS temperature glide (K): 15
- Half-effect (double-lift) or single-effect double-lift
Hitachi Johnson Controls Cycle type: Single-effect DHS inlet/outlet: 95/51 P; 95/55 072 b, chiller operation
Air Conditioning Co., double-lift 176-4395 2 HR inlet/outlet: 27/33 ?; 31/36.5 0' 70 < - Two-stage structure for the absorber and evaporator
Ltd., (Tokyo, Japan) [35] Product: DXS CHW inlet/outlet: 12/7?;13/8 ¢ ' (for high efficiency)
- DHS temperature glide (K): 44 b; 40
Cycle type: Single/double-effect ) . . . R
Kawasaki Thermal Product: Model TZU80; TZU100; DHS inlet/outlet: 90/79.5; 75/71.9 ) gzgi‘ﬁlﬁly if“g,“id tfcxastoiafrr C;’r(l’llmﬁ_iprﬂhci:toé‘:
Engineering Co. Ltd., TZU120; TZU160; TZU180; 281-1055 HR inlet/outlet: 32/37.6; 32/37.2 ~1.1 . C{fne:t‘:)r :te;n cl’e_e ffe'i . dgsorg’er af\ 3 gfrec | €
(Tokyo, Japan) [37,43]  TZU210; TZU250; TZU300 (eight CHW inlet/outlet: 15/7 atsmg y
. gas-fired double-effect desorber
product series)
PURIX ApS . DHS inlet: > 70 4 - Directly a1r-coolec.1 absorl.)e.zr and condenser
Cycle type: Single-effect . - Complete set of solar air conditioner (A25s): outdoor
(Copenhagen, Product: Type A25 25 Ambient: 35 ¢ 081 unit (i.e., solar collectors and absorption chiller (ASC)
Denmark) [19,20,44] CHW inlet/outlet: 18/13 ! . . .
and indoor unit (fan coils)
o - High-grade: steam (~3.9-9.8 bar); exhaust gas
Thermax Lid Cé’;fgﬁe' }f;;‘tgi‘zlfr‘;‘;:laet ‘;g‘ft DHS inlet/outlet: N/R (350-600 °C); hot water (150180 °C)
. ) y 175-12,300 2 HR inlet/outlet: N/R 1.1-1.2 - Low-grade: hot water (80-95 °C) and steam (<3.4 bar)
(Pune, India) [42] temperature levels . .. o
. . CHW inlet/outlet: N/R - Minimum CHW supply temperature: up to 1 °C
Product: 2D Series (e.g., EJ Series) o .
(water) and up to -2 °C (brine)
World Energy Co., Ltd. Cycle type: Single-effect DHS inlet/outlet: 95/55
(Gunpo-si, South double-lift 105-45712 HR inlet/outlet: 31/36.5 0.73 - DHS temperature glide (K): 40
Korea) [36,45] Product: Models 2ABH and 2AB CHW inlet/outlet: 13/8
- Minimum DHS inlet temperature: 55 °C (“Bee”) and
60 °C (“Bumblebee” and “Hornet”)
W. Baelz & Sohn GmbH & Cycle type: Single-effect Bee: 50 DHS inlet/outlet: 90/72 - Minimum CHW supply temperature: 5 °C
. Product: Baelz-absorpdynamic . - Quick response for cooling load changes: 25% to
Co. (Heilbronn, Bee [26]; Bumblebee [27]; Bumblebee: 160 HR inlet/outlet: 30/(37 or 38) [46] ~0.8 100% in less than 10 min [47]
Germany) [26,28,46,47] / ! Hornet: 500 CHW inlet/outlet: 21/16 °

and Hornet [28] - DHS temperature glide (K): 18
- Maximum HR temperature: 55 °C (“Bee”); 40 °C

(“Bumblebee” and “Hornet”)

2 Includes large capacity; b For the European market; © For the Asian market (e.g., Japan); d Minimum driving hot water temperature; © Outdoor (ambient) temperature; CHW = chilled
water; COPy, = thermal COP; DHS = driving heat source; HR = heat rejection medium; N/R = not reported; PHE = plate heat exchanger.
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Figure 12. Multi-energy-driven single/double-effect absorption chiller from Thermax Ltd. Adapted from
Reference [42]. (a) Absorption cycle schematic; (b) Absorption chiller external view. Note: ABS = absorber;
CON = condenser; EVA = evaporator; HDES = high-temperature desorber; HSHX = high-temperature
solution heat exchanger; LDES] = low-temperature desorber; LDES2 = low-temperature hot-water
desorber; LSHX = low-temperature solution heat exchanger.

4. Prototypes of Absorption Chillers

This section focuses on the laboratory and pre-industrial prototypes developed with various
features to effectively use heat from solar energy for space cooling applications. These features
include heat rejection without cooling towers (i.e., direct and indirect-air cooled), size compactness,
operational flexibility, and a large temperature glide in the driving heat source. These absorption
chiller prototypes use conventional working pairs (i.e., ammonia/water and water/LiBr mixtures) as
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well as non-conventional working pairs such as ammonia/LiNOs. This section is divided into two
parts: single-stage absorption chillers and advanced absorption chiller prototypes.

4.1. Single-Stage Absorption Chillers

4.1.1. Ammonia-Based Working Pairs

It is a common practice to use plate heat exchangers (PHEs) in vapor compression chillers because
of their compactness, lower system refrigerant charge, and reduced cost. Consequently, absorption
chillers built with PHEs can be smaller and cheaper than conventional absorption chillers. Besides,
PHE-based chillers have a dynamic behavior quite unlike that of other absorption chillers, especially
water/LiBr chillers which require larger heat exchangers with higher thermal inertia [48]. Therefore,
the use of PHEs to build absorption chillers has been one the main advances in the last two decades,
particularly for refrigerant ammonia-based absorption chillers.

To date, the use of PHEs to reduce the size (i.e., volume) of ammonia/water-based absorption
chillers is limited. A few laboratory prototypes have been built using PHEs as the main components of
the ammonia/water absorption chiller [49,50]. The prototype of a 5 kW single-effect ammonia/water
chiller was developed using brazed PHE:s for solar cooling applications [50]. The PHEs were used as the
desorber, rectifier, and absorber in which the falling film absorption process occurs. Under experimental
test conditions, this prototype delivered 4.2 kW of cold with a thermal COP of approximately 0.65
when the heat source, heat sink (for absorber and condenser), and chilled fluid inlet temperatures were
80 °C, 27 °C, and 18 °C, respectively.

Another prototype of a single-effect ammonia/water chiller was built using commercially available
Alfa Laval™ PHEs with its main components in vertical alignment [49]. The two types of stainless-steel
plate heat exchangers used in this prototype were Alfanova 52 (40 plates) and Alfanova 27 (20 plates).
The Alfanova 52 model was used for the absorber, desorber, and solution heat exchanger, whereas
Alfanova 27 was used for the condenser and evaporator. All the other parts of the prototype, including
the 1/2 inch nominal diameter and 0.4 m long finned tube rectifier, were built using stainless steel
to avoid corrosion due to the presence of ammonia. The overall volume of the prototype was
approximately 0.8 m3. Its performance was investigated at driving hot water and cooling water inlet
temperatures between 85 °C and 105 °C and 20 °C and 32 °C. The corresponding maximum cooling
capacity and thermal COP attained in these operating conditions were ~2.6 kW and 0.61. Both of
these values were calculated using internal measured variables [49]. An evaporation temperature of
approximately —19 °C was reached so that the compact chiller prototype could operate to serve a range
of applications including air conditioning and refrigeration.

It has been suggested in the literature that the ammonia/LiNO3; mixture could be used as
an alternative to alleviate some of the drawbacks associated with the conventional working pairs
(i.e., ammonia/water and water/LiBr), especially in solar cooling applications [51]. The thermophysical
properties of ammonia/LiNOj; that are useful for performance analysis and designing absorption
chillers can be found elsewhere [52-56]: vapor pressure, density, heat capacity, and viscosity in
Libotean et al. [52,53]; thermal conductivity in Cuenca et al. [55]; and enthalpy and entropy with
absorption chiller’s energy and exergy analysis of single-effect ammonia/LiNO3 absorption cycle in
Farshi et al. [56]. The ammonia/LiNOj3 absorption chiller has performed better than the water/LiBr
absorption chiller at high heat rejection temperatures, and it does not present the risk of crystallization
in the range of working temperatures for space cooling applications. Moreover, low-temperature heat
from flat-plate solar collectors, between 80 and 90 °C, can activate the chiller [51]. It has also been
shown that the use of ammonia/LiNOj instead of water/LiBr has advantages for air-cooled absorption
chillers. For example, at an ambient air temperature of 41 °C the ammonia/LiNO3 absorption chiller
can deliver a cooling effect with no risk of the solution crystallizing (64% of its nominal cooling capacity
at an ambient temperature of 35 °C [57]). Compared to the ammonia/water mixture, ammonia/LiNO3
can be used to design and develop a simplified absorption chiller by avoiding the need for desorbed
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vapor rectification and reducing the refrigerant charge. Besides, ammonia/LiNO3; makes it possible to
operate the chiller at high heat rejection temperatures and a minimum of 10 °C below the desorption
temperature [57].

Between 2006 and 2011, a laboratory prototype and two pre-industrial small capacity
ammonia/LiNOj; absorption chillers were designed and manufactured with the close collaboration
of the CIATESA (Compaiiia Industrial de Aplicaciones Termicas S.A)-CIAT group and the CREVER
research group of the URV (Universitat Rovira i Virgili) [48,51,57-59]. The pre-industrial prototypes are
air-cooled and water-cooled single-effect absorption chillers. In these prototypes, all the components are
made of brazed PHEs. A patented unique distribution device was also used to mix the ammonia vapor
and the weak solution at the entry port of the absorber [59]. The schematic diagram of the prototype’s
cycle configuration is illustrated in Figure 13. The prototype was designed for a nominal cooling
capacity of 10 kW at a chilled water supply temperature of 15 °C for air conditioning applications.
The corresponding hot water and cooling water inlet temperatures are 90 °C and 37.5 °C in the nominal
design conditions.
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Figure 13. Schematic diagram of the single-effect ammonia/LiNO; absorption cycle of the
Zamora et al. [57] pre-industrial prototype. Adapted from Reference [57].

The prototypes were tested under different operating conditions. The air-cooled prototype chiller
was experimentally tested at hot water and ambient temperatures of 90 °C and 35 °C. The cooling
output was ~9.3 kW at a chilled water supply temperature of 15 °C with an electrical COP of about 6.5
for a fan speed of 600 rpm [57]. The chiller is also capable of delivering 64% of its nominal capacity
at an ambient air temperature of 41 °C, which makes it highly applicable in hot climate conditions.
According to the test carried out for the water-cooled prototype, an output of ~12.9 kW cooling was
obtained at a chilled water supply temperature of 15 °C and an electrical COP of ~19.3 [57]. The hot
water and cooling inlet temperatures were set to 90 °C and 35 °C, respectively. The pre-industrial
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prototype of the air-cooled ammonia/LiNOj absorption chiller manufactured by the company CIATESA
is shown in Figure 14.

Figure 14. Small-capacity, air-cooled, single-effect ammonia/LiNO3 absorption chillers manufactured
by CIATESA. Adapted from Reference [60].

The single-effect ammonia/LiNOj3 laboratory prototype was built using Alfa Laval™ PHEs, and all
its main components were used in a vertical configuration [61]. Both Alfanova 52 and Alfanova 27 were
made of stainless steel and were also used in this prototype to avoid corrosion because of ammonia and
LiNOs. The prototype was experimentally tested at hot water and cooling water inlet temperatures
between 80 °C and 95 °C and 20 °C and 32 °C, respectively. In this operating range, the prototype
reached a cooling capacity of 3.1 kW at chilled water supply temperatures as low as 6 °C and a thermal
COP of ~0.62. Using these PHEs, a compact ammonia/LiNOj chiller was developed with an overall
prototype volume of approximately 0.7 m>. It was significantly smaller (by approximately 57% [62]
and 71% [63]) than any previous single-effect ammonia/LiNOj3 prototype that used PHEs for some of
their components (i.e., condenser, evaporator, and solution heat exchanger).

An air-cooled single-effect ammonia/LiNOj chiller (illustrated in Figure 15a) was developed at
the Universidad Nacional Auténoma de México (Mexico) [64]. In this prototype, the heat rejected
during the absorption and condensation processes was removed by using finned tubes. An electric
motor driven axial fan was used to circulate the air through the absorber and condenser. The desorber
and solution heat exchanger were made of 40 and 20 Alfanova 52 plates, respectively, whereas the
evaporator was made of 20 Alfanova 27 plates. The overall size of the prototype (shown in Figure 15b)
was approximately 2.5 m®. The prototype delivered a cooling output of up to 3.4 kW and a thermal
COP of up to 0.33 when operated at a driving hot water temperature of between 80 °C and 100 °C.
It supplied chilled water as low as 2.6 °C and was operated without a cooling tower due to the use of
an air-cooled heat rejection system.
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Figure 15. Air-cooled, single-effect ammonia/LiNO3 absorption chiller laboratory prototype developed
by Soto and Rivera [64]. (a) Schematic diagram; (b) Prototype internal and external views.

4.1.2. Water/LiBr Working Pair

Water/LiBr is the most commonly used working pair in absorption chillers because of its
superior properties. However, water/LiBr absorption chillers have some well-known drawbacks
that ammonia/water absorption chillers do not such as crystallization and operation under vacuum.
The thermophysical properties of the water/LiBr mixture can be found in the literature [65-68].

A 2 kW air-cooled single-effect water/LiBr chiller was developed and experimentally tested at the
Heat and Mass Transfer Technological Center (CTTC) at the Universitat Politecnica de Catalunya (UPC)
in Terrassa, Spain [69]. To define the chiller’s control strategy [69], a numerical model was developed
to predict the thermal behavior of this absorption chiller under the transient mode of operation and
its interaction with other system components (e.g., solar thermal collectors and circulation pumps).
The model developed was validated using performance data (i.e., thermal COP and cooling capacity)
obtained from the experimental tests carried out at CITC-UPC [70]. They also carried out numerical
simulations using the NEST (Numerical Edifice Simulation Tool) platform (an in-house developed
object-oriented numerical tool) which focused on the performance and key drawbacks associated with
water/LiBr absorption chillers (e.g., crystallization) and geometrical aspects. The outcomes of these
numerical simulations and experimental studies also helped to understand and design the control
system’s strategies.

On the basis of the investigation of the 2 kW air-cooled chiller, a pre-industrial single-effect
water/LiBr prototype with a cooling capacity of 7 kW was designed and developed at the CITE-UPC
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laboratory. This prototype has an absorber and a condenser that are directly air-cooled. Both prototypes,
with capacities of 2 kW and 7 kW, were part of a virtual laboratory, and all experimental data showed
that there was little risk of LiBr crystallization. Furthermore, the dynamic numerical model was
modified to improve its accuracy and reliability [71]. The model was improved largely by mass
transfer calculations based on the author’s experience of the falling film absorption process. The heat
and mass transfer parameters used in the model developed were validated using the steady-state
experimental data obtained from the laboratory prototype with a cooling capacity of 2 kW, and there was
reasonable agreement among the thermal COP values (with the capacity being slightly under-predicted).
The numerical model was used to predict the performance of the 7 kW air-cooled water/LiBr prototype.
However, the model predicted the cooling capacity to be 81% (i.e., 5.7 kW) of the expected cooling
capacity even though the heat exchangers of the chiller had been designed to provide the nominal
capacity of 7 kW [71].

The transient model of the chiller was validated using the experimental data obtained under
steady-state conditions. For the 2 kW air-cooled chiller, there was good agreement between the
numerical and experimental results with small discrepancies in semi-empirical information used in the
model. The 7 kW chiller was also experimentally validated at UPC-BarcelonaTech [72]. The model
was used to evaluate the absorption chiller as well as the various control strategies (e.g., on/off versus
fuzzy logic). The price of the air-cooled water/LiBr chiller developed (with the collaboration of Termo
Fluids S.L., Spain) with a capacity in the range 7-11 kW and a thermal COP of ~0.7, and the rest of
installation, without the solar collector field, is estimated to be about 15,000 Euro (1800-2150 Euro
per kW of cold).

4.2. Advanced Absorption Chillers

4.2.1. Double-Lift Absorption Chillers

As previously mentioned in Section 3.2., some of the recent developments in single-effect water/LiBr
technologies have extended the heat source temperature glide by about 18 K (e.g., 90 to 72 °C) in nominal
operating conditions. Additionally, using a single-effect water/LiBr chiller driven by hot water at 95 °C
makes it possible to extract heat up to 75 °C (i.e., a 20 K temperature glide) to deliver chilled water with
supply/return temperatures of 7/12 °C at cooling water inlet/outlet temperatures of 27/33 °C [16,35].
To be able to use heat sources at temperature levels that cannot activate a single-effect chiller, it is
often necessary to use a double-lift absorption chiller to produce chilled water [73]. Typically, hot
water at 70 °C is compatible with double-lift water/LiBr chillers. Also, an ammonia/water double-lift
refrigerator was built and successfully operated in Alaska (United States) in the 1990s, driven by the
diesel engine jacket cooling water at 75 °C to deliver ~9071.8 kg per day of flake ice for a remote
community [74].

The prototype of a double-lift ammonia/water absorption chiller system based on a direct air-cooled
absorber and condenser has also been developed and experimentally studied [75,76]. In this prototype,
a vertical shell-and-tube falling-film heat exchanger was used as a desorber and the vapor generated was
passed through a rectifier made of a pall ring packed bed with a solution cooled coil. A shell-and-tube
vertical flow countercurrent heat exchanger was used as an evaporator. The absorber and condenser
were made of steel tube coils with vertical aluminum fins in which the tubes were horizontal and
arranged in one row, all of which was cooled by a 500 mm axial fan. The prototype was tested at
chilled water inlet/outlet temperatures of 12/7 °C, a driving hot water temperature between 80-90 °C
and an air temperature between 22 and 38 °C. The cooling capacity of the prototype was 2.5 kW at air
and inlet hot water temperatures of 30 °C and 90 °C. The corresponding thermal and electrical COPs
were 0.3 and 10, respectively. The chiller responds quickly to any variation in operating conditions.
With this design, the chiller prototype is well-suited to recovering waste heat from internal combustion
engines because of its limited temperature glide (e.g., 5 °C) in the driving heat source. However, for
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solar cooling applications, the heat transfer in the desorber could be optimized to allow a low flow
strategy for the driving circuit. This could be advantageous for the overall electrical COP of the system.

The new concept of a single-/double-lift (i.e., single-/half-effect) ammonia/water absorption
chiller was built by adapting the commercial product PinkChiller PC 19 [77,78]. The Pink PC 19
commercial chiller had been developed using tube bundle heat exchangers for the absorber, desorber,
and condenser, whereas the falling film-type heat exchanger was used for the evaporator. Thereby,
it limits the size of the chiller and incurs high production costs because of the limitations on the assembly
and welding of the heat exchangers. Hence, the single-/double-lift chiller is based on redesigning the
Pink PC19 chiller and using flat PHEs for its main components (i.e., absorber, condenser, desorber,
and evaporator). The absorber design was optimized using a new type of injector nozzle, balancing
the water flow between the two solution loops and adapting the internal control strategy (i.e., solution
pump control). This new absorption chiller is switchable between single-lift (single-effect), double-lift
(half-effect), and single-/double-lift modes with a cooling capacity of 20 kW in the single-effect mode.
When the chiller was experimentally tested (under steady-state and dynamic operating conditions),
the performance was stable over a wide range of operating conditions under each mode of operation.
The schematic diagrams of the chiller cycle illustrating the single-effect and half-effect configurations
are depicted in Figures 16 and 17, respectively. The chiller was designed to drive hot water inlet/outlet
temperatures of 90/70 °C, chilled water supply/return temperatures of 6/12 °C, and heat rejection
inlet/outlet (absorber and condenser) temperatures of 40/45 °C.

Qco n
CON -

RAC ¥

Figure 16. Single-lift (single-effect) ammonia/water absorption cycle of the University of Innsbruck
prototype. Adapted from Reference [77]. Note: ABS = absorber; CON = condenser; DES = desorber;
EVA = evaporator; RAC = refrigerant accumulator; SAC = solution accumulator; SHX = solution
heat exchanger.

The experimentally determined nominal cooling capacity of the single-lift and double-lift mode
of operations is about 18.4 kW and 10.6 kW, respectively, with a corresponding energy efficiency ratio
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(i.e., thermal COP) of approximately 0.57 and 0.27. These performance values (i.e., cooling capacity
and thermal COP) are for the following nominal operating conditions: the heat source, cooling water,
chilled water inlet temperatures, and flow rates are 85 °C and 4.5 m3/h, 20 °C and 6.5 m3/h, and 12 °C
and 3 m3/h, respectively. The main advantages of the new concept implemented in this prototype
are that dry cooling towers can be used so that maintenance and costs are reduced. Moreover, if this
chiller is to be implemented effectively in solar-driven refrigeration systems, they must focus on high
production and, thus, a high cooling capacity of the chiller. Finally, the experimental and numerical
results obtained from this chiller prototype led to the development of an economical, scalable, flexible,
and reliable ammonia/water absorption chiller.

Qlabs

Figure 17. Double-lift (half-effect) ammonia/water absorption cycle of the University of Innsbruck
prototype. Adapted from Reference [77]. Note: CON = condenser; EVA = evaporator;
HABS = high-temperature absorber; HDES = high-temperature desorber; HSHX = high-temperature
solution heat exchanger; LABS = low-temperature absorber; LDES = low-temperature desorber;
LSHX = low-temperature solution heat exchanger; RHX = refrigerant heat exchanger.

4.2.2. Mechanical Compressor Assisted Absorption Chillers

The application range of conventional absorption chillers is restricted by the properties of the
working fluid (e.g., water/LiBr) used in the chiller. For instance, the driving heat temperature
needs to be higher than the required minimum activation temperature, and the chiller has a limited
temperature lift. Accordingly, for applications such as solar cooling, the absorption chiller needs to
be oversized to adjust to a low-grade driving heat source [79]. Moreover, since the temperature lift
of water/LiBr-based chillers is limited, dry cooling towers cannot be used in this type of absorption
chiller. Therefore, to extend the operating range of absorption chillers, a hybrid refrigeration cycle
is formed by combining the absorption cycle and mechanical compression process in a series or
parallel flow arrangement. The hybrid mechanical compression combined with the absorption cycle
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benefits to overcome the restrictions of the working fluid characteristics. These benefits include higher
heat rejection temperatures for dry cooling under hot climate conditions, lower driving heat inlet
temperatures so that low-temperature solar or other types of heat can be used (e.g., waste heat),
and greater cooling capacity during peak load conditions [79-83].

The integration of a mechanical compressor (either between EVA and ABS (Figure 18a) or between
DES and CON (Figure 18b)) leads to operational flexibility and boosts the cooling capacity for a
single-effect water/LiBr absorption chiller. Thereby, operating conditions could be more extreme
(e.g., high heat rejection temperature, >35 °C) and chiller designs could be more compact and
cost-effective using the compressor-assisted absorption chiller. To date, the lack of a suitable compressor
for refrigerant water vapor has been a bottleneck for implementing such a hybrid water/LiBr
absorption-compression chiller. The properties of water (i.e., low specific density, high-pressure
ratio, and high vapor outlet temperature) represent a significant challenge for the design of the
compressor. However, high-speed turbo vapor compressors for refrigerant water have recently been
put on the market by some companies in Europe and Asia because of significant progress in new
materials and manufacturing techniques which have improved geometries and increased impeller tip
speed (up to 600 m/s) [83].

@ COM (Turbo Compressor)

DES
| EE | j

COM (Turbo Compressor)

CON
-

D¢

8

——Chilled Water e Refrigerant Vapor —— Chilled Water - Refrigerant Vapor
Cooling Water Refrigerant Liquid Cooling Water Refrigerant Liquid
Driving Hot Water Solution Circuit Driving Hot Water ——Solution Circuit

(@) (b)

Figure 18. Single-stage water/LiBr cycle with an integrated mechanical compressor between the
(a) evaporator and absorber and the (b) desorber and condenser. Adapted from References [82,83].
Note: ABS = absorber; COM = compressor; CON = condenser; DES = desorber; EVA = evaporator;
SHX = solution heat exchanger.

Accordingly, the technical proof of concept of the mechanical compressor-assisted single-stage
water/LiBr absorption chiller unit has become feasible, and a laboratory prototype of the unit has been
built and tested at the Munich University of Applied Sciences (Germany) [82]. This hybrid chiller unit
with a size of 2.6 m?, depicted in Figure 19, was developed for a capacity of 15 kW with the chilled
water supply at 6 °C and tested under various operating conditions. The maximum driving heat
source and cooling water inlet temperatures are 90 °C and between 35-40 °C, respectively. The main
components of this prototype (i.e., absorber, condenser, desorber, and evaporator) were built using
falling film over the side-by-side horizontal tube bundle heat exchangers [82]. This type of heat
exchanger ensures superior thermodynamic and fluid dynamic performances as well as scalability to
higher chiller capacities [82]. Besides, the unit is equipped with a purge system for the non-condensable
gases to ensure continuous equilibrium test conditions.
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Figure 19. A prototype of the mechanical compressor-assisted single-stage water/LiBr absorption chiller
developed at the Munich University of Applied Sciences (Germany). Adapted from Reference [82].
(a) Components of the prototype; (b) Internal view of prototype. Reproduced with the permission of
the International Institute of Refrigeration (https://iifiir.org) + Helm et al. [82].

The chiller unit was designed to ensure undisturbed transonic vapor flow into the compressor.
The risk of the entrainment of water droplets and flow losses was also minimized. The turbo
compressor’s implementation was based on the numerical analysis carried out and can be applied
up to a pressure ratio of 3.5 and a maximum number of revolutions of 90,000 rpm. The isentropic
efficiencies were approximately 60% for pressure ratios of less than 3.0 [83].

The research into laboratory and pre-industrial prototypes of absorption chillers that can effectively
use solar energy is summarized in Table 2.
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Table 2. Research projects on small capacity laboratory and pre-industrial prototypes with special features suitable for solar space cooling applications.

Organization, Project Technology Working Capacity Temperature (°C) COoP, () Remarks Authors (year),

Partners (Country) Fluid (kW) References
Cycle type: Compressor-boosted,
single-effect
Munich University of Co'mponer}ts: Fall}ng film over DHS: <90 (inlet) - Laboratory prototype '
. . side-by-side horizontal tube . - " - turbo compressor: up to 3.5 pressure ratio; Helm et al.
Applied Sciences 1 X for th 1 H,O/LiBr 15 HR: 35-40 (CW inlet) 0.753 B o : .
(Germany) bundles HX for therma CHW: 6 (outlet) <90,000 rpm; and ~60% isentropic (2019) [82]
components (ABS, CON, DES, ' efficiency for <3.0 pressure ratio
and EVA) and R718
turbo compressor
L g - Laboratory prototype
Ciifli;};iet.s's(lir)lgl’lle—léfi?:h - Directly air-cooled chiller
Universidad Nacional ver ticalporientaiion for the DES DHS: 80-100 (inlet) - Alfa Laval™ model Alfanova 52 for the Soto and Rivera
Auténoma de México o .’ NH3/LiNO; 0.8-3.4 HR: 20-32 (CW inlet) 0.1-0.33 DES and SHX using 40 and
. EVA, and SHX; and (ii) serpentine . (2019) [64]
(Mexico) . . CHW: <2.6 20 plates, respectively.
finned stainless-steel tubes for the I ™ mod, P .
ABS and CON - Alfa Laval™ model Alfanova 27 using
20 plates for the EVA
Cycle type: Single-effect - Laboratory prototype

Components: (i) PHE with
vertical configuration for the ABS,
CON, DES, EVA, and SHX;

- 2-19 °C EVA temperature
- Alfa Laval™ model Alfanova 52 used for
the ABS, DES and SHX using 40 plates

Universidad Nacional
Auténoma de México

DHS: 85-105 (inlet)HR:
NH;/H,O <62 20-32 (CW inlet)CHW: <0612

Jiménez-Garcia
and Rivera

(Mexico) and (ii) stainless-steel finned tube 20 (inlet); N/R (outlet) - Alfa Laval™ model Alfanova 27 used for 2019 [49]
for the REC the CON and EVA using 20 plates
University of Innsbruck, Cycle type: Single-effect and DHS: 85 (inlet) - Laboratory prototype Never et al
Graz University of half-effect (double-lift) NHs/H,0 18.4P HR: 20 ? (inlet); 20-35 b; 0.57P - Designed as a switchable system between (20%1 8 2017)'
Technology, Components: PHE used for the 32 10.6 2045 € (inlet) 0.27¢ single-effect and half-effect with a cooling [77’ 78]
Pink GmbH (Austria) ABS, CON, DES, and EVA CHW: 12/6 (inlet/outlet) capacity of 20 kW in single-effect !
o - Laboratory prototype
Universidad Nacional Comczg:ntt}; Pg.t:iﬁ%l?—ificltPHE 31a DHS: 80-95 (inlet) 0.622 - Alfa Laval™ model Alfanova 52 used for  Jiménez-Garcia
Auténoma de México omponents: Stal . NH;/LiNO3 ) d HR: 20-32 (inlet) i d the ABS, DES, and SHX using 40 plates and Rivera
(México) with vertical configuration for the 0.28-2.29 CHW: >6 (outlet) 0.032-0.23 - Alfa Laval™ model Alfanova 27 used for (2018) [61]
ABS, CON, DES, EVA, and SHX =

the CON and EVA using 20 plates
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Table 2. Cont.
Organization, Project Working Capacity o Authors (year),
Partners (Country) Technology Fluid (kW) Temperature (*C) COPy, ) Remarks References
Cycle type: Double-lift (half-effect)
Components: Vertical shell-and-tube

falling-film HX as the DES;

tube-in-tube horizontal flow for the DHS: 80-90 (inlet) - Laboratory prototype Aprile et al. (2015);
CW: 22-38 (CW inlet) 0.3 ** - Air-cooled chiller Guerra (2014)
- Electrical COP of 10 ** [75,76]

Politecnico di Milano
(Italy)

SHXs and the RCA; a shell-and-tube
vertical flow countercurrent HX as NH,/H,0
the EVA,; steel tube coils with vertical
aluminum fins as the ABS and CON;
and pall ring packed bed with
solution cooled coil as the REC

2.5 **
CHW: 12/7

- Two pre-industrial prototypes
(indirectly air-cooled and
water-cooled absorption chillers)

Universitat Rovira i
Virgili, CIAT
(Spain)

Cycle type: Single-effect

Components: Brazed PHEs for all the NH,/LiNO; e

thermal components (ABS, CON,
DES, EVA, and SHX)

DHS: 90 (inlet)
CW: 35 (CW inlet or
ambient air) N/R
CHW: 15 (outlet)

129¢

DHS: 88 (inlet)
0.7

- Nominal design parameters: cooling
- . Zamora et al.
capacity of 10 kW; chilled water (2014) [57]
outlet of 1 °C; hot water and cooling
water inlet of 90 °C and
37.5 °C, respectively
- Electrical COP of 19.3 ¢ and 6.5 f
- A pre-industrial prototype Oliva et ,al, (2014),
- Directly air cooled absorption chiller Farnds et al.
irectly air cooled absorption chille (2014) [69,84]

Universitat Politécnica de
Catalunya,

Cycle type: Single-effect

HR: 35 (air)

Components: falling-film heat H,O/LiBr 7
CHW: 9 (outlet)

exchangers with improved designs

Termo Fluids S. L.
(Spain) for heat and mass transfer.
* (tdhs,in/out = 89.9/66.3 °C, tchw in/out = 12/6.3 °C and, tew,in = 34.8 °C); ** at ambient temperature of 30 °C; ? Based on internal variables; b Single-effect; ¢ Half-effect; d Based on external
variables; ¢ Water-cooled; f Air-cooled. ABS = absorber; CHW = chilled water; CON = condenser; CW = cooling water; DES = desorber; DHS = driving heat source; EVA = evaporator;

HR = heat rejection medium; HX = heat exchanger; N/R = not reported; PHE = plate heat exchanger; RCA = refrigerant cooled absorber; REC = rectifier; SHX = solution heat exchanger.
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5. Research Trends and Opportunities

In recent years, the research and development of absorption chillers has focused mainly on such
critical features as heat rejection using an air-cooled unit, system compactness, large driving heat
temperature glides, and high overall system efficiency (i.e., high electrical and thermal COPs). Also,
small-capacity chillers may be of interest for use in solar air conditioning applications in residential
and small commercial buildings. Although in the past decade, several new developments have been
put on the market (Section 3), further significant progress must be made to compete with systems
based on a vapor-compression chiller. Accordingly, research into the development of new absorption
chillers has been taken three main directions in recent years:

e  Extension of operational limit: heat rejection and driving heat temperatures

Heat rejection temperature: the use of water/LiBr in absorption chillers limits the absorber heat
rejection temperature because of crystallization [85]. Therefore, increasing this temperature limit
means that heat is rejected to the ambient air (without using cooling towers) and air-cooled absorption
chillers perform well. Various approaches have been discussed in the literature, among which are
solubility enhancement using anti-crystallization additives (e.g., ionic liquids [86,87] and salts); absorber
design improvement (enhanced heat and mass transfer processes); absorption cycle modification
(using thermal/mechanical compression booster to increase the absorber pressure); and internal
control-via-increasing evaporator temperature.

Driving heat temperature: the return temperature of the driving heat stream can be reduced
(i.e., higher temperature glide) with an improved desorber design and advanced cycle configurations.

o  Compactness: the absorber and desorber of market available chillers are mostly based on falling
film configurations in which the horizontal and vertical tube falling film exchangers are the
components that have most been implemented and studied [88]. Nevertheless, this type of design
has downsides, including maldistribution of the film on the exchanger surface, which disturbs
flow uniformity at low Reynolds number [89] and results in dry patches on the plate surface
(non-wetted areas) and thick liquid films (wetted areas). Therefore, it reduces the absorption
and desorption rates, and decreases the useful absorber and desorber surfaces, which results
in bulky components. This is especially crucial for the absorber since it is the least efficient
component of the chiller because of the low mass diffusion coefficient of water vapor in the
solution of water/LiBr [90]. Additionally, heat transfer from wetted areas is also lower than from
perfectly wetted surfaces because of the greater thickness of the film. Therefore, recently, the use
of (i) plate-type falling film absorbers [88] and (ii) membrane contactors in the absorber and
desorber have been proposed and investigated for the development of compact and inexpensive
water/LiBr [91-97] and ammonia/water [98,99] absorption refrigeration systems, particularly in a
small capacity range. The use of a plate-type falling film configuration in the absorber and desorber
of the absorption chiller can significantly enhance the absorption and desorption rates, which can
make these devices much more compact and more efficient for water/LiBr-based mixtures.

o  Control strategy and operation: It is common practice in the control and operation of absorption
chillers to use fixed volume flow rates for external heat carrier fluids (i.e., driving heat, heat
rejection, and chilled water streams). These volume flow rates and the fan speed of the heat
rejection unit are fixed at the values for the nominal design condition (i.e., nominal thermal
powers). This operation strategy leads to parasitic electricity consumption dominating the chiller’s
part-load operation. Consequently, the benefit of low electrical energy consumption for absorption
chillers is reduced, which leads to low electrical efficiency (i.e., low electrical COP). Moreover,
theoretically, reducing the pump/fan volume flow rate by decreasing the pump/fan speed about
50% reduces electricity consumption by 87% [100]. Therefore, new control and operation strategies
can be implemented by actively controlling external volume flow rates via variable speed pumps
and fans. By so doing, the whole system consumes less electricity and electrical COPs are higher.
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This new type of control strategy has already been applied in field tests with newly developed
absorption chillers, new-AHP, in solar and tri-generation (CHP plants) applications [24,100].
Because of the intermittent nature of the solar resource and the variation in the cooling load during
the day (and also the year), these newly developed absorption chillers need to be controlled if
they are to perform optimally and operate safely. Hence, in recent years, control strategies have
been developed on the basis of chiller performances in field tests and simplified models (such as
the characteristic equation method) to describe the full and partial load operation of the chillers.

6. Concluding Remarks

The use of solar energy for space cooling applications is an attractive green solution that can reduce
the strain on the electrical grid, especially at peak hours, while decreasing fossil fuel consumption
and associated greenhouse gas emissions. Another main driver for the use of a solar cooling system
is the concurrence of solar radiation and air conditioning needs in most buildings. Solar absorption
cooling systems can considerably reduce the adverse global environmental effect of the demand for
space cooling. However, most conventional market available absorption chillers cannot effectively use
the solar resource because they are costly, bulky, and consume a significant amount of electrical energy
for the parasitic loads.

Recently, new water/LiBr absorption chillers with unique technical features have emerged on the
global market. They were described and thoroughly discussed in the present article. Among these
newly developed chillers are an air-cooled small capacity chiller of 2.5 kW; compact chillers designed
using asymmetric plate heat exchangers (15, 30, and 65 kW nominal capacities); highly-efficient
compact absorption heat pumps for cooling and heating applications (50, 160, and 500 kW nominal
cooling capacities); single-effect double-lift chillers (with 40 K and above temperature glide in the
driving heat); and solar-gas-fired single/double-effect absorption chillers. Besides, pre-industrial and
laboratory prototypes of ammonia/LiNO3 absorption chillers using typical symmetrical plate heat
exchangers have been developed and tested in different operating conditions. Furthermore, water/LiBr
chillers are enabled to adapt to extreme operating conditions (e.g., high heat rejection temperatures,
>35 °C) using R718 turbo compressor boosted absorption chiller configurations. This concept was
applied and tested using a 15 kW exclusively designed water/LiBr single-effect absorption chiller with
a turbo compression booster and showed the desired operational flexibility.

Additionally, because of the intermittent nature of the solar resource and the variation in the
cooling load during the day (and also the year), absorption chillers need to be controlled and operated
safely if they are to perform optimally in full and partial load operations. Thus, active control strategies
based on the variable volume flow rates of the external heat carrier fluid circuits, mainly for heat
rejection, can reduce the parasitic electricity consumption of the overall system (i.e., higher electrical
COP). Finally, using these newly developed absorption chillers with an advanced control strategy
could help develop highly efficient, cost-effective, and robust solar thermal cooling solutions which
can mitigate the unsustainable impact of the future global demand for space cooling.
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Nomenclature

AABS auxiliary absorber

ABS absorber

ABS-HX absorber heat exchanger
ADES auxiliary desorber

AHP absorption heat pump

ASC air-cooled small capacity water/LiBr chiller
ASHX auxiliary solution heat exchanger

BF base frame

CpP circulation pump

COM compressor
CON condenser

DES desorber
DH district heating
EVA evaporator

HABS high-temperature absorber
HDES high-temperature desorber
HSHX high-temperature solution heat exchanger

HX heat exchanger

LABS low-temperature absorber

LCON  low-temperature condenser

LDES low-temperature desorber

LSHX low-temperature solution heat exchanger
PHE plate heat exchanger

RAC refrigerant accumulator

REV refrigerant expansion valve

SAC solution accumulator

SCON single-effect condenser
SDES single-effect desorber

SEV solution expansion valve
SHX solution heat exchanger

SP solution pump

Variables

cor coefficient of performance (-)
PE primary energy flow (kW)
PER primary energy rate (-)

Q thermal power (kW)

SF solar fraction (-)

W electrical power (kW)
Subscripts

abs absorber (or absorption chiller)
b backup

com vapor-compression chiller
con condenser

des desorber

dhs driving heat source

el electrical

eva evaporator

habs high-temperature absorber
hdes high-temperature desorber
labs low-temperature absorber
ldes low-temperature desorber
sol solar

th thermal
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