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Abstract: The trend to reduce CO:z emissions in cooling processes has made it possible to increase
the alternatives for integrating solar energy with thermal equipment whose viability depends on its
adaptation to polygeneration schemes. Despite the enormous potential offered by the industry for
cooling and heating processes, solar cooling technologies (SCT) have been explored in a limited way
in the industrial sector. This work discusses the potential applications of industrial SCTs and classi-
fies hybrid polygeneration schemes based on supplying cold, heat, electricity, and desalination of
water; summarizes the leading SCTs, and details the main indicators of polygeneration configura-
tions in terms of reductions on primary energy consumption and payback times. To achieve an en-
ergy transition in refrigeration processes, the scenarios with the most significant potential are: the
food manufacturing industry (water immersion and crystallization processes), the beverage indus-
try (fermentation and storage processes), and the mining industry (underground air conditioning).

Keywords: solar cooling technology; polygeneration schemes; industrial cooling processes;
photovoltaic; solar collector

1. Introduction

The main world organizations have focused on reducing the CO:z emissions associ-
ated with electricity generation through the implementation of policies and incentives
that promote renewable energies (RE) [1]. The International Energy Agency (IEA) pro-
jected that with current policies, it is possible to increase the share of renewable energies
from 36% to 52% by 2050. However, it proposes reaching 84% as a response to the climate
crisis [2]. Another strategy is to reduce the electricity demand from key high-consumption
processes by implementing energy-saving, passive, or more efficient solutions. According
to the IEA, one of these high-consumption processes is cooling processes (RP), which con-
sumed 2075 TWh of electricity in 2018, accounting for 10% of the world’s energy con-
sumption. If the current trend of refrigeration energy consumption continues, in 2040,
demand could triple the current level [2-4]. Consequently, such continuous growth will
hinder the decarbonization goals in the electricity sector [2,5,6]. Part of the strategies for
reducing the electricity consumption in RPs considers policies along three lines: energy-
efficient buildings, optimization of conventional refrigeration equipment (CRS) and in-
vestigation of alternative cooling equipment [7,8].

For this reason, research has been directed towards driving RPs by RE to reduce the
dependence on the electricity grid. Solar energy has advantages over wind, geothermal
or nuclear power due to its adaptability in installation, reduced costs, and availability of

Energies 2021, 14, 6450. https://doi.org/10.3390/en14206450

www.mdpi.com/journal/energies



Energies 2021, 14, 6450

2 of 32

resources even in remote areas. The most recurrent renewable sources for alternative cool-
ing equipment are solar photovoltaic (PV) and solar thermal (ST) [9]. In particular, PVs
tend to be used primarily for the advantage of adapting to previously installed electrical
cooling equipment. Furthermore, PVs are attractive in the residential sector due to the
increased efficiency and the current trend in cost reduction. However, the overall effi-
ciency of a PV system in heat processes tends to decrease due to the conversion efficiency
for heat processes. For this reason, electricity supply strategies with PVs are oriented to-
wards conventional cooling equipment and supplying electricity to equipment connected
to the grid. From the point of view of heat processes, the use of solar collectors (SC) makes
it possible to increase the solar fraction by improving the techno-economic relationship of
the system.

Previous reviews regarding solar thermal cooling technologies have focused on the
operating principles, working temperatures and equations of state of the adsorption [10-
13], absorption [14-16], and thermomechanical [17,18] machines. In addition, the technical
limits of the operational aspects and the conversion efficiency were detailed [11,19-21].
For reducing heat losses or improving the operating strategies of cooling equipment, the
hybridization of sorption equipment and its design strategies were also evaluated [22-25].
Although several novel prototypes for solar cooling technologies have been developed in
recent years, the focus has been in increasing the coefficient of performance (COP) with
little consideration for the economic aspects of its construction. which can raise costs sub-
stantially, having a potentially significant effect in technological selection. However, sev-
eral other studies have evaluated the technical and economic performance of solar cooling
technologies to analyze how well they can perform when compared to conventional cool-
ing systems [22,26]. These evaluations have been mainly done on residential cases of
study, which have focused on air-conditioning processes highlighting design optimiza-
tion methods, supply strategies, and the architectural integration of solar energy in build-
ings for cooling [27-29]. This fact, along with the previous argument, have resulted in a
limited vision of the potential of solar cooling technologies applied to other commercial
or industrial settings, where the potential to significantly impact CO2 reduction is consid-
erable. In particular, solar thermal cooling has economic disadvantages when compared
to conventional systems. Thermal cooling equipment driven by SC is expensive due to
low conversion efficiency requiring high CO; tax for its economic feasibility with respect
to conventional equipment. Therefore, one could argue that it is necessary to integrate
solar cooling with heating processes to improve the joint techno-economic performance
[30].

The feasibility of the application of the systems depends on the ability to maximize
the use of the solar field. In this perspective, the trend in the design and evaluation of
polygeneration plants has increased in recent years, but has focused so far on the residen-
tial sector [9]. The reviews conducted on polygeneration have focused on evaluating in
the residential sector the simultaneous supply of cooling, electricity and heating with
combined PV-5C schemes and the integration of photovoltaic thermal systems (PVT). In
addition, the possibility of its adaptation to the market based on primary energy savings
and CO:2 reduction compared to a conventional system has grown [9,31-33]. However,
studies focusing on residential sector are significantly different in terms of the thermal
loads observed for the industrial sector. This is because the industry requires temperature
control in processes that vary between <0 °C to >30 °C. Industrial processes like deodori-
zation, pasteurization, crystallization, refrigeration, etc. can work simultaneously. In ad-
dition, due to quality standards, temperatures must be kept constant despite external and
internal changes due to climatic seasons or variations in the volume of the product.

In this sense, the most widely used alternative equipment are reversible heat pumps
and absorption cooling equipment. Consequently, solar cooling systems have been eval-
uated in the residential sector to supply cold with sorption equipment with a nominal
capacity greater than 1000 kW, comparable to cooling equipment used in the mid-scale
food industry [34].
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In addition to the above, except for the agro-industry and food industry, solar refrig-
eration applied in the industrial sector has hardly been investigated despite the strict re-
quirements of constant temperature control and the high energy demand in refrigeration
processes [35-37]. In the current context of a reduction of the environmental impact of
productive activities, the possibility of optimizing RE integration in RP by the adoption
of polygeneration schemes as well as the huge potential that industries offer in terms of
the magnitude and the multiplicity of their energy demands make it interesting to review
the main solar cooling technologies adapted to polygeneration schemes and to discuss
their potential integration in the industrial sector.

This work, after providing a technical and historical overview of development of the
refrigeration equipment and the ways in which they can use solar energy as a primary
energy source, includes a comprehensive analysis of the scientific literature on how solar
cooling systems can be integrated into hybrid schemes for cooling, heating, electricity, and
desalinated water. In addition, aiming to serve as a reference for project implementation
this work also analyses the published figures of the key techno-economical indexes for
these systems as well as the realizations and case studies implemented all over the world.

2. Historical Evolution of Cooling Equipment and Main Solar Cooling Technologies

Studies of cooling processes for their integration with solar energy have grown con-
sistently during the last 40 years due to the benefits of harnessing solar radiation as a
source of direct renewable energy [30,38—40]. The operating principles and first patents
began to be developed in the 19th century. Regarding solar energy, absorption equipment
(ABS) was the first to be integrated with solar collectors (S5C) [10,26,41]. However, the low
costs of coal added to the technological limitations of SC and the temperature control sys-
tem relegated ABS to rural applications during the first half of the 20th century [42,43].
Furthermore, in the same period, commercial alternatives to adsorption equipment (ADS)
emerged that were economically more attractive on a small scale than ABS [42,44]. On the
other hand, vapor compression cycle (VCC) cooling equipment has remained the leading
technology since the beginning of the 20th century due to the adaptation of VCC to electric
currents [43,45,46]. Research on solar energy for cooling processes was resumed due to
the oil crisis in 1973 and the restrictions on chlorofluorocarbon refrigerants (CFCs) with
the Montreal Protocol [26,27,43]. The first evaluations of photovoltaic refrigeration (PVR)
configurations emerged in the 1970s and have been evaluated in vaccine storage, air con-
ditioning in residential buildings, and vehicles [47-50]. PVRs can achieve primary energy
savings of between 20% and 70% due to the supply of electricity to other equipment when
the CRS is not in operation [51,52]. In recent years, studies have focused on reversible heat
pump systems and the removal of the battery set for direct drives, reducing the invest-
ment cost of the system by up to 84% [53-55].

In the 1970s, new proposals for solar-powered equipment, such as Stirling refrigera-
tion equipment (SCE), emerged. Although ECSs were marketed during the first half of the
20th century with an electric drive, prototypes were also developed for their drive with
thermal energies using the reversible liquid piston cycle [18,56-60]. Research has focused
on improving performance by modifying the geometry of the evaporator and condenser,
increasing performance up to 32% [61]. Furthermore, working fluids, such as hydrogen,
have been tested to reach a COP of 0.53, similar to commercial ADS machines [62]. How-
ever, the integration with solar heat remains at the stage of evaluating the performance of
the equipment using solar collectors. and Fresnel lenses [22,58,63].

Another device developed was thermoelectric devices (TE) in the 1940s for electricity
generation and, later modified for refrigeration (TEC) in the military industry [64,65]. The
devices have the advantage of working with direct current, which facilitates their integra-
tion with PV panels [66-69]. However, due to the low efficiency of TEC, studies have fo-
cused on developing materials that enable improving ZT efficiency, which is an indicator
relating the material to thermal conductivity, electrical conductivity, and Seebeck coeffi-
cient as a function of device temperature [70]. In recent years, TECs have been integrated
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into photovoltaic modules with Fresnel lenses to dissipate heat in PV plants [71-73]. In
addition, TECs were combined with PV panels for applications of refrigeration, freezing
and radiant walls in buildings [22,29,33,64,74,75]. The prototypes integrated into the fa-
¢ade of buildings are called building-integrated photovoltaic thermoelectric (BIPVT) [76—
78]. BIPVTs in clear sky conditions in summer reach peaks in electricity consumption sav-
ings of up to 100% compared to a CRS [79-81]. Furthermore, devices have been designed
that replace the condenser-evaporator assembly with the TEC and are integrated with a
TES for heating in a CRS. The configuration manages to reduce electricity consumption
by up to 8.5% compared to the CRS [82,83]. Despite the technical advantages due to the
small size, the possibility of reaching freezing temperatures, and the lack of moving parts,
the TEC lacks an analysis of the economic sensitivity with respect to other solar cooling
technologies.

Ejector cooling systems (EJC) have been evaluated since the 1970s but became more
relevant during the 1990s [26,84-86]. The EJCs are sensitive to meteorological variations
and the size of the solar field, being of interest to improve the global COP of the system
(SC-TES) -EJC [17,87-91]. In this sense, the use of cold storage with phase change material
(PCM) and a variable geometry ejector nozzle is proposed [92-96]. However, increased
components and a more robust control system can negatively affect equipment costs
[97,98]. In addition, EJC systems integrated into reversible heat pumps and the heat sup-
ply for sanitary water have been developed [99-101]. In addition, the EJCs have been eval-
uated by substituting the R141b refrigerant for isobutane, reducing the EJC of the genera-
tor temperature to ranges below 80 °C, achieving competitive performance against ad-
sorption cycles [102,103].

At the beginning of the 2000s, desiccant refrigeration equipment (DES) was devel-
oped, operation of which is based on sorption and desorption processes [104]. DES has
been tested for low-irradiation tropical environments, but DES efficiency is highly sensi-
tive to relative humidity [21,105]. On the other hand, ADS equipment can be classified like
adsorption by phisisorption (ADS-PH) and adsorption by chemisorption (ADS-CH). ADS
equipment has been commercialized for small-scale domestic refrigeration and ice-mak-
ing applications [26,42,44]. In addition, at the end of the 20th century and the beginning
of the 21st, applications of solar ADS for food preservation and air conditioning for bus
and train locomotives have deepened [20,22,40,106]. Similarly, ABS equipment since the
late 1970s is being evaluated for HVAC applications, vaccine storage, and food preserva-
tion. ABS equipment can be classified like ABS of half effect (ABS-HE), ABS of simple
effect (ABS-SE), ABS of double effect (ABS-DE) and generation absorption heat exchange
(ABS-GAX) [10,38].

Despite the potential of alternative cooling equipment, heat-driven solar cooling sys-
tems have not achieved significant market penetration. According to general review arti-
cles focused on the design and operation of solar cooling, systems are significantly af-
fected in the short and long term due to the natural variability of the solar resource
[25,28,31,105]. Therefore, to overcome climate variability, systems require thermal storage
(TES) and large solar fields that increase the initial investment cost. Consequently, at the
end of the 2010s, solar heat cooling was considered unfeasible for the urban sector and
PV-VCC systems were positioned as the best option for the residential sector [51,107,108].

However, with the declining costs of solar technology in recent years, research on
optimizing energy delivery and demand has been highlighted to improve the viability of
sorption systems [11,102,109]. New prototypes have also been developed, and the work-
ing fluids have been evaluated to decrease the generation temperature or increase the
COP, as shown in Table 1. In addition, the trend to hybridize refrigeration equipment such
as ADS-ABS, ABS-VCC, ABS-VCC, EJC-ABS, EJC-ADS, EJC-VCC to improve system per-
formance and decrease generator temperature open alternatives to maximize solar field
energy [12,23,24,31,110].
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Table 1. Sorbent/refrigerant prototyping and testing of sorption cooling equipment.

Ref.

Technology

Qch
[kW]

TGen TEvap

COP o) oy

Work Flow Scope

[111]

ADS-PH

0.371

The 13X zeolite/CaClz pair work reduces the
COP of the equipment but increases the specific
cooling power by 30% compared to the silica
gel.

0293 85 14 Zeolite 13X/CaCli2

[112]

ADS-PH

NA

Nano-activated Adding carbon nanoparticles (NMAC) to acti-

0139 100 26 carbon/methanol vated carbon 1ncrea;§d3;};e adsorption capacity

[113]

ADS-PH

NA

The adsorbents with the best technoeconomic
Silica gel/water, performance and the minor environmental
ethanol, NHs damage for air conditioning and cold storage
applications are AC, ACF and SiO..

0329 110 5

[114]

ADS-PH

Using the electrostatic coating method with 13X
024 53,1- 16 Zeolite 13X/CaCz zeolite/CaCl2 coated ad'sorbents a‘md‘ adding a
75,3 preheat phase, the cooling capacity improves
by 92.5%.

[115]

ADS-PH

0.8

A device was designed to operate continuously
during night and day by adapting three ad-
0.63 94.85 9.85 Silica gel/water sorption/desorption beds that are activated de-
pending on the energy available in the genera-
tor.

[116]

AD-PH

NA

A method was developed to estimate the per-
formance of an ADS composed of multiple
Zeolite/Water modules by a full-scale analysis of one tube
containing multiple tubes with hundreds of

047 80

fins.

[117]

ADS-PH

NA

A numerical model was developed that can be
Activated car- adapted with another type of adsorbate to eval-
bon/methanol  uate the performance of a tubular adsorption
system with solar energy.

0.14 9235

[118]

ADS-CH

0.15

A prototype ice maker was evaluated for pro-
ducing 50 kg of ice in summer. The system can
015 105 - CaCl/AC-Ammo- operate without valve control, in a simple com-
nia bination with the storage tank. The prototype
could be viable for industrial or residential ap-

plications.

[119]

ADS-CH

1.4

An adsorption chiller was designed that uses a
compound made of sodium bromide impreg-
nated in expanded graphite as a sorbent and

ammonia as a coolant.

033 70 10 NaBr/EG-NHs

[120]

ADS-CH

0.656
KW/kg

The strontium chloride (SrCI2)/NHs working
pair was evaluated, impregnating the expanded
graphite SrCl to determine the thermodynamic

equilibrium properties with different concen-
trations and fitting a kinetic model employing a

small-scale experimental prototype

SrCiz—expanded
05 110 0  graphite compo-
site

[121]

ADS-PCM

C: 47W
& H: 47

The performance of a chiller prototype for cool-

042 NA NA LiCl . . A -
ing and heating applications that integrates
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ADS equipment with vacuum tubes and phase
change material is evaluated.

[122]

ABS-SE

3.2

A compact ABS (NHs) equipment was designed
053 180 13 NHs with mass exchangers and monolithic mi-
croscale exchange for space conditioning.

[123]

ABS-SE

NA

The generator was redesigned by changing the
heat exchanger for a column of a bundle of
tubes that allows a distributed heat transfer to
improve waste and low-quality heat utilization.

0.61 - - NHs

[124]

GAX Split
ABS

39.8

A heat recovery configuration of an ABS-GAX
0.55- 160 =30 NIL split was (‘1evelc?ped fo.r 'uru.fled operatlc?n for
0.95 space heating, air conditioning, and refrigera-

tion applications.

[125]

ABS-DL

25

A double lift cycle is experimentally evaluated

under different operating conditions that mod-

ify the COP, including generator temperature,
fan speed, and evaporator temperature.

0.3 7 NHs

[126]

ABS Semi-
Gax

2.20-
2.33

The COP can be optimized by adjusting the in-
NHs termediate pressure through the split ratio at
each air temperature.

0.455—
0.428

[127]

ABS GAX-DL 1.88

The design of a double lift ABS device with two
025 -5 NHs self-adjusting pumps was evaluated to operate
with evaporation temperatures below 0 ° C.

[128]

ABS GAX-DL 39.2

The maximum internal heat recovery of an
0.308 -30 NHs ABS-DL coupled to mass is evaluated by the
pinch method.

[129]

ABS Semi-
Gax

NA

Five air absorption refrigeration prototypes
0494 90 5 NHs were evaluated to determine design parameters
based on the risk of crystallization.

[130]

EJE-ABS

10

185- ABS-EJC works with two heat sources at differ-
0.95 215 7 LiBr ent temperatures; a 20% increase in COP was
achieved compared to ABS-SE.

[131]

EJE-ABS

100

An EYC-ABS system integrated with parabolic
trough collectors was evaluated and it was de-
1.65 2464 125 LiBr termined that the performance reached an in-
crease of up to 60.78% compared to conven-
tional ABS.

[132]

SE-DE

105 The hybridization allows increasing the COP

91-134 0.88 8.4-7 LiBr from 0.79 to 1.09 with inlet temperatures lower

150 than 155 °C.

Figure 1 shows a timeline that marks significant advances in the development of solar
cooling equipment. In the last decade, research has intensified to improve the viability of
solar cooling processes for urban applications with polygeneration plants. The intention
is to maximize the continuous use of the energy generated by the solar field, which is
characteristic of residential applications that supply process heat, refrigeration, and elec-
tricity production [9,133].
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1859 Ferdinand Carré: patents ABS
machine (H,0/NHj) [10].

1850 Edmond Carré: develops the
first ABS machine[10].

1848: Michael Faraday develops a
cooling system (NH3/AgCl) [44].
Heat driven
1834-1859

1878 A_Mouchot: ! ; . .
integrates parabolic solar Electrical cooling displaces heat-
collectors with ABS [ N

equipment [10]. L industrial application

Alexander Kirk patented
and built the closed
Stitling cycle refrigeration
cycle [18].

driven machines in residential and

1862-1878

1834 J. Perkins: VCC with fuel
ether [45].

1851 Jhon Gorrie: patent
artificial ice production machine
[46].

W. Carrier: humidifier control

design for VCC and mtroduction

of the psychrometric chart [46].
1913-1919 Frigidaire & GM Company :
VCC massification and popularity [43].

1927-1929

D. Korbes K. & P. Crosley Jr: Icyball
| | company develops gas absorption
refrigeration equipment for rural areas [43].
Hulse & Miller: Railcar Air Conditioning
System (5i0, — S0, ) [44].

————p

Electrically driven

1930: Eskimo: sale of adsorption
equipment to rural refrigeration
(activated carbon/methanol) [44].

allow returning to focus on

piston

Heat driven

(1930-1039

Electrically driven
1931 Thomas Migdley v
CF. Kettering: develop
R-12 refrigerant (CFC)
[43].
1939: VCC: popular for
home refrigeration [45].

1960: First pulse
tube Stirling
refrigerator [18].
1962 TEC: air
conditioning for
submarmes [65].

1947 Telks: First thermoelectric power generator
(TEG) [64].

1949 Philips Company: Reverse direction Stirling
engine, liquefies air over the cold tip [18].

1953 Telks: first thermoelectric cooler (TEC) [64].

Energy crisis & Environmental restrictions

1973 Ohio University: Solar heat driven free

1969 Colin D. West: liquid
piston Stitling engine [58].

1971 W.T. Bale: confirms its use
as arefrigeration machine [18].
1972: Cooling below ambient
temperature with Bi and Sb [70].

solar energy.

Stitling engine [56]. .

. 1973: Oil energy crisis

[26].
1974 Rowland &

. Molina: CFCs damage
the ozone layer [43].

1982: Operation in stages of ABS 1988 Experimental: solar
| | equipment to take advantage of high-
temperature heat sources [39].
1980-1981 Numerical and
experimental studies: working pair with
Si0,. zeolite, and activated carbon[26].

1977: Ejector theory applied to steam jet
cooling [84].
1977-1979: Experimental studies of heat and
heating in the residential sector [26,38].
Heat driven
1975-1979)
Electrically driven
1975 USA And Germany: labeling and regulation of energy
consumption for HVAC [43].
1976-1978 NASA: initiation of the photovoltaic program and
testing of PV-VICC equipment for vaccine refrigeration [47].
1977-1979 Theoretical and experimental studies of PV systems [43].

(activated carbon/methanol) [22]
1988: ASHRAE: Operation Guide of

ABS-SE equipment for HVAC [39,106].
1986: Vaccine storage and fish conservati
in rural areas (NHa/H,0) [40].

1988: Montreal Protocol [27].

ice making 1995: compressor is replaced

with a thermal ejector [26].
1993 Research building: air
conditioning with equipment of
50 kW nominal capacity [26].

1991-1995

1991 Allied-Signal: invents and
patents R-410A refrigerant
[86].

2003 Nsukka: design, construction, and experimental tests of a
fisorption cooling system with activated carbon and methanol [42].
2002-03 China: air conditioning for bus and tramn locomotives [40].
2001 Madrid: Experimental evaluation of a solar refrigeration
prototype for rural areas (NHy/H,0)[40].

Energy efficiency policies |
\ and greater profitability with |
Solar Energy applications

Heat driven
19961907~ = = = == m = [ 1008 o o= = {2001 2003 = o o o o o 20

Electrically driven
1996 EPA: fllegal to
manufacture or import

1998 Experimental tests of refrigeration
powered with PV [22]:

refrigerants CFC [45]. * Stirling
1997- Kyoto Protocol + vee
*+ TEC

Mexico: milk cooling in rural areas [40].

Bi-generation and hybridization [40]:

* ABS-DE + natural gas for cooling and heating
applications.

* Absorption + ORC for refrigeration applications

_______________>

The cost reduction in photovoltaic modules
improves the profitability of PW-VCC over
ABS-SC for applies in the residential sector
[107. 108].

Increases research of hybrid
configurations and polygeneration
with thermally driven equipment.

2009: Evaluation of Abs (LiBr)
—FPC for hot drv climates [41].
2007-2008 Solar: pistons with

atmospheric air as the working
fluid[57.63].

2005 Madrid: evaluation of systems for
typical houses in Spain [40].

2005 Athens: simulation of selar
refrigeration equipment for the
residential sector with TMY data [85].
Heat driven

Electrically driven

2006: Regulation of minimum
EER of 13 [45].

2006-2007: Experimental evaluation
of TEC applied for cooling thermal
envelopes buildings [74.75].

2011 Hybrid: ejector for heating
and cooling applications [133]

2010-2012: High performance of TE

Optimization and focus to
with inorganic nanostructure [64].

improve the ZT relationship
with nanomaterials for TE [75].

2011-2012: Lower cost of PV prices
improve the profitability of VCC-PV [26].

2014 Test bench: liquid piston Stirling
equipment integrated with a Fresnel lens [38].

Polygeneration studies: refrigeration, heat,
and electricity for residences and offices [26].

HWVAC control monitoring with smartphones
and PC. through the network [45].

2015 Paris Agreement [1].

Stirling cycle
equipment (SCE).
Thermal ejector cooling
equipment (EJC)

WVapor compression cooling
equipment (VCC)
VCC powered by photovoltaic
electricity (VCC —PV).

Syvmbology: A Thermoelectric (TE).
Sorption equipment by
adsorption (ADS).

Sorption equipment by
absorption (ABS).

e Hybrid and polvgeneration
systems.

Figure 1. Timeline of the main cooling technologies according to their driving energy source.
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240

220

200

For this reason, the systems combine various energy sources such as PV panels, SC,
biomass boilers, and geothermal energy that must be optimized to maximize primary en-
ergy savings [32,134,135]. However, to optimize the systems, it is necessary to select the
cooling equipment by relating the nominal chiller power (Q.) with the COP, generator
temperature (Tg.,) and evaporator temperature (Tgyqp). According to the literature of the
present review, Figures 2 and 3 detail the operating ranges of prototypes and the main
commercial heat-driven cooling chillers. ADS by physisorption (ADS-Ph) equipment has
a COP between 0.13-0.62 and requires a Tg., between 50-130 °C [14,136-142]. The most
widely used adsorbate-adsorbent is silica gel/water and reaches Tgy,q, of up to 5 °C
[15,143-145].

Systems with activated carbon/methanol have also been evaluated, but the COP and
the Tg., increase with respect to silica gel/water [16,146-149]. In comparison, ABS equip-
ment has a COP between 0.7-1.8 and a Tg,, between 80-220 °C [13,109,150,151]. Before
crystallization, using LiBr/H20 as working fluid, the evaporator temperature is 5 °C, while
using NHs/H20 as working fluid, the system can reach temperatures as low as -5 °C [152-
158]. The difference in the performance of the ABS equipment of medium effect (ABS-HE),
single effect (ABS-SE), double effect (DE-ABS) can be evaluated based on increasing the
COP to optimize the heat received by the generator, reduce the risk of crystallization of
the equipment due to low evaporator temperatures, or increase the cooling capacity
[19,159-162].

o}

Ejector

ABS-SE (LiBr)
ABS-DE (LiBr) .y
ABS-HIB
ABS-SE (NH3) |
ABS-GAX (NH3)
ADS-PH 4
ADS-CH

BOO

> D% 9%

1.4 .6 1.8 2

-h

Figure 2. Nominal coefficient of performance (COP) vs. nominal operating temperature according to the studies in Sections

2 and 3.
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30

25

20

15

10

Ejector

ABS-SE (LiBr)
ABS-DE (LiBr)
ABS-HE (LiBr)
ABS-SE (NH3)
ABS-GAX (NH3)
ADS-PH

=
172
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Figure 3. Evaporator temperature vs nominal capacity according to the studies in Sections 2 and 3.

3. Polygeneration Schemes Integrated with Solar Cooling Technologies

According to the literature, the feasibility of the success of heat-driven refrigeration
equipment is directly related to the use of the energy supply from the solar field. In this
sense, thermomechanical generators (TMG) have been evaluated for joint operation with
VCC and reversible heat pumps (RHP) [163]. The systems are composed of an organic
Rankine cycle generator (ORC) and concentration manifolds to deliver temperatures
above 100 °C [164,165]. However, TMGs are also subjected to polygeneration systems to
achieve their economic viability. This section describes the main solar cooling studies in-
tegrated into the polygeneration scheme for cooling, heating, electricity, and desalinated
water.

3.1. Cooling Heat/Electricity Generation (CH/E)

The generation of cold and heat or electricity (CH/E) combines two or more renewa-
ble energy sources such as SC, PV, or external sources such as biomass. Figure 4 shows
the integration schemes for refrigeration-heat (CH) or refrigeration-electricity (CE). On
the other hand, Table 2 summarizes the main configuration schemes. Table 2, like Figure
4, is divided according to solar technology (SEH), auxiliary electric heating equipment
(EH), fuel for the auxiliary boiler (F), integration of auxiliary heat (I1), integration of heat
generated by renewable sources (I12), unconventional refrigeration equipment (UR), elec-
trical generation unit (GPU), conventional air-conditioning equipment (HVAC), energy
consumption lines produced (I3), type of energy generated (generation), process (P), sup-
ply (S) and electricity generation (E). BIPVT applications have also been adapted for elec-
tricity supply and cooling; the excess electricity produced by the PV panel is used to
power the electrical grid. Evaluations for residential applications show a 70% potential to
reduce heat from a typical wall [166]. Reversing the polarity of TEC also makes it possible
to supply heat in winter, obtaining a COP of 0.45 with thermal efficiencies of 12.06% and
electrical efficiencies of 10.27% [167]. On the other hand, in an ORC electricity generation
plant, replacing the VCC with ABS or ADS equipment allows cold generation by cogen-
eration [168]. In this sense, the results show a higher exergetic efficiency for the ORC-ADS
equipment because the residual heat from the ORC feeds the ADS equipment [169]. Eval-
uation of the ORC-ABS configuration for cooling agricultural soil with a capacity of 3.5
kW and 7 kW allowed a payback of 9.4 years with the highest capacity [170].
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Figure 4. Integration schemes of the main cooling heat/electricity generation (CH/E) configurations described in the liter-
ature for space cooling (SC), heating (HE), domestic hot water (DHW) and electricity (PW).

Table 2. Summary of the main configurations for supply cooling-heat (CH) and cooling-electricity (CE).

SEH EH F I1 12 UR PGU HVAC I3 Production P S E Reference
PTC BM HP  S2-S3-S4 ABS C (DHW-HE)-SC o o [107]
ETC G HP  S2-S3-S4 ABS C (DHW-HE)-SC o [108]
ETC G HP  S2-S3-S4 ABS WCH C (DHW-HE)-SC o [108]
ETC G HP S2-S3  ABS WCH b HE-SC o [109]
ETC G HP S2-S3  ABS b HE-SC o [109]
PV TE a-b SC-PW o [166,167]
PTC S1 ABS ORC a-b SC-PW . . [168]
G HP S2 ADS ORC a-b SC-PW o o [169]
G HPHR S1 ADS ORC a-b SC-PW . o [169]
ETC S1 ABS ORC a-b SC-PW . o [170]
ETC G HT S2-S3  ABS b HE-SC . [171]
PV AWHP HX S1 TE b-d (DHW-HE)-SC e . [172]
CPC EH S1-S3  ABS vCC C (DHW-HE)-SC o [172]
ETC S3-54  ABS EHP a-c (DHW-HE)-SC o o [173]
ETC BM HPHX S3-S55 ABS WCH b DHW-SC J [174-176]
ETC BM HTHX S2-S54 ABS b-d HE-SC o [176]
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ET
P\S G HTHP S1-S3 ABS STR VCC a-—cd SC-PW o o [177]
ETC AWHP G 52 ABS c DHW-5C . [178]

ABS systems can be combined with a power generation unit (PGU) that recovers heat
(HR) for domestic hot water (DHW). The electricity generated is supplied to a reversible
heat pump (RHP) to produce CH. The configuration could reduce the annual demand of
a building by approximately 87% in heating, DHW, and cooling processes [171,172]. How-
ever, the configuration can increase investment costs because the profitability of the co-
generation system depends on the cost of heat generation fuel and local electricity.

The evaluations of Calise F. et al. [173] suggest eliminating the auxiliary boiler and
designing the ABS to cover 20% of the demand with constant operation that, together with
an electric heat pump (EHP), supplies cold to a storage tank (TC). The proposed approach
saves 64.7% of primary energy with a solar fraction of 46.2% in winter and 27.7% during
summer [173]. However, a multi-objective optimization considering an auxiliary heater’s
application shows greater energy efficiency by preheating the fluid before entering the
ABS. Despite the encouraging results in energy saving, it is concluded that public financ-
ing is necessary for its profitability [108]. In this sense, Shirazi A. et al. [109] propose to
include the penalty costs for CO2 production in the economic analysis. Under this ap-
proach, the optimized system achieves an annual cost balance equal to zero with savings
of between 44.5 and 53.8 tons of CO2 [109]. On the other hand, by incorporating a fuel
boiler with a solar field of ETC of 230 m? for heat generation, a simple payback (SPB) of
20.3 years is achieved and a solar fraction (SF) of 0.275 [108]. In comparison, a CPC with a
500 m2 solar field and a hot water boiler (HWB) integrated with a diesel generator engine
minimize the SPB to five years [174]. However, there was an increase in pollutants derived
from diesel combustion. In this sense, the combining of a biomass boiler (BM) with SC-
TES has the peculiarity that the burning of BM is considered carbon neutral. Therefore,
incorporating 800 m? of CPC makes it possible to achieve an FS of 81.8% and an SPB of
9.33 years [107]. The BM-SC-TES-ABS system was also evaluated for restaurants in China
with four possible configurations that reached solar fractions between 17% and 32% [175].
Furthermore, preheating the fluid before entering the ABS allows energy savings of 30%
in summer and 60% in winter, minimizing the use of BM [175,176]. The reason is that BM
provides heat during climate variability without oversizing SC-TES systems, which is at-
tractive when considering penalties for CO:2 production from the electricity grid [174].
However, the main limitation of biomass is that it requires drying before combustion to
reduce the humidity of the granules. Otherwise, it increases pollutants such as sulfur di-
oxide, nitrogen dioxide, and other particulate matter.

3.2. Cooling, Heat and Electricity Generation (CHG)

Trigeneration configurations combine electrical and mechanical drive technologies
to produce cold, heat, and power generation (CHG). These systems tend to increase the
solar field area because they are designed to meet the higher energy demands around
electricity generation. Figure 5 shows the CHG schemes and can be interpreted from read-
ing Table 3. EIHelw M. et al. [179] adapted conventional cooling equipment with hot and
cold coils, an enthalpy wheel and a radiant wall TEC powered by PV and SC. The study
shows savings in cities such as Cairo of up to 60% of primary energy consumption com-
pared to conventional equipment [179]. On the other hand, Buonomano A. et al. [180]
evaluated the performance of a system to generate electricity, cold and heat by comparing
the performance between hybrid solar collectors CPVT and PVT coupled to an ABS-SE
cooler and two ADS coolers.
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Figure 5. Integration schemes of the main cooling, heat and electricity generation (CHG) configurations described in the

literature for space cooling (S5C), heating (HE), domestic hot water (DHW), heating pool (HEP) and electricity (PW).

Table 3. Summary of the main configurations for supply cooling, heat and electricity (CHG).

SEH 11 I2 UR PUG HVAC 13 Production P S E Reference
PVT HP S1-S2- ADS
CPVT HX S3-54  ABS WCH c—f (DHW-HEP-HE-SC-PW) o o [180]
G HX S2 ABS STR b-f (HE-SC-PW) o o [181,182]
ETC PV HT S2-S3 ABS VCC c—f (DHW-HE-SC-PW) . . [183]
ETC PV G HT S2-S3 ABS VCC c—f (DHW-HE-SC-SP) . . [183]
PV RHP c—f (DHW-HE-SC-PW-SP) e . [183]
ETC PV G-BM II:IDI: S3-S4 ABS ORC b-f (DHW-SC-PW) . . [184]
HT
ETC GT P S3-S4 ABS ORC b-f (DHW-SC-PW) e o o [185]
DC
PVT G HR S2-S3 ABS ORC RHP b-e-f (HE-SC-PW) . . [186]
51-S2-
DC GPS-BM HR S6 ABS ICE b-f (DHW-HE-SC-PW) o o [187]
HT S1-S2-
PVT PV G HR 5 Sg ABS ORC a—f (DHW-HE-SC-PW-SP) e . [188]
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The heat generated also allows for pool water heating (HEP). The results show that
the best combination of CPVT-PVT is the ABS equipment for high radiation conditions,
reaching 84% of SF with an SPB of fewer than 13 years [180]. In addition, the generation
of electricity with PV panels opens up the possibility of using HP as an auxiliary equip-
ment for heat generation. However, HP systems tend to be suitable on a small scale, with
the use of photovoltaic panels coupled to an RHP being even more beneficial to produce
HEP, DHW, HE and SC. On the other hand, Lu, Zu. [181] developed a prototype that
combines ABS and ORC equipment. The system can operate with a hot water heat source
between 80-95 °C and industrial waste heat between 100-140 °C [181]. On the other hand,
a PGU integrated to a gas HP as auxiliary heat was compared, achieving 38% energy sav-
ings compared to conventional equipment. However, the configuration with a Stirling en-
gine (STR) with ABS equipment, powered by solar thermal and photovoltaic panels,
shows favorable results for the residential sector [182]. In that sense, simulations in the
United States of PV-SC-ORC-ABS schemes reduced annual costs by up to 48% compared
to conventional equipment [177]. The configuration SC-PVT-ABS-PUG was evaluated for
harnessing the residual heat of ORC and supply heat to ABS equipment, space heating,
DHW and HEP [183-185]. On the other hand, the inclusion of geothermal energy (GT)
and the ability to take advantage of its annual power allows obtaining an SPB between 7.6
years and 2.5 years considering the worst and best-operating conditions, respectively
[186]. On the other hand, a biomass gasifier was included replacing the solar collector
system with solar dish collectors (DC). The gas drives an internal combustion generator,
and the waste heat is used for heating, cooling and DHW [187].

The integration of technologies requires a technical and economic analysis to deter-
mine the optimal configuration of the system. For this reason, Sameti M. et al. [188] devel-
oped an optimization with the mixed-integer linear programming method (MILP). The
objective was to determine the minimum cost of the system based on investment costs,
operation, electricity and carbon emissions [188]. Furthermore, the SHC-TASK-53 project
makes it possible to compare integration schemes for the residential sector in Mediterra-
nean climatic conditions [184]. However, residential applications tend to have design dif-
ferences compared to the demand for industrial applications.

3.3. Cooling, Heat, Electricity Generation and Desalinization (CHGD)

Although CHG systems have a high potential to be integrated into residential and
industrial processes due to the generation of medium and high-temperature process heat,
CHGD systems are often designed as high-capacity thermal power plants. Figure 6 and
Table 4 show diagrams in which the use of ABS equipment predominates and there is the
desalination of water in the condenser of ADS equipment. Multi-effect desalination plants
(MED) integrated with ORC-ABS-SC-TES are attractive for desert climates, high irradia-
tion, and lack of water. Depending on the need to be supplied, the MED polygeneration
plant can be configured to produce heat and cold that contribute to the electricity genera-
tion process, the MED desalination process. Therefore, the proposed configurations can
simultaneously contribute heat, refrigeration, electricity, and desalinated water (CHGD)
[189]. In this sense, the schemes have been evaluated by integrating Kalina cycle absorp-
tion refrigeration and freeze desalination (CPCD) technologies. The results show that even
though high evaporator temperatures produce more refrigerant, the energy and exergy
efficiencies of CPCD are better under low-temperature conditions [190].
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Figure 6. Integration schemes of the main cooling, heat, electricity generation and desalinization (CHGD) configurations
described in the literature for space cooling (SC), heating (HE), domestic hot water (DHW), desalinated water (DW) and

electricity (PW).

Table 4. Summary of the main configurations for supply cooling, heat, desalinated water, and electricity (CHG).

SEH F I1 12 UR PUG I3 Generation P S E Reference
DC HR S1 ABS ORC b (DW-SC-PW) . . [189,190]
DC G H;g X 52,53 ABS ORC b (DW-HE-SC-PW) e o o [191,192]
ETC HX HR S3 ADS ORC b-d (DW-SC) . . [193,194]

In order to identify the techno-economic and exergetic advantages of the system,
thermo-economic evaluations were recommended due to the precision to consider the ex-
ergetic destruction of the solar thermal circuit and the power block [191]. Furthermore,
according to integration evaluations, the configurations with the most significant poten-
tial in high solar irradiation conditions were the plants that replace the power cycle con-
denser with the MED plant, and the refrigeration plant and the process heat plant were
coupled to the turbine [192]. On the other hand, the production of heat, cooling, and de-
salination is possible from an ADS-SC-TES configuration that includes two adsorption
beds. In this system, the water evaporates by the suction effect of the adsorbent. Later, the
water vapor from the adsorber bed is sent to the condenser and, as the temperature drops,
the desalinated water is collected in a collection tank [193,194]. The advantage of adsorp-
tion desalination systems is that the system has few moving parts. However, its viability
in relation to size is limited by the low efficiency of the adsorption cycle. In contrast to
MED-ORC configurations, the ADS-DES system does not produce electricity. Therefore,
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when considering annual assessments, ADS-DES could be affected by annualized costs
for large-scale applications. In this sense, there is no integration analysis that evaluates
the best selection criteria for industrial applications and their life cycle in terms of primary
energy saving and investment. On the other hand, integration configurations are limited
to heat recovery to power the MED plant and the air-conditioning equipment, minimizing
the power loss of the PGU.

4. Discussion of Potential Applications of Solar Cooling Technologies

Solar systems require an analysis of parameters such as the levelized cost of energy
(LCOE), simple pay back (SPB), and primary energy savings (PES). In addition, itis crucial
to evaluate the cooling loads based on the target cooling process. This section is divided
into the costs of polygeneration integrated cooling systems and the potential applications
of cooling systems in the industry.

4.1. Costs of Polygeneration Integrated Cooling Systems

Solar cooling systems have shown that their viability is possible with schemes that
supply heat and electricity simultaneously. Even the integration of polygeneration sys-
tems has shown better exergetic performance than conventional equipment, the main lim-
itation being the efficiency and cost of the solar system. In that sense, solar systems must
be evaluated based on their useful life cycle since the initial investment tends to be high
due to the solar field and the cost of alternative cooling equipment. In addition, the via-
bility of solar cooling systems varies depending on the application site and the economic
factors given by local policies. An example is an ABS system in Dubai, which despite in-
creasing the initial investment to almost 93%, the SPB is 2.49 years. This is possible because
the system reduces 303.68 tCO,/yr being highly beneficial due to the CO, taxes [174].
Whereas ABS-SC configurations in Sidney reduced emissions by 166 tCO,/yr, but the SPB
is 63 years [109]. Table 5 summarizes the costs, and key indicators of some case studies of
cooling systems with energy polygeneration.

Table 5. Summary of costs and key indicators of case studies of cooling systems with energy polygeneration.

Ref.

Sche.

App.

Total
Space Cooling Q. Solar Area C(:):t Key
[m?] Tech. [kW] Tech. [m?] k€l Indicators

City

[108]

CH/E Office Building Naples 1600 ABS-SE - ETC 100 656.56

Ng: 0.27
PES: 0.444
SPB: 31.3 yr
SF: 0.876
Ng: 0.263
PES: 0.408
SPB: 32.3 yr
SF: 0.885
Ng: 0.268
PES: 0.424
SPB: 25.2 yr
SF: 0.882

1600 ABS-SE - ETC 230 470.28

6400 ABS-SE - ETC 230 442.79

[109]

[109]

CH/E

CH/E

Hotel

Hotel

Ng: 0.7
PES: 0.60
Sydney 11,624 ABS-SE 1023 PTC 3.134 589.96 ER:138tCO,/yr;
SPB: 58.444 yr
SF: 0.63
Ng: 1.31

Sydney 11,624 ABS-DE 1163 PTC 3.278 611.83 PES: 0.65
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ER: 153.85 tCO,/yr
SPB: 52.017 yr
SF: 0.74
Ng: 1.62
PES: 0.69
[109] CH/E Hotel Sydney 11,624 ABS-TE 1163 PTC 3.426.2 640.54 ER: 166.43 tCO,/yr;
SPB: 63.82 yr
SF: 0.72
PES: 0.956
[107] CH/E School cooling  Marseille - ABS-DE 250 PTC 800 - SPB: 13.7 yr
SF: 0.966
Ng: 0.68
PES: 0.39
11,624 ABS-SE 1023 PTC 1.986 454.60 ER:72.64tCO./yr
SPB: 63.14 yr
SF: 0.69
Ng: 1.31
PES: 0.31_
[109] CH/E Office Sydney 11,624 ABS-DE 1163 PTC 1.885 471.69 ER:81.58tCO,/yr
SPB: 58.17 yr
SF: 0.76
Ng: 1.61
PES: 0.37
11,624 ABS-TE 1163 PTC 1912 485.36 SF: 0.75
ER: 97.80 tCO,/yr
SPB: 71.19
[160] CH/E District cooling Qatar - ABS 12,000 FPC 5.342.21.746.96 -
ER: 4.5 tCO2
[170] CH/E Soil cooling (Al-  Kuala i ABSSE 35 ETC m 1244 Annual Savings:
stroemeria) Lumpur 977.57 €
SPB: 14.2 yr
ER: 32 tCO,
Soil cooling (Al-  Kuala Annual Savings:
(1701 CH/E stroemeria) Lumpur i ABSSE 7 ETC 4 1913 1880.11 €
SPB: 10.8
LCOE: 0.122
€/kWh
LCOE: 0.0939
€/kWh
LCOE: 0.0921
€/kWh
LCOE: 0.1029
€/kWh
LCOE: 0.0994
€/kWh
VCC+ LCOE: 0.0784
1246 ABS 160 CPC 500 274.45 €/kWh
LCOE: 0.0355
€/kWh
Ng: 0.458
PES: 0.647

1246 RHP 160 CPC 500 165.53
1246 RHP 160 1% 497  211.37

Abu Dhabi, 1246 VCC 160 - - 17017
Kjakarta,
Amman, 1246 RHP 160 - - 12049
Milan, New
York 1246 RHP 160 - - 48792

Heating and

[172] CHJ/E .
cooling space

1246 RHP 160 1% 297.23

[173] CH/E School cooling Naples 2250 ABS-SE 300 PTC 200 -
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SPB: 19 yr
SF: 0.462
ne: 0.433
Milan 2250 ABS-SE 300 PTC 200 - 51;1153832542;
SF: 0.325
ne: 0.461
Trapani 2250  ABS-SE 300 PTC 200 - 51;11538 1%?;
SF: 0.263
ER: 303.68
tCO,/yr
400 A.BS-DE_ 109.8 PTC 2909 1381.1 SPB: 2.49 yr
Air cooled :
Energy savings:
Residential _ 519 MWh/yr
(1741 CHE 4 ilding Dubai ER: 139.7 tCO,/yr
40 APSDE PTC 1939 10253 _ o D-475yT
Air cooled Energy savings:
175.64 MWh/hr
400  Air cooled 366 - - 713.3 -
Jinan - ABS-SE - PTC 1538 - SF:0.27
Ecological Res- Loudi - ABS-SE - PTC 1538 - SF: 0.25
[175] CHJ/E taurant Yinchuan - ABS-SE - PTC 1538 - SF: 0.28
Lhasa - ABS-SE - PTC 1538 - SF: 0.32
Hyderabad - ABS-SE - PTC 1538 - SF:0.24
Annual Savings:
- ABS-SE 200 FPC 250 329.99 29758.62 €
SPB: 10
Annual Savings:
- ABS-SE 200 FPC 500 379.11 29991.24 €
[176] CH/E Wineindustry  Curicd AnmSlElB éaljings:
- ABS-SE 200 FPC 750  428.23 30390.68 €
SPB: 14
Annual Savings:
- ABS-SE 200 FPC 1000 477.35 30935.62 €
SPB: 15
(178] CH/E P fﬁl‘;igng Cagliari 2460 ABSSE 70 ETIC 230 322 SO Ng: 0.84 to 0.87
San 46,320 ABS-SE 530 - - 836.66 -
[177] CHG Office Building FrBi)r;if;o 46,320 ABS-SE 700 - - 788.99 -
.. 46,320 ABS-SE 830 - - 1090.5 -
Miami
s Cost Savings:
[185] CHG Hotel Building Changsha - ABS - - - 31.59%
- . SPB: 7.6
[186] CHG Hotel Building Ischia - ABS-SE 30 ETC 25-80 91.24 ne: 0592
TEC-Cell Annual Savings:
[179] CHG Building Cairo 25,8129 Enthalpy - PVSP - 26.49

Wheel

2613.82 €
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TEC-Cell Annual Savings:
Alexandria 25,8129 Enthalpy - PVSP - 26.49 &%

3162.24 €

Wheel

TEC-Cell Annual Savings:
Hurghada 25,8129 Enthalpy - PVSP - 26.49 &%

2019.61 €

Wheel

Annual Savings:

1710.21 €

Berlin . ABS-ADS 2587 CPVT 2069 10055 O or122¥T

SF: 0.82
Energy savings:
1,839 MWh/yr
Annual Savings:

1979.26 €

. o SPB: 10.3

[180] CHG Office Building Bordeaux - ABS-ADS 237 CPVT 1896 822.06 SF: 0.63
Energy savings:
2,126 MWh/yr
Annual Savings:

3778.85€

Athens - ABS-ADS 325.6 CPVT 2821 1875.9 SPB: 16.7

SF: 0.78
Energy savings:
4059 MWh/yr

isch-Rot- 15 67.50
[188] CHG District cooling °"RO"  g500  AD-ABS PTC  50-76 ;

kreuz 17.6 k€/yr

On the other hand, PV, SC, and conventional renewable energy prices are described
widely in the literature. However, even though solar collectors have lowered costs in the
last two decades, thermal cooling systems have made modest progress in reducing costs.
Cooling systems reduce the cost per kW as a function of increasing the nominal capacity
(NC) of the equipment. Table 6 shows the main functions (F) considered in the literature
to estimate the specific cost of refrigeration equipment according to NC. F1 was obtained
from Broad Air Conditioning Ltd. Suppliers, while F2 was performed under a polynomial
relationship developed by Waier P. in 2008 [157].

Table 6. Thermally powered refrigeration equipment cost estimating functions.

N° Equipment Type Cost Functions Unit Ref.
F1 ABS DE (small size) 500 = NC UsSDh [157]
F2 ABS DE (large size) =~ 147.3* NC + 100,680  USD [157]
F3 ABS SE 585 * NC AUD  [109]
F4 ABS DE 705 * NC AUD  [109]
F5 ABS TE 855 % NC AUD  [109]
Fé6 ADS High temperature 500 * NC € [180]
F7 ADS Low temperature 400 * NC € [180]
F8 ABS — 300 * NC € [180]
F9 ADS — 1680 * NC~%17 €/kW  [184]
F10 ABS SE 3700 = NC™04° €/kW  [184]
[

F11 ABS DE 4300 * NC™04° €/kW
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The values determined by Shirazi A. et al. [109] for F3, F4 and F5 were estimated from
supplier data obtained between 2012 and 2014. On the other hand, F6, F7, and F8 were
based on estimates referring to 2016 [180]. While F8, F9, and F10 are approximation func-
tions obtained from the Task-53 project, based on 2012 data from Central Europe [184].
Thermal cooling equipment costs change depending on the manufacturer, year of produc-
tion, equipment type, capacity, COP, transportation, taxes, etc. Regarding the technical
aspects, it is expected that ABS equipment increases as a function of COP. However, the
functions detailed in Table 6 are estimates based on the capacity and type of equipment,
leaving out several technical and economic parameters that directly influence the final
costs.

In this sense, Figure 7 shows the reported nominal capacity versus the specific prices
per kW of cooling, and Figure 8 shows the relationship between specific cost, COP and
equipment capacity. The values reported are studies described in this document and com-
pared with the estimated values described by Hang Y. et al. [157] and Neyer D. et al. [184]
for ABS-SE ABS-DE equipment transforming into Euros using the exchange closing rate
as of 31 December 2020, for USD, AUD, AED, and MYR. The figures show a clear differ-
ence between the cost functions assumed and the costs reported by other authors. Conse-
quently, using the reported functions to determine costs without adapting to the local
market could limit the precision of a techno-economic analysis.

‘IBDDIJ':I _D_F\BSSE:Neyer D etal [184] 1
—D—ABSDE:NE}rer D., etal [184]
—&— ADS:Neyer D, etal. [184]
— B —F\BSDE: Hang Y., et al. [157]
@ vco
= QO EJE
w, A ADS
= ¥ ABS-HE
8 O ABS-SE
o O ABS-DE
5 ¥ ABS-TE
:ﬁ% *
B o
m|
o ad O O
0 L L L L L L L L L P T T S R S T S S S
0 50 100 150 200 250 300 350 400 450 500 70O 800 1000 1200 5000 7OOO 12000 -

Nominal Capacity [kW]

Figure 7. Comparison of heat-driven refrigeration equipment based on nominal capacity versus specific costs reported in
the literature. Own figure based on [184].
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Figure 8. Comparison of heat-driven refrigeration equipment based on COP versus specific costs reported in the literature.

4.2, Potential Applications of Cooling Systems in the Industry

The adaptations of PV panels with HR or VCC equipment for air-conditioning and
CH/E schemes are most commonly found in the residential sector. The challenges of resi-
dential air conditioning are based on reaching the comfort temperature, which is stand-
ardized according to the ASHRAE standards and adapted according to each country’s
local legislation. District refrigeration systems have also been evaluated to supply heat
and cold, requiring them to cover cooling loads of 12 MW [160]. However, evaluations for
industrial applications have hardly been evaluated, limiting themselves to the agricultural
sector for soil cooling for alstroemeria cultivar with temperature control in greenhouses
[170]. The temperature control requirements for the above processes require T, > 3 °C.
The cold storage of fruit, pre-cooling, and cooling pork meat after cutting has been evalu-
ated [151,152]. Based on the review developed in this document, Figure 9 shows location
maps of solar cooling plants in which residential sector applications predominate.
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Figure 9. Location of solar cooling plants described in Sections 2 and 3. (a) Europe and the Middle East. (b) Southeast Asia.
Own figure based on [195]: Yearly DNI.

Solar cooling systems have potential because the industry requires controlling the
temperature for manufacturing processes, and the economic viability of solar thermal sys-
tems tends to be improved in polygeneration schemes. In this sense, the fruit and vegeta-
ble industry require reducing the temperature from 23 °C to -1 °C. Cooling time is essen-
tial to avoid deformations in vegetables such as cabbage and spinach. On the other hand,
the storage of meat derivatives requires set temperatures of the evaporator equipment
that can reach up to -35 °C, being unfeasible for sorption equipment. In this sense, studies
suggest evaluating processes derived from canned foods. The process requires cooling
from 70 °C to 4 °C but must occur between 565 and 855 min to prevent microorganism
growth [196].

In addition, chemical processes such as crystallization are required in the food indus-
try, which is part of the reduction of production [197]. The cooling on crystallization is
also present in other manufacturing processes in the chemical industry. Table 7 summa-
rizes the food industry processes with the potential to be evaluated with solar cooling
systems
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Table 7. Operating parameters of cooling processes applied in the food industry.

Initial T Final T Q.x: Cooling Time

Ref. Process Product °C] °C] [KWh] [min]
[196] Forced.—alr cool- Cal?bage, 23 1 113 188
ing spinach
High flow hy-
[196) ‘Hlghflowhy- Cabbage, 23 -1 0.67 64
drocooling spinach
[og oW flowhy- Cabbage, ) -1 078 84
drocooling spinach
k
[196] Airblast cooling 0 70 4 - 565
pork
[196] W.ater 1mg1er— Cooked 70 4 ) 855
sion cooling pork
[197] Coohn.g on crys- Shortem.ng 60 1 i 100
tallization ~ production
[197] Cooling on crys- Shortening 60 1 ) 100

tallization =~ production

Supermarket applications require cooling demands of more than 100 kW, compara-
ble to medium-scale winemaking processes. However, the advantage in winemaking pro-
cesses is the possibility to take advantage of the heat of the solar field, even when the
sorption chiller is not in operation [176]. Solar systems have only been evaluated on a
small scale for fermentation processes and storage in white wine warehouses.

On the other hand, mining applications require strict control of the cooling tempera-
ture to guarantee the thermal comfort of the workers. The temperature should be kept
below 28 °C, but activities stop if it exceeds 32 °C [198]. Refrigeration loads will vary de-
pending on the location, depth, number of workers, machinery, etc. A mine’s cooling sys-
tem can be centralized on the surface or underground.

Therefore, mine cooling systems can be classified as icy refrigeration, cooled air
stream, ventilation cooled air stream, etc. In that sense, to obtain an optimal result, it is
important to consider the disposition of the equipment in the mine. According to some
authors, coal mines require equipment between 4 MW and 16.3 MW and gold mines be-
tween 0.8 MW and 39 MW, as shown in Table 8. Although absorption systems have been
evaluated with cooling equipment of 12 MW, the systems have not been evaluated for
mining applications.

Table 8. Thermally powered refrigeration equipment cost estimating functions.

Ref.  Country Apply Process Tprocess [°Cl Tge [°Cl Cooling System NC [kW]
[198] England Supermarket Supermarket Cl?;nmfgt - Air-cooled system 125-400
[198] England Supermarket Supermarket C,l?;:gft - Water-cooled system 130-180
[198] England Supermarket Supermarket Cl?;nmfgft - Hybrid system 125-180
[199] Italy =~ Winemaking Barrel cellar 15-16 2 Air-cooled water chiller 458
[199] Italy =~ Winemaking ij;iigf:ie 20-21 2 Air-cooled water chiller 458
[199] Italy Winemaking AEZ?I?;:;EP 18 2 Air-cooled water chiller 458
[199] Italy =~ Winemaking Malolactic fer- 17 2 Air-cooled water chiller 458

mentation
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Cold (static) . .
[199] Italy =~ Winemaking stabilization -4 =7 A1r-c_ooled water chiller 466
o with heat recovery
pre-filtration
Cold (static) . .
[199]  Italy Winemaking stabilization 2 g Air-cooled water chiller 466
. with heat recovery
cold new wine
[199] ltaly ~ Winemaking Wine dynamic 4 A1r—cool'ed direct expan- 1976
cooler sion cooler
[200] China Mine Coal <30 18 Icy refrigeration 6250
[200] China Mine Coal <30 18 Icy cooling system 12,000
[200]  China Mine Coal <30 g Centralized refrigeration )
system on the surface
. . Centralized refrigeration
[200] China Mine Coal <30 18 6250
system underground
[201]  Australia Mine Coal 22 - Cooled air stream 4000
[202]  China Mine Coal 30-32 703  'entilationandcooling o5,
system
h Af-
[203] Smﬁca Mine Gold <27.5 Refrigeration plant 3000 to 16,400
South Af- . Variable speed drive
[203] rica Mine Gold <27.5 - (VSD) 816
h Af-
[204] Smﬁca Mine Gold <27.5 3-9 Refrigeration plant 39,000

5. Conclusions

Achieving the decarbonization of electricity in 2050 requires reducing electricity con-

sumption growth, and cooling processes are responsible for 10% of such consumption.
The investigations have been oriented to using renewable energies with alternative equip-
ment integrated with thermal or PV panels. However, there is a marked imbalance in the
number of studies in the residential sector, despite the potential benefits of reducing elec-
tricity and CO: with renewable energies This present work details polygeneration
schemes focusing on solar refrigeration and the potential application in the industry. In
this sense, the review presented the unconventional refrigeration equipment, polygener-
ation schemes, and scope of applicability in industry.

Alternative solar cooling technologies have energy limitations due to their low COP
and limiting their overall efficiency. However, the hybridization of cooling devices
to reduce heat transfer losses allows the COP to be maximized. In this sense, STR and
TEC devices combined with conventional refrigeration equipment and facades must
be evaluated to determine their viability.

PV-VCC or PV-HPR configurations outperform typical SC-TES systems and thermal
cooling equipment schemes due to the economic viability and SPB of fewer than 10
years. The reason is that conventional refrigeration equipment is preserved, and ex-
cess electricity production is used by other equipment connected to the electrical net-
work. However, the economic viability of photovoltaic systems must be evaluated
considering simultaneous heat and cold thermal loads to determine the sizing limits
of PVR systems in industrial applications.

The literature presented confirms that the viability of alternative equipment depends
on its adaptation to polygeneration schemes that allow CE and CH to be supplied.
The schemes evaluated for simultaneous production of electricity and cold have
managed to reduce up to 64.7% of primary energy. However, the operating and in-
vestment costs of the system remain high. Therefore, they require CO: taxes to
achieve a financial balance with an SPB of fewer than 20 years.
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e  The CHG polygeneration schemes designed to meet the demand of the ORC genera-
tor and the absorption chiller allow reaching solar fractions of up to 84% with an SPB
of fewer than 13 years. The reason is that DHW and heating are obtained from the
residual heat of the ORC subsystem.

e The CHGD schemes have been evaluated based on their exergetic performance but,
the systems must be studied and adapted to meet energy demand conditions in the
industrial and residential sectors. In this sense, district refrigeration systems can be
convenient scenarios to assess the viability of the system. On the other hand, the min-
ing industry sector is conditioned to reduce its environmental footprint in extraction
processes. In the same way methods for evaluating the economic benefits of reducing
CO: have been extensively detailed; assessing the positive ecological impact of
CHGD systems in the mining industry is pertinent.

e  InIndustries with processes that have different demand levels for cooling, a consen-
sus has not been established regarding heat integration schemes that improve the
technical and economic performance of cooling systems powered by thermal energy.
In this sense, solar cooling has been partially evaluated for industrial applications,
obtaining favorable results in small-scale agriculture and for the wine sector. How-
ever, it is necessary to deepen the technological limits and cooling times required by
the precooling and crystallization processes in the food industry.

e The solar system made up of collector fields and thermal storage is responsible for
the largest share of the investment expenses, which can be as high as 70%. Mean-
while, alternative refrigeration equipment can reach up to 30% of the initial invest-
ment cost. The costs of solar thermal and photovoltaic technologies tend to be up-
dated based on IEA publications, while storage costs are estimated using different
methodologies. However, the potential for using thermal refrigeration equipment re-
ported in the literature is based on local prices that, in some cases, are more than
eight years old. In this sense, to obtain results with less economic uncertainty, a cost
update of thermal cooling equipment is necessary.

¢  Finally, the economic viability of the systems is subject to balance in the size of the
solar field with the savings of primary energy. In this sense, optimization studies
focus on the system’s sizing based on the TMY. However, the industrial trend is in a
transition towards a dynamic diagnosis of refrigeration systems. In other words, op-
eration of the system is based on the dynamic prediction of thermal loads to automate
energy dispatch strategies and detect cooling system faults. In this sense, it is reason-
able to propose forecasting methods that will allow the adaption of alternative refrig-
eration equipment powered by solar energy.

In summary, future work focused on solar cooling is the integration of Stirling cool-
ing equipment in polygeneration systems and, in turn, determining the viability of hy-
bridization with sorption equipment. Regarding the relationship of the solar resource and
the presented polygeneration schemes, it is pertinent to develop selection methods that
allow the systems to be adapted to medium and low solar radiation conditions depending
on the characteristics of industrial demand. On the other hand, the industries with the
most significant potential for integration with CHG schemes are the beverage and food-
processing industries due to multiple heat and cold processes. In contrast, underground
mines close to the sea have a high potential for implementing CHGD systems. In this re-
gard, it is necessary to develop an optimization method that integrates the benefits of sav-
ing water and CO: without affecting the techno-economic viability of the CHGD systems.
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