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Preface

Air conditioning has evolved from a mere luxury to a necessity, playing an indispensable  
role in enhancing the quality of life and supporting modern lifestyles. As the global 
community faces mounting challenges posed by climate change, energy scarcity, and 
environmental degradation, air conditioning technologies must rise to the occasion with 
sustainable, efficient, and innovative solutions. This book, Air Conditioning Technologies 
and Applications, endeavours to capture the essence of these advancements, showcasing 
the potential of cutting-edge research and applications to redefine the future of climate 
control.

The compilation of chapters reflects the diverse yet interconnected dimensions of 
contemporary air conditioning research. The contributions in this volume provide 
fresh perspectives and actionable insights into key technological and material inno-
vations, sustainable practices, and energy-efficient solutions. Dedicated researchers 
have authored each chapter in their respective fields, ensuring a blend of academic 
rigour and practical relevance.

The book opens with “Study on Evaporative Cooling Assisted Temperature and 
Humidity Control Systems for Greenhouse Farming in Pakistan”. This chapter sheds 
light on the adaptation of air conditioning technologies for agricultural applications, 
particularly in the context of greenhouse farming. Addressing the unique climatic 
challenges of Pakistan demonstrates how innovative evaporative cooling techniques 
can promote sustainable farming practices.

In the chapter on “Sea Water Air Conditioning (SWAC) Technology: Performance and 
Worldwide Potential”, readers are introduced to an exciting, eco-friendly alternative 
for cooling systems. This chapter explores the mechanics and benefits of leveraging 
oceanic resources to meet cooling demands and discusses the global potential of SWAC 
as a sustainable air conditioning solution.

The chapter on “Advancements in Materials Used in Air Conditioning Technologies” 
comprehensively reviews the material innovations driving air conditioning systems 
forward. From advanced refrigerants to novel thermal insulators, this chapter empha-
sizes the pivotal role of materials in enhancing system performance, energy efficiency, 
and environmental compatibility.

The concept of localized cooling takes centre stage in the chapter “Localized Air 
Conditioning Can Enable Zero-Energy Buildings in South Asia”. This chapter exam-
ines the feasibility and benefits of integrating targeted air conditioning systems into 
building designs, offering a pathway toward energy self-sufficiency and sustainability 
in one of the world’s most populous regions.

In the chapter on “Heat Pipe Heat Exchangers for Air-Conditioning Applications”, 
readers gain insights into the potential of heat pipe technology to optimize air 
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IV

conditioning systems. This chapter delves into the principles, design considerations, 
and applications of heat pipe heat exchangers, demonstrating their ability to improve 
thermal efficiency and reduce energy consumption.

The final chapter, “Comparative Exergetic Assessment for the Modernization of 
Synthetic Fluids by Natural Refrigerants Used in Residential and Commercial Cooling 
and Air Conditioning Applications”, critically evaluates the transition from synthetic 
to natural refrigerants. It highlights the environmental and thermodynamic advantages 
of natural refrigerants, offering a clear roadmap for modernizing air conditioning 
systems in both residential and commercial contexts.

Through these six chapters, this book, Air Conditioning Technologies and Applications, 
aims to serve as a valuable resource for academics, researchers, and industry profession-
als striving to address the pressing challenges of our time. By showcasing innovative 
strategies, sustainable practices, and emerging technologies, this book contributes to 
the ongoing dialogue on how air conditioning can evolve into a greener, smarter, and 
more efficient domain.

As the editors of this book, we express our deepest gratitude to the authors for 
their insightful contributions, the reviewers for their constructive feedback, and 
the publishing team for their dedication to bringing this vision to life. We hope this 
volume inspires readers to push the boundaries of innovation and sustainability in 
air conditioning technologies and applications.
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Chapter 1

Study on Evaporative Cooling
Assisted Temperature and
Humidity Control Systems for
Greenhouse Farming in Pakistan
Nadia Riaz, Muhammad Sultan, Hadeed Ashraf,
Muhammad Hamid Mahmood, Fiaz Ahmad,
Muhammad Usman Khan, Muhammad Farooq, Uzair Sajjad,
Muhammad Wakil Shahzad and Zhaoli Zhang

Abstract

Evaporative cooling systems have evolved as highly effective greenhouse-control
solutions, particularly in hot and dry places such as Multan, Pakistan. This chapter
evaluates the performance of direct (DEC) and indirect evaporative cooling systems
(IEC) for an asymmetric greenhouse using TRNSYS software. The performance of the
systems was assessed in terms of simulated ideal vapor pressure deficit (VPD), tem-
perature, and humidity for tomato cultivation. According to the results, the DEC
system effectively reduced the temperature, while the IEC system effectively man-
aged the humidity. The DEC system showed maximum energy saving of up to 40% in
hot and dry months. The combination of both DEC and IEC systems produced the
optimum level of temperature and humidity for increased tomato output, energy
savings, and water usage efficiency. A higher (up to 0.35 kg/h) evapotranspiration
mass flow rate was observed in the middle of the year in the case of the second and
fourth system configurations. Findings from this study highlight the need for sustain-
able, energy-efficient cooling methods for greenhouse agriculture.

Keywords: evaporative cooling, asymmetric design, energy efficiency, TRNSYS,
greenhouse simulation

1. Introduction

Pakistan’s environmental issues have led to the rise of greenhouse agriculture as a
key solution, especially in areas like Multan where high summertime temperatures
significantly limit agricultural productivity. About 42.3% of the labor force is
employed in Pakistan’s agriculture sector, which generates 18.9% of the country’s
Gross Domestic Product (GDP) [1]. Nevertheless, the country’s semi-arid and dry
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areas have extended hot weather and insufficient rainfall, which causes conventional
open-field farming to be incredibly ineffective. To guarantee year-round crop growth
and better yields, farmers in these areas can manage the temperature, humidity, and
light in greenhouses [2].

The agricultural sector in Pakistan has been influenced by the introduction of
greenhouse agriculture, especially for high-value crops like tomatoes, cucumbers, and
peppers. By reducing the impact of extraneous environmental stresses, greenhouses
provide longer growing seasons, higher crop yields, and better-quality crops. Never-
theless, it costs money to keep greenhouses at optimal inside temperatures, particu-
larly in places like Multan where summertime highs may reach 45°C. While typical air
conditioning systems are effective, they are expensive to operate and unfeasible for
small- to medium-sized farms due to the significant energy required to maintain
interior cooling [3].

Figure 1 shows that the agricultural industry is Punjab’s third-largest user of
electricity, emphasizing the high energy demands of greenhouse activities in the
province. The high energy cost impedes the widespread adoption of greenhouses,
particularly in rural regions where electricity rates are rapidly increasing.

Given these constraints, using energy-efficient cooling technology is vital to
guaranteeing the long-term viability of greenhouse agriculture in Pakistan. Evapora-
tive cooling systems, notably direct evaporative cooling (DEC) and indirect evapora-
tive cooling (IEC), present a viable approach for lowering energy usage while
preserving ideal growth conditions [4–6].

1.1 Energy consumption for greenhouse cooling systems

Maintaining the confined environment of a greenhouse is critical for crop devel-
opment, especially in areas where exterior temperatures often reach 40°C during the
summer months. Cooling is required to reduce heat stress and promote crop growth,
yet the energy consumption associated with cooling is one of the major expenses for
greenhouse operators. Traditional air conditioning systems use vapor-compression
refrigeration cycles, which demand power to keep the correct interior temperature

Figure 1.
Sector-wise electricity consumption in Pakistan. Data are obtained from the Pakistan Economic Survey, available
online at https://finance.gov.pk/survey_2024.html.
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and humidity levels [3]. This is especially true in dry areas like Multan, where outside
temperatures are high, and the cooling load is substantial.

Direct evaporative cooling (DEC) systems work on the principle of allowing hot air
to pass through the water-saturated pads, which in return cools the air as the water
evaporates. Similarly, the greenhouse’s interior temperature is decreased by passing
the cooled air around, which eliminates the need for energy-intensive compressors or
refrigerants. Because of the increased evaporation and resulting in cooling in dry
conditions with low relative humidity, this system performs best there [7]. In con-
trast, systems that use indirect evaporative cooling (IEC) employ a heat exchanger to
chill the air without introducing more moisture. IEC is therefore better suited for areas
with greater relative humidity as it keeps too much moisture out of the greenhouse
environment [8]. Both DEC and IEC systems have been extensively utilized in green-
house operations across the globe as part of strategies for reducing operating cooling
costs. Nevertheless, the efficiency of these systems is primarily dependent on the
ambient temperature, greenhouse design, and crop cooling needs [9]. A performance
comparison of different evaporative cooling systems is given in Table 1.

In view of the literature, there exists a gap in localized studies on temperature and
humidity management of asymmetric greenhouses for regionalized crops such as
tomatoes. Tomatoes perish quickly during cultivation as well as post-harvest stage if
the temperature and humidity are not maintained. Therefore, this chapter investigates
the performance of direct and indirect evaporative cooling systems and their combi-
nations for asymmetric greenhouse air conditioning, focusing on the tomato crop. The
study was conducted under climatic conditions of Multan, Pakistan.

2. Evaporative cooling systems

As climate change keeps altering weather patterns throughout, the need for sus-
tainable agriculture techniques becomes increasingly important. In arid and semi-arid
regions such as Pakistan, where water is scarce and temperatures are rising,

Types Performance Advantages Locations Limitation Ref.

Indirect–direct
evaporative cooling
(IDEC) unit using
groundwater

Higher cooling
efficiency as
compared to the direct
evaporative cooler

Water saving Iraq Dependent on the
groundwater
availability

[10]

Fan and Pad systems Decrease in water
temperature of 3°C,
and increase in the
RH to 100%

Energy saving
and
freshwater
production

Oman N/A [11]

Decrease in
temperature to
27–29°C

Energy saving
and easily
adjustable

Shanghai Not sufficient in
humid climates, and
it is necessary to add
shading

[12]

Fan and pad
evaporative cooling
system

Cooling efficiency up
to 90%

Low energy
consumption

Sudan The short life cycle of
the pads

[13]

Table 1.
Performance comparison of different evaporative cooling systems.
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greenhouses equipped with energy-efficient cooling technology are critical to
guaranteeing food security. Evaporative cooling systems (as shown in Figure 2),
notably DEC and IEC, provide a sustainable alternative to typical air conditioning
systems by reducing energy consumption while maintaining ideal interior conditions
for crop development [3, 14].

The deployment of direct and indirect evaporative cooling systems in an asym-
metric greenhouse in Multan is the primary focus of this chapter. The efficacy of these
cooling systems will be assessed in terms of energy consumption, cooling efficiency,
and effect on crop yield using TRNSYS, a simulation program that simulates the
thermal dynamics of buildings and structures.

3. Materials and methods

3.1 Greenhouse location and climate

The dynamic simulation in this study was performed for a greenhouse in Multan,
Pakistan (30.2609°N, 71.5121°E). According to the Köppen-Geiger classification, this
region has a BWh climate characterized by tropical and subtropical desert conditions.
Multan, located in the southern part of Pakistan’s Punjab region, has an arid setting
with sweltering summers and winters. The location receives little rainfall all year,
resulting in a deserted environment [15]. Figure 3 presents the schematics of green-
house under study with evaporative cooling systems and tomato crops, modeled in
SketchUp.

Multan has 25.6°C average annual temperature and 175 mm of yearly rainfall. Daily
weather data for the following parameters were utilized to model actual conditions at
this location: relative humidity, humidity ratio, enthalpy, dry bulb temperature, wet
bulb temperature, and dew point temperature. The data was essential for simulating
the greenhouse’s thermal activity and assessing the cooling systems’ effectiveness in
common climatic conditions.

Figure 2.
A schematic representation of the conventional direct evaporative cooling system in the greenhouse [3].
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3.2 Modeling for building energy simulation (BES)

The tomato crop was grown in the greenhouse utilized for this study, and it was
designed as a single-span structure with a total floor area of 300 m2. TRNSYS 18
[16, 17] was utilized for the implementation of simulation and modeling owing to its
modular and adaptable building construction. By linking a series of default “Types”
from its library within the Simulation Studio interface, this software facilitates
dynamic simulations.

Using the run simulation command, the simulation begins once all required con-
nections are made. Figure 4 presents a flow chart offers an understanding of the steps
that follow modeling and calculating. Considering the simulation’s output based on
hourly calculations, the greenhouse’s thermal behavior could be accurately
represented daily.

3.3 Greenhouse 3D model and design

As the model was produced, it was imported into TRNBuild [16, 17], where
different parameters were established, such as the orientation of the greenhouse and
the envelope’s thermophysical characteristics.

The walls, windows, and structural components of the greenhouse were specified
in this chapter using real-world characteristics. The dimensions and material proper-
ties of the model are presented in Table 2. These metrics comprised wall layers, the
materials’ optical qualities, and their thermal characteristics were applied to create the
greenhouse. TRNFlow software [16, 17] was used to estimate the air-mass exchanges
within the greenhouse, allowing for natural ventilation and vents. The air node tem-
peratures, which were obtained by building a thermal network in TRNBuild, were
used by TRNFlow to calculate air flow exchanges.

3.4 Heat transfer and solar radiation

The internal environmental conditions and variations in the external climate have
a significant impact on the thermodynamic characteristics of the greenhouse. The
solar radiation that penetrates the greenhouse through its glass walls constitutes

Figure 3.
The schematics of the greenhouse under study with evaporative cooling systems and tomato, modeled in SketchUp.
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variables determining its interior climate. Internal temperatures are significantly
influenced by solar radiation, which was considered while modeling the impact using
data on both diffused and direct radiation. Hourly observations were used to thor-
oughly investigate these data to recreate realistic interactions between solar radiation
and the greenhouse’s environment.

The dynamics of natural ventilation and convective heat transfer coefficients were
modeled with time-varying parameters that accounted for the large variations in
interior temperature caused by solar radiation. In addition, heat stratification resulted
from the greenhouse’s large interior volume, which was represented both horizontally

Figure 4.
The TRNSYS modeling and simulation approaches are depicted.

Material Component Density
(kg/m3)

Thermal capacity
(kJ/kg K)

Resistance
(h m2 K/kJ)

Thermal conductivity
(kJ/ h m2 K)

Vegetation Ground
floor

N/A N/A 2.348 N/A

Glaze
1001

External
window

2900 0.75 N/A 1.2

Steel External
wall

7800 1.8 N/A 54

Ground Ground
floor

1210 1.3075 N/A 0.972

Table 2.
The greenhouse model’s geometric dimensions and material characteristics.
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and vertically. Evapotranspiration, or the release of water vapor from plants and soil
that results in the emission of latent energy, was also modeled in the study.

3.5 Model specifications and TRNSYS software integration

Following the specification of the geometric and thermal characteristics, the
TRNSYS program was used to dynamically simulate the greenhouse model. The air-
flow network produced by TRNFlow, which made it possible to calculate the air
flow exchanges through the greenhouse’s apertures, was one of the important factors
considered. The developed simulation mechanism used thermal nodes, airflow, and
thermal networks to iteratively solve the numerical simulation at every time step.
Figure 5 shows the connections among the components and types in the TRNSYS
simulation studio.

The internal temperature variations were significantly impacted by the realistic
simulation of thermal stratification made possible by the 3D geometric modeling
technique. The penetration and ventilation rates via the windows and doors were
taken into consideration while modeling the greenhouse’s natural ventilation using
TRNFlow.

3.6 Window design and heat transfer coefficients

Windows play a crucial role in the thermal performance of the greenhouse. Their
size, positioning, and shading systems have a significant impact on the overall energy

Figure 5.
Greenhouse scheme in TRNSYS simulation studio.
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efficiency of the structure. In this simulation, SketchUp Pro 2021 was used to create
the geometric model of the greenhouse, with TRNBuild being used to specify the
material and thermophysical properties of the windows.

The inclination and orientation of the surface served as the basis for calculating the
convective heat transfer coefficients for both the interior and exterior surfaces.
Applying the MoWiTT approach, which takes wind speed and temperature variations
in the outside surface and air into consideration, the convective heat transfer coeffi-
cient (hce) for external walls was determined [18]. Heat losses through the glass
surfaces of the greenhouse were calculated using this model, which was incorporated
into the TRNSYS environment.

3.7 Material properties of the greenhouse

Steel was used for the greenhouse’s exterior walls, while glass was used for the
covering envelope. As indicated in Table 2, the selection of these materials was based
on their thermal conductivity, density, and thermal capacity. The thermophysical
characteristics of the materials used in greenhouses are listed in detail in Table 3.

3.8 Internal heat gains and evapotranspiration

Models of internal heat gains from illumination and evapotranspiration were cre-
ated using empirical techniques that have been refined over the past few decades. In
this work, the FAO Penman-Monteith equation was employed to determine the
evapotranspiration rate within the greenhouse [19, 20].

3.9 Cooling system configuration

The greenhouse’s cooling system was comprised of two types of evaporative
coolers: direct and indirect. Together, these systems prepped the outside hot air for
admittance through the greenhouse. The entering air was pre-cooled by the cooling
coil, lowering the wet and dry bulb temperature of the air. The ASHRAE standards
were utilized to assess the cooling system’s effectiveness. These criteria gauge how
evaporative cooling devices reduce air temperatures and maintain subsequent humid-
ity levels [21]. The following Eqs. (1) and (2) were used to determine the cooling
system’s wet-bulb efficiency (εwb).

εwb ¼ tp,DBT,i � tp:DBT,o
tp,DBT,i � tp:WBT,i

(1)

QT ¼ cpmp tp,DBT,i � tp,DBT,o
� �

(2)

The IDEC’s coefficient of performance is given by Eq. (3) [22, 23].

COP ¼ QT

Win
(3)

The calculation of the outlet dry bulb temperature of air for the direct evaporative
cooling is performed as shown in Eq. 4 [22, 23].

TDBT,o ¼ TDBT,i � εwb TDBT,i � TWBT,ið Þ (4)
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To lessen the cooling load, the air that flows from the system’s exhaust is supplied
into the greenhouse. The performance of the indirect evaporative cooling system is
assessed using the ASHRAE guidelines [23, 24].

4. Results and discussion

4.1 Cooling performance of DEC and IEC systems

TRNSYS modeling software assessed the cooling efficiency of the DEC and IEC
systems throughout a full growing season. The principal aim was to sustain the

Component Type Description

Weather data processor 15 This module regularly extracts information from an external
meteorological data file and interpolates it, including solar radiation
estimates for tilted surfaces, at intervals of less than 1 hour. These data
is then available to other TRNSYS components.

Soil temperature profile 77 This program simulates ground vertical temperature distribution using
different input parameters.

Multi-zone building 56 This module models multi-zone building thermal dynamics. The model
receives its attributes and layout from a building description file. The
preprocessor TRNBuild created this file.

On/off differential
controller

2 The on/off differential controller generates a one or zero control
function. A comparison of the temperature differential (Th - Tl) and
two predefined dead band temperature differences determines this
control signal’s value.

Delayed output device 661 This component replicates a “sticky” controller using inputs from a
former time step.

Online graphical plotter
with output file

65 The online graphics component displays system variables in real time
throughout the simulation.

Print-on-demand
printer

535 The triggered event printer outputs system variables. This component
generates output when the first input exceeds one instead of time-
based intervals.

Psychrometrics 33c &
33e

This component takes dry bulb temperature and moist air humidity
ratio inputs. After that, it calculates using TRNSYS Psychrometrics.

This component takes dry bulb temperature and moist air relative
humidity. It then utilizes TRNSYS Psychrometrics for the
computation.

Heat exchanger 5 Different arrangements of zero capacitance sensible heat exchangers
are calculated and modeled.

Indirect evaporative
cooler

757 Type757 is an evaporative cooling system that requires inputs for main
and secondary air stream intake air characteristics and efficacy.

Evaporative cooling
device

506 An evaporative cooling device cools incoming air by directing it over or
through a wet surface. Air temperature drops when water evaporates
from the surface.

Table 3.
Thermophysical characteristics of the materials used to construct the greenhouse.
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greenhouse’s interior temperature between 20 and 25°C, which is the ideal range for
tomato development, while also guaranteeing that the relative humidity stayed
between 60 and 70%. These systems’ performance was evaluated in a range of exter-
nal climate conditions, from the normal June heatwave and dryness to the more
humid August conditions.

The DEC system showed high cooling efficiency, especially in May and June when
outside temperatures often rose over 45°C. The interior temperature remained well
within the ideal range for tomato growing during these months attributable to the
DEC system’s ability to lower it by up to 15°C [25, 26]. The low outside humidity,
which increased the rate at which water evaporated from the cooling pads, is primar-
ily responsible for this performance. During these dry months, the DEC system
continuously reduced temperatures faster than the IEC system. Figure 6 illustrates the
working principles of DEC and IEC. This resulted in a steady interior climate favor-
able to optimal crop development.

The rapid evaporation rate, maximized under dry circumstances, is responsible for
the DEC system’s efficiency. The water-saturated cooling pads extract a substantial
quantity of heat from the air to swiftly cool the hot, dry air entering the greenhouse.
The temperature inside the greenhouse is then maintained by circulating the cooled
air in space. However, according to the findings presented in Figures 7 and 8, due to
the less chance of evaporation during the humid months, the DEC system’s cooling
effectiveness marginally declined [7].

Considering the DEC system’s dependence on wet-bulb effectiveness, which may
reach values of 0.9 under certain circumstances, it functions ideally under dry condi-
tions [8]. Nevertheless, due to the decreased evaporation potential caused by the high
moisture content of the outside air during the wet months, its cooling efficiency
decreased. During these months, the temperature inside the greenhouse reached 30°C
at peak hours.

Even though the IEC system showed a satisfactory performance, it was more
appropriate for the humid months of July and August when the relative humidity

Figure 6.
Schematics of evaporative cooling systems (a) direct evaporative cooling system, (b) indirect evaporative cooling
system [27].
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outside rose. The IEC system cools the air without adding moisture, unlike the DEC
system, which does the opposite. This makes it more suitable for conditions where
excessive humidity may normally promote the growth of mold or fungi that infect
crops. Throughout these months, the IEC system kept the inside temperature constant
at about 22°C, protecting the crops from excessive moisture [3].

In general, the IEC system performed better in humid months while the DEC
system offered improved cooling during dry months. This suggests that combining the
two systems might be advantageous for year-round temperature management in
greenhouses.

4.2 Energy efficiency of cooling systems

This research imposed a strong emphasis on energy efficiency, with both cooling
systems displaying different amounts of energy use depending on the external

Figure 7.
Psychrometric representation of performance (Tdb, RH, and enthalpy) of DEC, and IEC systems for greenhouse
air conditioning for the climatic conditions of Multan (Pakistan) for January–June.
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temperature. When compared to conventional air conditioning systems as shown in
Figure 9, the DEC system showed notable energy savings, especially in the dry
months of May and June, when energy usage was as much as 40% lower [28]. This
was explained by the dry season’s high evaporation rate, which made it possible for
the DEC system to maintain ideal cooling with minimal power input.

Nevertheless, the DEC system’s energy efficiency decreased in the humid months
of July and August since the system had to use more energy to maintain the appropri-
ate temperature due to the reduced evaporation potential in such environments.
During these months, the energy efficiency ratio (EER) decreased to 17.8, which was
lower than 37.32 in the dry months [7].

On the other hand, the IEC system used less energy during the humid months since
it did not add extra moisture to the greenhouse, which reduced the requirement for
energy-intensive dehumidification. In addition to this, the IEC system was able to
operate consistently with minimal energy consumption, particularly during the

Figure 8.
Psychrometric representation of performance (Tdb, RH, and enthalpy) of DEC, and IEC systems for greenhouse
air conditioning for the climatic conditions of Multan (Pakistan) for July–December.
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monsoon season when ambient humidity was high [3]. The IEC system’s ability to
regulate interior climate with limited energy usage has been demonstrated by the
energy savings it offers during the humid months.

4.3 Impact of ventilation on cooling efficiency

Figure 10 presents the natural ventilation flow rate on a yearly basis. In addition,
Figure 11 presents an overview of the impact of glazing material, infiltration rate and
nighttime heat loss in greenhouse farming. In addition, the costs of heat distribution
and supplementary lighting are the primary factors that contribute to lower green-
house energy utilization. Improving the cooling efficiency of DEC and IEC systems
depends heavily on ventilation. Ridge vents and sidewall vents, two natural ventila-
tion elements included in the greenhouse’s design, permit air movement around the
structure. By allowing hot air to escape via the vents and cooler air to penetrate

Figure 9.
Graphical representation of energy efficiency ratio of DEC and IEC systems.

Figure 10.
The natural ventilation flow rate on a yearly basis.
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through the sidewalls, natural ventilation lowered the interior temperature and elim-
inated the need for mechanical cooling systems [2].

The temperature differential between both indoor and outdoor environments,
together with the external wind speeds, was used to determine the convective heat
transfer coefficients. The natural ventilation system contributed to a further layer of
passive cooling by assisting in lowering the inside temperature during the summer
months when outside temperatures were high. Nevertheless, in winter, when solar
radiation was low and interior temperature fluctuations were more pronounced, nat-
ural ventilation proved less effective [7].

4.4 Microclimate management and evapotranspiration

The natural phenomenon of evapotranspiration and the cooling systems had a
significant impact on the microclimate of the greenhouse. Evapotranspiration is the
term used to describe the combined process of water evaporation from the soil and

Figure 11.
The impacts of glazing materials, a decrease in infiltration and nighttime heating losses, the impact of heat
distribution on heating costs, and the use of supplementary lighting to lower energy requirements are the primary
factors that contribute to lowering greenhouse energy use.
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transpiration from the plants. The process is important for controlling the green-
house’s internal temperature and humidity. Figure 12 summarizes the effects of com-
bination of the systems on the evapotranspiration and the control of greenhouse
temperature and humidity.

The evapotranspiration rates inside the greenhouse were modeled using the FAO
Penman-Monteith equation, which enabled the simulation to take into consideration
the latent heat exchange that resulted from plant transpiration [19]. This model
demonstrated how evapotranspiration may lessen the greenhouse’s cooling demand
since the plants’ latent heat absorption aided with internal cooling. Lower energy
consumption and stable interior temperatures were the results of evapotranspiration
and convective heat transfer combined [3]. The evapotranspiration power, calculated

Figure 12.
The summarized effects of evapotranspiration on the control of greenhouse temperature and humidity.
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with the Penman-Monteith model, is directly influenced by the internal air tempera-
ture and solar radiation inside the greenhouse and ranges between 2 and 174 W.

5. Conclusions

The present study investigates the thermodynamic performance of direct (DEC)
and indirect evaporative cooling (IEC) systems for tomato production in an asym-
metric greenhouse in Multan, Pakistan. According to the simulated results, both
systems were able to successfully control internal temperatures. Key findings of the
study are given below.

• The systems maintained a temperature range of 20–25°C.

• In dry months like May and June, when the outside temperature reached 45°C,
the DEC system successfully lowered inside temperatures by a significant 15°C.

• Owing particularly to the effectiveness of the evaporation process under low
humidity circumstances, the DEC system showed energy savings of up to 40%
during these periods.

• However, during humid months like July, it performed worse, with an energy
efficiency ratio (EER) of 17.8 in contrast to 37.3 in dry months.

• On the other hand, during the hot and humid months, the IEC system
consistently controlled humidity and temperature, limiting internal moisture
accumulation that may lead to fungal diseases in tomato crops.

The results also showed the importance of natural ventilation (using ridge vents
and sidewall vents) in lowering interior temperatures, which improved the energy
efficiency of both cooling systems. Finally, for greenhouse climate management in
areas with significant temperature fluctuations, combining DEC and IEC systems
provides a year-round solution. To further optimize energy consumption and promote
the sustainability of agricultural operations in dry regions, future research should
investigate the integration of solar energy.
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Chapter 2

Sea Water Air Conditioning
(SWAC) Technology: Performance
and Worldwide Potential
Franck Lucas and Kanhan Sanjivy

Abstract

By drawing seawater from great depths (over 900 m), sea water air conditioning
(SWAC) systems directly cool buildings without the need for supplementary backup
systems, ensuring precise indoor temperature regulation. With a coefficient of per-
formance values ranging from 25 to 150, depending on the distribution loop’s length,
this technology presents remarkable energy efficiencies. When applicable, it serves as
a credible alternative to compression vapor cycle air conditioning. This chapter offers
a comprehensive overview of SWAC technology, evaluating energy performances
through the analysis of operational data collected from installations in operation for
several years. The assessment includes a comparative analysis between SWAC and
conventional air conditioning systems. Additionally, potential avenues for enhancing
the technology are explored, emphasizing associated energy benefits, and discussing
prospects for its widespread adoption globally. An additional paragraph will present
the state of the art in research on this technology.

Keywords: sea water air conditioning (SWAC), marine thermal energy, district
cooling, efficient active cooling, deep ocean water (DOW)

1. Introduction

The need for building cooling has been constantly increasing for many years.
According to the International Energy Agency’s study “The Future of Cooling,”
published in 2018, energy consumption related to air conditioning tripled between
1990 and 2016. It is expected to triple again between 2020 and 2050. This trend could
worsen if we consider climate change, which is expected to increase the occurrence of
heatwaves. Indeed, more intense, more frequent, and longer heatwaves are expected
by 2050 and 2100 [1]. The worsening of heatwaves will be even more pronounced for
regions with hot climates, such as zones 0, 1, and 2 of the ASHRAE Standard 169-2013
classification [2]. For example, in hot climates like Singapore (zone 0A) and São Paulo
(zone 2A), the number of heatwaves observed in 2010 was 7 per year. This number is
expected to increase to 58 per year for Singapore and 87 per year for São Paulo by
2050, and to 136 per year for Singapore and 172 per year for São Paulo by 2100.
The increase in frequency will be accompanied by more intense heatwaves with
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higher temperatures and longer durations. Under these conditions, passive cooling
solutions based on natural ventilation will not be sufficient to ensure acceptable
indoor comfort conditions. The development of highly energy-efficient air condition-
ing solutions is therefore a major challenge for the coming years.

Recent studies comparing air conditioning methods based on solar energy (using PV
panels or thermal collectors) have shown that the difference from conventional air con-
ditioning is not significant. Noro demonstrated that for the city of Milan, PV Solar
technology coupled with a vapor compression chiller was not much more interesting than
a system combining an absorption machine with solar thermal panels [3]. Eicker [4]
found that the technologies are quite similar in energy performance, but economic per-
formances vary greatly depending on operational costs. He presented a study of vapor
compression air conditioning systems powered by PV panels for different cities and
different panel surface areas. It appears that the primary energy ratio (PER), calculated as
the ratio of cooling production to total primary energy demand, varies between 1.5 and
4.9. The study assumes a primary energy-to-electricity conversion ratio of 2, leading to
energy efficiency ratio (EER) values between 3 and 9.8 for this technology. This value is
to be compared to the value of a vapor compression system operating under the same
conditions, which would vary between 3.6 and 5.6, according to this study.

As will be presented later, the sea water air conditioning (SWAC) technology,
which involves drawing cold water from the ocean at great depths, offers much higher
energy performances. This technology allows the active cooling of large buildings or
neighborhoods located near the coasts. Coastal areas worldwide are expected to host
over 1.3 billion people by 2060 (compared to 0.6 billion people in the year 2000) [5].
These elements suggest that SWAC technology could be an efficient cooling solution
for buildings in many application sites in the future. This chapter will present the
technical aspects of “direct SWAC” technology based on currently operational instal-
lations. It will provide a state-of-the-art review of research and an evaluation of
energy performances based on experimental measurements of operating installations.
The possibilities for improvement and potential gains will then be discussed, as well as
the potential for deploying the technology worldwide.

2. Presentation of the technology

2.1 General principles

The SWAC technology involves pumping naturally cold water from deep ocean or
lakes via a pipeline laid on the seabed. This water, if sufficiently cold, can be used
directly for air conditioning buildings. The extracted water temperature should be
around 5°C to match the temperature regimes typically used for centralized chilled
water air conditioning systems, which operate between 7 and 12°C. To achieve such
temperatures in the oceans of hot regions, depths close to 1000 m must be reached.
This technology, which allows direct cooling without additional devices to lower the
water temperature, can be called “direct SWAC” or “deep SWAC.” If the deep-water
temperature is not cold enough, a supplementary system is required to lower the
distributed water temperature to the usual 7°C used in buildings. This is referred to as
“SWAC assisted” by a chiller.

Unlike conventional cooling production processes, direct SWAC does not rely on a
thermodynamic cycle—the vapor compression cycle is typically used in refrigeration
and air conditioning. Thus, it avoids the physical limit set by Carnot efficiency, which
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limits the transfer of heat from a cold source to a hot source. The SWAC technology
simply involves transporting a cold liquid from the extraction point to its point of use.
The process is therefore extremely simple, with the main components being pumps.
However, if the deep water is salty seawater, a heat exchanger is necessary to prevent
corrosion in the cold distribution circuit within buildings. Three installations are
currently operational in Polynesia (Table 1). They operate on the “direct SWAC”
principle to air condition two hotels and a hospital.

Figure 1 presents the two types of installations implemented in Polynesia: those with
a secondary distribution loop that allows for direct cold distribution into buildings
(Thalasso – Bora Bora and The Brando) and those using an intermediate loop that
supplies the building through a distribution substation (CHPF – Taone Hospital).

The SW loop (Sea Water Loop), also known as the “primary loop,” includes an
intake pipeline descending to approximately 1000 m in depth and a discharge pipe-
line. The seawater is about 5–6°C at the intake and is discharged at a temperature
between 11 and 13°C. The discharge point is defined as releasing the seawater at a
temperature close to the surrounding environment to avoid impacting the local
marine flora and fauna; however, this discharge temperature is not subject to specific
regulations. The intake and discharge pipelines are constructed from high-density
polyethylene and buried in a trench between the technical room and the sea to cross
the lagoon. The pipeline is then anchored to vibro-driven piles in the seabed down to a
depth of approximately 55 m, and from this point, it is secured by concrete weights.

The CW loop (chilled water loop), also known as the secondary loop, delivers cold
water directly into buildings from the heat exchangers located in the technical room. For
installations with an intermediate loop, this loop ensures the connection between the
heat exchangers and a substation located in or near the building. In this case, the

Name Location Year Building
type

Drawing
depth

Drawing
pipeline length

Drawing pipeline
diameter

Cooling
power

Thalasso
Bora Bora

Bora
Bora

2006 Hotel �915 m 2300 m 400 mm 1.6 MW

The Brando Tetiaroa 2011 Hotel �960 m 2618 m 368/383 mm 2.4 MW

CHPF-Taone Tahiti 2021 Hospital �900 m 3800 m 710 mm 6 MW

Table 1.
Characteristics of installations operating in French Polynesia.

Figure 1.
Diagram of the operating principle of the direct SWAC system without an intermediate circuit (Thalasso-Bora
Bora and The Brando) (a) and with an intermediate distribution loop (CHPF-Taone) (b).
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intermediate loop supplies the various technical rooms of the building from a mixing
tank. The chilled secondary water loop (district cooling) of The Brando is around 3.8 km
long (Figure 2, left) and supplies the entire hotel, including staff quarters and technical
buildings. The hotel has 30 single-bedroom villas, four two-bedroom villas, and one
three-bedroom villa, making a total of 35 villas distributed around the coastline.

The distribution network for the CHPF includes an intermediate secondary loop
660 m long (Figure 2, right) that connects the SWAC technical room to the main
building. In this building, the mixing tank located in the substation distributes the
chilled water flow to three technical rooms to supply three internal distribution
loop. It should also be noted that this installation operated for 10 years (from 2012 to
2022) with chillers before the SWAC system was commissioned. The chillers are still
in place and retained as a backup in case of a SWAC system failure. For
maintenance reasons, the chillers are regularly operated according to the
manufacturer’s instructions.

Regardless of the type of distribution, the technical room includes three pumps for
each of the two loops, as well as three heat exchangers to transfer the cold from the
SW loop to the CW loop or to the intermediate loop. The heat exchangers are titanium
plate counterflow types and operate in parallel. In both the primary and secondary or
intermediate circuits, the pumps are arranged in parallel. To avoid corrosion issues,
the pump body and impeller are made of 316 L stainless steel, and the bearing body is
made of cast iron. Depending on the needs, one or two pumps are in operation, and
the third is kept on standby (Figure 3).

2.2 State of the art

Two thermal processes utilizing seawater for energy production can be distinguished.
The OTEC (Ocean Thermal Energy Conversion) technology produces electricity using a

Figure 2.
Plan and aerial view of the water loops of The Brando (left) and the CHPF – Taone Hospital (right).
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thermodynamic cycle, usually an organic Rankine cycle, powered by cold deep water at
the condenser and warm surface water at the evaporator. The second process is the
SWAC (sea water air conditioning) process, which produces cooling energy for air con-
ditioning buildings using seawater. When seawater is drawn from shallow depths, its
temperature needs to be lowered with a chiller or a heat pump if the building requires
heating. This is referred to as a “SeaWater Heat Pump” (SWHP) or SWAC assisted by a
chiller (assisted SWAC). While there are several installations operating on the SWHP
principle, “direct SWAC” installations are much rarer. Andres [6] identified six installa-
tions qualified as “SWAC” in 2016. Among these, two commercial installations are located
in temperate climates (Toronto and Amsterdam) but use freshwater from lakes or rivers.
The “Fraîcheur de Paris” installation uses a similar system, using water from the river La
Seine and incorporating heat pumps to adjust the distribution temperature. Similarly, in
France, the Thassalia installed air-conditioned buildings in Marseille by drawing seawater
from a depth of 6 m in the port. In Korea, Japan, and Hawaii, identified installations
primarily serve research on OTEC cycles and the derived use of deep water (aquaculture,
pharmacology, cosmetology). Ultimately, the only industrial “direct SWAC” installations
operating in hot climates are located in Polynesia. However, many “direct SWAC”

Figure 3.
Plate heat exchanger, primary pump, and secondary pump for Tetiaroa (a) and Tahiti (b).
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projects are currently under study worldwide, notably on Reunion Island (3 projects
under study), inMauritius (1 project), several projects throughout the Caribbean, and one
project in Polynesia on the island of Bora Bora.

A number of studies on “direct SWAC” technology aim to establish the potential of
this process for various locations based on theoretical analyzes [7–9]. The global potential
for implementing direct SWAC or assisted SWAC installations is precisely evaluated by
Sanjivy [10]. For the case of a hotel in a tropical climate, Dinesh Surroop offers a
theoretical comparison between conventional air conditioning technology, direct SWAC,
and SWAC assisted by a chiller [11]. He concludes that direct SWAC allows for an 88%
energy savings and assisted SWAC with a 47% energy savings compared to conventional
air conditioning. Only one publication provides a performance evaluation of the process
based on experimental data [12]. The EUROSWAC project explored the feasibility of a
flexible intake pipeline to reduce the investment costs of the technology [13]. Other
research focuses on improving SWAC technology, including a high-speed SWAC variant
with energy storage [14] or the use of an ammonia distribution loop [15]. Ilse María
Hernandez-Romero proposes a method for sizing installations [16].

It should also be noted that there is a large number of scientific articles on district
cooling systems [17–21]. The different generations of district cooling have led to
considering combined cooling and heating needs and envisioning multiple distribu-
tion networks at various temperature levels. Fourth-generation networks have been
mentioned [22], followed by fifth-generation networks [23–25]. Young has shown that
for cooling production, it is more efficient to use a water-cooled system rather than an
air-cooled system [26]. Following this logic, it becomes relevant to study the possibil-
ity of a district cooling or heating system assisted by a seawater source. For cooling
production, the chiller’s condenser is then cooled by a seawater circuit, and for heating
buildings, the evaporator is heated by seawater. This technology has also been studied
by many authors [27, 28]. Yik proposes a study on improving chiller performance
when cooled by a seawater circuit drawn from Hong Kong harbor compared to air-
cooled chillers [29]. For the warmest months of the year, this study shows that chiller
efficiency increases from 3 to 5 for water-cooled systems. The average annual elec-
tricity consumption ratio drops from 217 to 168 kWh/m2 with water condensation.

Overall, the bibliography shows that district cooling offers several advantages.
Notably, very high-power chillers generally have better energy performance than low-
power chillers. The size of the district cooling distribution network also allows for
optimization strategies in terms of sizing and control. However, it should be kept in
mind that overly long water distribution networks require high-power, energy-
intensive pumps. Thus, there is a limit to the size of district cooling beyond which
energy performance declines. SWAC appears to be an active building cooling tech-
nology offering significant energy performance, which will be presented below.

3. Performances assessment

3.1 Methodology

Deep seawater provides a relatively stable source of cooling throughout the year.
The fluctuations observed in Figure 4 are due to thermal exchanges affected by the
daily and seasonal variations in the flow rates of the primary loop. Buildings experi-
ence highly transient operations due to many internal factors (occupancy, internal
sensible, and latent thermal loads) and external factors (weather conditions and air
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transfer). Therefore, characterizing the performance of SWAC must be done through
an experimental approach on an installation operating under real conditions. It is thus
essential to have an operational and instrumented SWAC installation.

There are two instrumented SWAC installations in French Polynesia: The Brando
and the CHPF. These two installations are implemented following the same principle
with three heat exchangers in parallel and three pumps in parallel on both the seawa-
ter and chilled water loops. Both installations have been instrumented according to the
plan proposed in Figure 5, and the measurement results will be presented below. In
this chapter, when these two installations provide similar results, only the results of
one installation will be presented.

All measurements are collected by an automation system to track the evolution of
operating parameters and calculate Key Performance Indicators (KPIs) of the instal-
lation. In accordance with the work of Annex 80 of the International Energy Agency

Figure 4.
Seawater temperature measured at the heat exchanger inlet.

Figure 5.
Instrumentation plan for SWAC installations enabling the evaluation of energy performance.
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(IEA), several KPIs are important for qualifying the performance of active cooling
installations [30]. The following annual values are proposed:

• Annual Cooling Site Energy Use per Conditioned Floor Area.

• Annual CO2 Emission per Conditioned Floor Area.

• Annual HVAC System Total Primary Energy Use per Conditioned Floor Area.

• Degree Hours or Degree Days.

• Reduction in Peak Site Power Demand Intensity.

• Seasonal Energy Efficiency Ratio (SEER).

The SEER is an important value which is common to all cooling systems and is
calculated based on the energy efficiency ratio (EER). The EER provides an instanta-
neous estimate of the energy performance of cooling installations, which can vary
significantly over time. It is expressed as:

EER tð Þ ¼ Cooling capacity tð Þ W½ �
Electric power for cooling tð Þ W½ � (1)

SEER ¼
ðS
0
EER dt (2)

S: is the duration of the season, typically taken as 1 year for climates requiring year-
round cooling.

The electrical power required for cooling depends on the type of technology studied.
For an air-cooled vapor compression system such as chillers, the electrical power used to
produce cold is needed to power the compressor and the condenser fan. According to
the IEA study [31], the energy efficiency ratio (EER) values for chillers range from 3 to
11.5 depending on the cooling type (air or water), compressor technology, and operating
conditions. Recent models of air conditioners currently available on the market have an
average EER of 6.1. For SWAC, the power used to produce cold is that of the primary
pumps. The pumps in the secondary circuit serve to transport the cold to the building
(s). This network is the same for both “chiller” technology and SWAC technology if we
assume the chiller is located in the same room as the SWAC. For SWAC, we can
therefore define an EER value corresponding to cold production, denoted as EERprim and
an overall energy performance value corresponding to cold production and cold trans-
port to the building, denoted as EERglobal.

EERSWAC cold production tð Þ ¼ EERprim tð Þ ¼ Cooling capacity tð Þ W½ �
Electric power of pumps of primary loop tð Þ W½ �

(3)

EERglobal tð Þ ¼ Cooling capacity tð Þ W½ �
Electric power of pumps of primary and secondary loop tð Þ W½ � (4)

The values of SEERprim and SEERglobal are obtained by integrating EERprim and
EERglobal over the operational period of the air conditioning system. If SWAC is to be
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compared to centralized air conditioning technologies such as chillers, where an
internal distribution network within buildings is necessary, similar to SWAC, the
electrical consumption of this network can be neglected. Therefore, it is sufficient to
compare the EER values of the chiller to the cold production EER of SWAC, i.e.,
EERprim. Unitary air conditioning systems such as split systems deliver cold through
direct expansion directly into buildings without using a chilled water distribution
network. In this case, one should compare the EER of a split system to the overall EER
of SWAC, considering the secondary distribution loop. The EER values for split
systems available on the market are typically around 3.5. However, it should be noted
that many installed systems often perform significantly below the values claimed by
manufacturers. Continuous measurements allow for the assessment of the dynamic
behavior of the installation and the actual operation of the control and command
system. The following paragraphs provide an analysis of the temporal evolution of the
main energy variables of the CHPF installation.

3.2 Operating variables analysis

The temporal evolution of seawater (SW) and chilled water (CW) loop tempera-
tures for CHPF is shown in Figure 6 over the period from August 10, 2022, to
September 30, 2022, after the SWAC was commissioned. The seawater inlet temper-
ature to the heat exchanger remains relatively stable, ranging between 4.5 and 5.6°C
with an average of 5°C. The seawater outlet temperature from the heat exchanger
fluctuates between 8.6 and 10°C with an average of 9.1°C. On the chilled water loop,
the average temperature at the heat exchanger inlet is 7°C, and the return temperature
varies between 8.2 and 11.2°C. The inlet temperatures of seawater and chilled water in
the heat exchanger are slightly below the nominal values, which is advantageous for
system operation. However, the outlet temperatures from the seawater and chilled
water heat exchangers are significantly lower than the nominal values. Consequently,
the average temperature difference across the seawater loop is 4.1°C and only 2.9°C
across the chilled water network.

We observe relatively small temperature differentials in both seawater and chilled
water, which can be explained by the high volumetric flow rates in these loops. For
seawater, the average volumetric flow rate measured is 657 m3/h, whereas the nominal

Figure 6.
Evolution of temperatures for CHPF for the primary seawater loop (SW) before the heat exchangers (a) and the
secondary chilled water loop (CW) after the heat exchangers (b). Dashed lines indicate the nominal value for each
temperature. SW in and CW in represent the temperatures at the inlet of the heat exchanger. SW out and CW out
are the temperatures at the outlet. The measurement period shown is from August 10, 22, to September 30, 2022.
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value at full capacity is 1052 m3/h. In the chilled water loop, the average flow rate is
832 m3/h compared to a nominal value of 1032 m3/h. The corresponding refrigeration
capacities measured on the seawater and chilled water loops are shown in Figure 7 on
the right. Both values are quite close to each other and fluctuate around 3000 kW.
However, they are well below the nominal capacity of the installation intended to
deliver 6000 kW. The capacity factor of this installation is therefore quite low, around
45.8%. This indicates that the installation is never operated at its maximum power and
that the loop regulation does not adjust flow rates to the appropriate values. There-
fore, there is potential to reduce the electrical consumption of the installation if the
flow rates can be reduced to maintain temperature differentials of at least 5°C in both
loops.

The electrical powers shown in Figure 8 demonstrate the savings brought by
SWAC technology. These powers do not include the pumps of the internal chilled
water distribution network in the building, as these pumps operate continuously,
alongside the chillers and SWAC. Before the SWAC was commissioned, the average
power drawn by the chillers for cooling the hospital was 1025 kW. This power was
reduced to 106 kW upon commissioning of the SWAC, resulting in a tenfold reduc-
tion in electricity consumption. The SWAC consumption is primarily due to the
pumps of the intermediate secondary circuit, which account for 80% of the
consumption.

Figure 7.
Evolution of volumetric flow rates (a) and exchanged cooling capacities (b) for CHPF.

Figure 8.
Electrical power of the chillers before the commissioning of SWAC (period from May 12, 2022, to June 28, 2022)
(a) and electrical powers of the SWAC pumps (primary, secondary, and total) (period from August 10, 2022, to
September 30, 2022) (b).
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3.3 Energy performance analysis

The energy performance of the installation with SWAC and chillers can be evalu-
ated by the instantaneous value of the energy efficiency ratio (EER) and a seasonal
value of this ratio, the SEER, as presented earlier. Figure 9a shows the evolution of the
primary and global energy efficiency ratio values after the SWAC was commissioned
in mid-2022. The global EER values (including the consumption of the primary loop
and the secondary loop pumps) vary between 15 and 40, while the primary EER varies
between 75 and 180. These values are much higher than conventional air conditioning
EER values. However, despite the resource temperature being very stable, these
values vary significantly. These variations are mainly due to fluctuations in the build-
ing’s cooling demand that the system struggles to accommodate. As shown in
Figure 9b, the global EER decreases significantly when the cooling demand is low.
The explanation is that the control system, based on a setpoint for the flow pressure of
the secondary loop pumps (Figure 7), does not finely adjust the cooling production to
match the building’s actual needs.

The annual trends of EER values for CHPF and The Brando, as shown in Figure 10,
confirm the very good performance of SWAC technology over long operating periods.
Despite slightly different configurations (with an intermediate secondary loop for
CHPF and direct distribution within buildings for The Brando), their energy perfor-
mances remain very similar. As discussed earlier, the performances are generally
better during the hot period from December to March.

Table 2 presents a summary of the main measurements from the studied installa-
tions, showing that both installations are significantly underutilized with capacity
factors below 0.5. The decrease in hotel occupancy during the post-COVID period
partly explains the capacity factor for The Brando.

3.4 Economic aspect

The feedback from The Brando SWAC installation allows us to experimentally and
precisely assess the energy performance of the system over a long period. This analysis
can be complemented by economic and environmental elements. To compare the
average cost of cooling production with other systems, we will calculate the Levelized
Cost of Energy (LCOE) for The Brando SWAC defined by the following formula:

Figure 9.
Evolution of the primary and global EERs for CHPF from August 10, 2022, to September 30, 2022 (a), and
evolution of the global EER based on the building’s cooling demand (b).
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LCOE ¼
PT

t¼0
ItþOtþFt

1þrð ÞtPT
t¼0

Et
1þrð Þt

(5)

where It,Ot, Ft are, respectively, for each year t, the initial investment, operating
and maintenance costs, and fuel costs. The LCOE also depends on the project duration
in years T, the energy produced Et, and the discount rate r. The costs associated with
The Brando SWAC are summarized in the Table 3 below.

The lifespan of the SWAC installation is estimated to be 50 years. The LCOE will
be calculated over this period using the average annual cooling production and elec-
tricity consumption measured. Fuel costs will be determined based on the electricity
cost, estimated by the supplier “Énergie de Tetiaroa” at $0.78/kWh. The discount rate
r will be set at 2%. The resulting LCOE value is $0.15/kWh. However, this value is
highly dependent on local costs, especially for equipment and electricity, which
remain very high in Polynesia.

3.5 Comparison of SWAC with conventional AC

The measurements clearly highlight the advantages of SWAC compared to con-
ventional chiller-based air conditioning, as summarized in Table 4. SWAC indeed

Figure 10.
Evolution of EER over 1 year for The Brando installation (a) and CHPF (b).

SW
temperature

CW
temperature

Volume
flow rate

Cooling
capacity

Rated cooling
capacity

Capacity
factor

in out in out SW CW

°C °C °C °C m3/h m3/h kW kW %

Brando 5,8 9,1 11,1 7,4 187,8 154,2 684 2400 28.5

CHPF
SWAC

4.9 9.1 9.5 6.7 657.5 833.0 2752 6000 45.8

CHPF
chiller

— — 10.5 7.5 — 863.8 2961 8250 35.9

Table 2.
Comparison of average operating variables for The Brando installation and for the CHPF installation operating
with SWAC and with conventional AC (chillers).
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allows for a significant reduction in electrical consumption for cooling and also
reduces the peak electrical demand on the grid. For instance, in the case of CHPF, the
average electrical power was 1025 kW with chillers, which decreased to 106 kW once
SWAC was commissioned. This represents nearly a tenfold reduction in electricity
consumption for air conditioning. The EER measured with chillers was 3, whereas,
with SWAC, it increased to 26.6. This value is corroborated by measurements at The
Brando, where the global EER is 25.5. The reduction in peak electrical demand on the
grid is also substantial, decreasing from 1367.6 kW to only 140 kW with SWAC,
significantly easing the electrical load on the building and the surrounding area. For
CHPF, air conditioning with chillers accounted for 17% of the average power deliv-
ered by the electrical substation supplying the neighborhood of the hospital. This
share decreased to only 1.4% when SWAC was commissioned.

SWAC also presents significant economic advantages. The LCOE values calculated
from measurements taken on the installations give LCOE values of 0.15 for The
Brando and only 0.06 for the CHPF. These values should be compared to those

Cost Description Amount (USD)

CAPEX (It) Maritime works 13,87 M$

Heat exchanger 749,6 k$

SWAC technical room 828,7 k$

Chilled water distribution loop 2,047 M$

OPEX (Ot) Maintenance 129 k$/year

Inspection of the intake pipe 120 k$/year

Table 3.
Tetiaroa SWAC associated costs.

SEER Mean electric
power

Electric
peak power

LCOE Savings over
lifespan

Primary Global SW CW Total

(�) (�) (kW) (kW) (kW) (kW) $US/
kWh

cooling

M$US

SWAC Brando i 127 25.6 5.4 21.3 26.7 60.3 0.15 VS Chillers: 18.48
VS Spilt: 36.96

Brando with
Chillers ii

6 — — — 113.9 257.3 0.21 —

Brando with
spilt systems ii

— 3.6 — — 189.9 926.2 0.27 —

SWAC CHPF i 127.5 26.6 22.9 83.1 106.0 140.0 0.06 Chiller: 118.13

Chiller CHPF i — 2.97 — 1025 1025 1367.6 0.16 —

ivalues calculated from measurements.iivalues estimated.
Bold and italic characters are used for values obtained directly from measurements on the studied installations.

Table 4.
Comparison of the energy and economic performance of SWAC versus conventional AC. Bold and italic characters
are used for values obtained directly from measurements on the studied installations.
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obtained for conventional air conditioning. In the case of The Brando, two systems can
be considered: a centralized installation using chillers located in a technical room or
individual split systems for each bungalow. For the CHPF, the SWAC is compared to
chiller-based air conditioning, which is the only feasible alternative for this building,
based on measurements taken when the chillers were operational. The LCOE values
were evaluated following the method presented in the previous paragraph. The LCOE
value for the SWAC at The Brando being twice as high as that for the CHPF is explained
by the electricity cost of $0.78/kWh in Tetiaroa versus $0.32/kWh in Tahiti for the
CHPF. These LCOE values remain well below those for conventional air conditioning by
chillers or split systems, generating significant savings over the equipment’s lifespan.
For The Brando, the SWAC ensures savings of 18.48 million USD compared to chillers
and 39.96 million USD compared to split systems. For the CHPF, the savings over the
lifespan amount to 118.13 million USD compared to the chiller solution.

4. Possible improvements

Although the performance of SWAC technology is particularly impressive based
on the results from currently operating installations, there are still possibilities for
improvement. These improvements concern either the design or the control of the
installations. This article proposes an analysis of the potential gains related to modi-
fying the chilled water distribution regime within the building and improving flow
control in the secondary loop. These analyzes are conducted using a numerical model
of SWAC installations presented below.

4.1 Methodology

To evaluate opportunities for modifying the design of existing SWAC installations, a
numerical model of SWAC coupled with a building was developed. This model consists
of a building model created in the EnergyPlus environment [32], coupled with Python
plugins that perform calculations for the primary and secondary loop components
specific to the SWAC process, which are not available in EnergyPlus (Figure 11).

Figure 11.
Block diagram of the SWAC model created with EnergyPlus and the Python plugin.
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The plugins enable the calculation of the electrical power of the pumps in the
primary loop, considering the thermo-physical and chemical characteristics of seawa-
ter, bathymetry, pipe characteristics (diameter, thickness, roughness, length per sec-
tion), and the flow regulation modes of the loop. Thermal losses in the primary loop
are estimated for both the buried section and the submerged section of the pipeline.
The calculation takes into account the seawater temperature profile according to
depth. The model has been validated by comparing it with measurements taken from
The Brando installation. The power of the primary and secondary loop pumps, as well
as the flow rates, are predicted with good accuracy. The residual, defined as the
difference between the model and the measurement, is centered on zero and is less
than the measurement accuracy (Figure 12).

Figure 12.
Validation of the SWAC model through experimental comparison with estimation of the residual (model-
measurement difference) for pump electrical power (above) and loop volumetric flowrate (below); Simulation
results is represented by solid lines; Measured data is represented by dashed lines; Measurement uncertainty is
represented by the colored area.
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With the model validation confirmed, it can be used to assess the benefits of
modifying the design and control of existing installations, as presented below.

4.2 District cooling temperature regime adjustment

The temperature regime of chilled water networks is generally 7/12°C. This means
that chilled water is produced at 7°C to be sent to the building and returns at 12°C to
the cooling production unit. This regime was inherited from older vapor compression
cooling systems that ensured evaporation temperatures around 5°C. The replacements
of refrigerants due to regulatory environmental changes were made while maintaining
the same temperature regimes to adapt to existing distribution networks. However, it
is now apparent that higher temperature regimes are possible and have been studied
for conventional air conditioning systems [33, 34]. These studies show that chilled
water temperatures of 15°C led to energy savings while maintaining comfort condi-
tions in buildings. For the SWAC system, raising the temperature regime of the chilled
water distribution loop presents particularly interesting advantages. To achieve a
distribution temperature of 7°C, it is necessary to draw water at approximately 5°C,
requiring depths of 900–1000 m. By increasing the chilled water temperature, the
length of the primary loop can be reduced, significantly lowering capital expenditures
(CAPEX) and operational expenditures (OPEX) by decreasing pressure losses. There-
fore, it is important to evaluate the potential gains from raising the temperature
regime.

The temperature regime modification will be studied using the numerical model
representing The Brando installation presented earlier. The baseline configuration of
this installation corresponds to a distribution regime of 7/12°C with a drawing tem-
perature of 5°C. It is evident that changing the temperature regime necessitates
resizing the chilled water distribution network by increasing the heat exchange sur-
faces of the building’s fan-coils. Additionally, it is crucial to resize the heat exchangers
between the two loops. Figure 13 shows the evolution of the primary and global EER
for different drawing temperatures of 5°C, 6°C, 7°C, 8°C, 9°C, 10°C, 11°C, resulting in
chilled water distribution regimes of 7/12°C, 8/13°C, 9/14°C, 10/15°C, 11/16°C, 12/17°
C, and 13/18°C, respectively. Resizing the exchanger results in a modification of the
UA value of the exchanger, obtained by the product of the Overall Heat Transfer
Coefficient and the heat exchanger’s surface area. The UA values studied are 100,000,
200,000, 300,000, and 400,000 W/K. Changing the temperature regime reduces the

Figure 13.
Evolution of primary and global EERs based on draw temperature for different values of the heat exchanger
coefficient (UA).
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length of the drawing pipeline and improves the primary EER. This improvement is
less pronounced on the global EER because the secondary pumps’ consumption is
more significant than the primary pumps. It should be noted that the performance
gain from increasing the temperature regime is strongly linked to the UA value. The
higher the UA, the greater the performance increases with the temperature regime
rise. The design of future installations should therefore target higher temperature
regimes, but this must be accompanied by resizing the loop heat exchangers.

4.3 District cooling flow rate control upgrade

The consumption of the secondary loop accounts for approximately 80% of the
electrical consumption for both studied installations. The flow control regulation in
district cooling loops is typically based on pressure control [35]. This approach is
favored because the length and circulation time of chilled water in the loop make
temperature-based control challenging. However, based on measurements, it appears
that flow control operates inadequately, leading to excessively low return loop tem-
peratures and a very small temperature difference across the loop (often referred to as
“low delta T syndrome”). Recent research focuses on advanced flow control tech-
niques for district cooling systems [36, 37]. For the studied SWAC installations, the
network configuration remains relatively straightforward as it is single-source heat.
However, in the case of The Brando installation, unusually high return temperatures
and very small temperature differentials between supply and return are observed. For
both installations, the average temperature difference in the primary loop is 4.1°C,
whereas in the secondary loop, it is only 2.8°C. Typically, such loops maintain a
temperature differential of at least 5°C (Figure 14).

The temperature differentials observed on the secondary loops of both installations
indicate that the flow rates could be halved, leading to a significant reduction in the
electrical consumption of the pumps. An ‘ideal’ regulation would maintain a temper-
ature differential of 5°C consistently across the loops. Using the numerical model of
the SWAC installation presented earlier, a precise estimation of the annual gains can
be provided. Figure 15 compares the electrical powers for the secondary loop of The
Brando between an ideal regulation maintaining a constant temperature differential of
5°C and the current regulation. The energy savings achieved with ideal control are
estimated at 147.2 MWh per year, with the average power consumed by the pump
over the year decreasing from 25.44 to 8.7 kW.

Figure 14.
Evolution of temperature differentials on the primary and secondary loops for The Brando (a) and CHPF (b).
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5. Worldwide potential of the technology

To study the development and dissemination of SWAC technology, it is important
to define areas worldwide with favorable bathymetry for SWAC and assess the air
conditioning needs in these areas.

A global mapping of sites favorable for this technology was established based on
the design of a typical SWAC installation (operating with a temperature regime of 7/
12°C) and also considering the potential for higher temperature regimes. Three
datasets were used to identify feasible SWAC zones:

Figure 15.
Simulation of the electrical power consumed by the secondary loop of The Brando installation under ideal flow rate
regulation.

Figure 16.
Global mapping of SWAC potential for a drawing point of 5°C ensuring a chilled water loop temperature regime
of 7/12°C; The red rectangles outline the areas of interest selected.
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• The General Bathymetric Chart of the Oceans (GEBCO) 2021 [38] provides
global elevation information in meters on a 30 arc-second grid, approximately
930 m near the equator.

• Global Ocean Reanalysis (GLORYS) [39], with a horizontal resolution of 1/12°
(about 9.3 km near the equator) and 50 standard depth levels.

• ERA5-Heat data [40] is used to highlight areas with air conditioning demand. It
has a horizontal resolution of 0.25° (about 28 km near the equator) and temporal
coverage from January 1940 to present, with hourly intervals. This dataset
provides the Universal Thermal Climate Index (UTCI), describing human
physiological response to thermal environment combining temperature,
humidity, wind speed, and thermal radiation.

The global potential for SWAC using the classical temperature regime of 7/12°C
with a drawing temperature of 5°C is depicted in Figure 16, showing points near
coastlines under thermal stress. Three geographically significant zones are highlighted
by a red rectangle due to their high concentration of points: Central America, Asia,
and Pacific Islands. Blue points indicate sites where the depth corresponding to a
seawater temperature of 5°C is accessible within 2.5 km from the coast, while green
points indicate distances between 2.5 and 5 km. These zones experience high thermal
stress with exposure rates exceeding 30%. The Pacific Islands exhibit numerous blue
points, indicating accessibility to greater depths near the coast, which facilitated the
development of installations in Polynesia and justified the initial operational sites
being located there.

Following the considerations discussed in the paragraph “district cooling tempera-
ture adjustment,” it is important to assess the impact of changing the withdrawal
depth on the deployment of the technology. Figure 17 provides the mapping for a
withdrawal point at 11°C and a chilled water distribution regime of 13/18°C.

Figure 17.
Global mapping of SWAC potential for a drawing point of 11°C, ensuring a chilled water loop temperature
regime of 13/18°C. The red frames outline the areas of interest selected.
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For a drawing temperature of 11°C, the implementation potential of the technol-
ogy worldwide is significantly increased, with a substantial increase in the number of
blue and green points for the geographical areas of interest, as presented in Table 5.
The number of potential sites increases by 332.2% when increasing the withdrawal
temperature from 5 to 11°C for the Americas, by 225.7% for Asia, and by 124.3% for
the Pacific. It can be noted that worldwide, outside the three areas of interest, the
trend in the number of points favorable to SWAC is similar.

The use of higher temperature regimes in the chilled water distribution loop can
thus improve energy performance (increased EER) and financial viability (reduced
CAPEX) of installations, while also potentially enabling a much broader adoption of
the technology worldwide. However, it will be necessary to verify that these temper-
ature regimes are compatible with comfort conditions, especially in humid climates,
ensuring proper indoor air dehumidification. Moreover, the temporal and spatial
variability of the SWAC drawing temperature, in the context of climate change, is
unknown because there are very few studies on the evolution of seawater tempera-
tures at great depths (greater than 500 m), as the state-of-the-art focuses on surface
temperature changes.

6. Conclusions

SWAC technology is an active cooling method for buildings that provides the same
service as conventional air conditioning but with higher energy efficiency. The oper-
ating principle is straightforward: it involves transporting cold liquid-phase fluid from
the sea to a large building or district. This process is not subject to the Carnot effi-
ciency limit, offering numerous advantages:

• The energy efficiency ratio ranges from 25 to 125, depending on the length of the
loops.

• In a specific example of an existing building, experimental data show that energy
consumption, electrical power demand, and CO2 emissions from air conditioning
were reduced by a factor of 10 with SWAC.

• No refrigerants are required for operation.

Central America Asia Pacific Islands

Drawing temperature 5°C
Regime 5/12°C

Number of blue points
(0–2,5 km)

376 12,913 193

Number of green points
(2,5–5 km)

1922 14,952 11,953

Drawing temperature 11°C
Regime 13/18°C

Number of blue points
(0–2,5 km)

29,779 76,478 11,204

Number of green points
(2,5–5 km)

26,522 104,280 29,428

Table 5.
Evolution of the implementation potential of SWAC technology for withdrawal temperatures of 5 and 11°C in the
three geographic zones of interest.
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• The resource remains at a stable temperature throughout the year and is
minimally affected by climate change.

• The energy performance of the process is independent of external conditions.

• The process does not generate heat discharge near the building or in the air-
conditioned area, thus limiting urban heat island effects.

The scope of direct SWAC is currently limited to coastal areas with water at
approximately 5°C. The maximum distance from the coast to access these tempera-
tures seems to be 10 km. Beyond that, performance drops, and costs skyrocket.
However, if the water temperature is not favorable for direct SWAC, a chiller-assisted
SWAC solution remains feasible. This solution can be particularly applicable to lakes
or rivers. The main limitation to the exploitation of SWAC is the high investment
costs, primarily due to maritime works. Solutions are currently being studied to
develop direct SWAC systems using less cold seawater available at shallower depths,
thus broadening the scope of SWAC application and reducing investment costs.

6.1 Recommendation and future work

Moreover, there is room for further process improvements. Future research should
aim to:

• Further enhance performance (improving flow control, modifying distribution
temperature regimes, integrating cold storage or supplementation).

• Expand the technology’s application potential globally, including areas with
shallower depths, while ensuring indoor comfort conditions and maintaining
dehumidification in humid climates.

• Explore resource sharing with other industrial activities to enhance economic
viability, such as electricity production through OTEC cycles, aquaculture, and
agriculture utilizing seawater effluents.

• Evaluate the environmental benefits of the process in combating surface water
warming.

• Investigate opportunities for combining the technology with soft cooling
solutions (passive cooling techniques, adaptive comfort).

SWAC technology offers significant advantages, although its applicability is site-
specific. Nonetheless, it emerges as a resilient solution for actively cooling buildings in
the face of climate change, especially in regions experiencing more severe heatwaves.
Therefore, it should be considered for future large building and district projects near
coastal areas.
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Chapter 3

Advancements in Materials Used in 
Air Conditioning Technologies
Ghalia A. Gaber and Lamiaa Z. Mohamed

Abstract

This chapter explores recent advancements in materials driving innovation within 
air conditioning technologies. Traditional materials face limitations in efficiency and 
sustainability, prompting a shift toward novel solutions. Nanostructured materials, 
with their enhanced heat transfer properties, are gaining prominence, alongside 
advanced heat exchanger materials offering superior performance and durability. 
Sustainability is prioritized through the adoption of eco-friendly materials and smart 
technologies. Shape memory alloys and smart materials enable adaptive systems for 
optimized comfort and energy efficiency. While challenges persist in cost and scal-
ability, interdisciplinary efforts are propelling the field toward a future of greener, 
more efficient air conditioning solutions.

Keywords: air conditioning, sustainable technologies, advanced technologies, 
solar-powered air conditioning, advanced materials

1.  Introduction

The energy demand has significantly increased due to the world’s population 
growth and rising standards of living. Heating, ventilation, and air conditioning 
(HVAC) systems consume a considerable amount of energy among building services 
as shown in Figure 1. Energy demand roughly 10–20% of the total energy consump-
tion in industrialized countries and 50% of the total energy consumption in buildings 
in developed countries [1]. The development of efficient energy systems for heating 
and cooling that use free energy sources is increasing quickly to lower the amount of 
nonrenewable energy used by HVAC systems. As such, the cooling demands in build-
ings could be met by utilizing a variety of energy sources (e.g., solar, biomass, waste, 
geothermal, etc.) or by hybridizing different cooling systems.

One energy-efficient cooling technique that can handle waste heat at low tem-
peratures is adsorption cooling. A lot of work has gone into increasing the cooling 
capabilities and overall performance of adsorption systems. A summary of the 
development of silica gel-water adsorption cooling systems may be found in [2]. To 
lessen the high vacuum need dictated by water vapor, the researchers recommended 
employing mixed refrigerant. The development of hybrid systems, according to the 
authors in [3], is an effective strategy that lowers the cost of adsorption technology 
when compared to alternative cooling systems.
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According to Yin et al. [4], there have been advancements in the use of solar 
energy in these systems and the dehumidification of liquid desiccant. When combin-
ing a vapor compression machine with a hybrid liquid desiccant, Mohammad et al. 
[5] highlighted the significance of the vapor compression chiller’s sizing and operat-
ing temperatures. The director in direct evaporative hybrid liquid desiccant systems 
produced a COP gain of more than 20% as compared to standalone evaporative 
coolers [6]. Traditional building cooling and heating systems need a lot of energy that 
comes from burning fossil fuels. This leads to the massive emissions of greenhouse 
gases into the atmosphere, which has adverse effects on human health like asthma as 
well as environmental harm like acid rain and global warming. However, for more 
than 60 years, typical air conditioning systems have been using chlorofluorocarbons 
(CFCs) as operating fluids. However, these refrigerants are known to weaken the 
ozone layer, which in turn causes global warming [7]. Research to find new technolo-
gies to offer an alternative to traditional vapor compression systems has been spurred 
by environmental concerns about CFCs, HCFCs, and some of their substitutes [8].

In the realm of air conditioning technologies, the materials utilized play a crucial role 
in determining efficiency, durability, and environmental impact. This chapter explores 
the latest advancements in materials that have revolutionized the field of air conditioning, 
enabling enhanced performance and sustainability. In addition to being made for people’s 
comfort, air conditioning is necessary for enhancing processes and materials. The longev-
ity and effectiveness of wrinkles in lower temperatures. Air cooling is also necessary for 
the effective operation of computer and microprocessor-based systems [9–12].

The following are common components used to create thermal insulation for air 
conditioning systems or building envelopes [13]:

• Fibrous materials, including cane, wood, glass, mineral wool, and other vegetal 
fibers.

• Materials with cells, like polystyrene, cellular glass, foam rubber, and 
polyurethane.

• Metallic reflective membranes. Open cells, or fibrous materials that are perme-
able by air, or closed cells, or airtight cellular materials, make up most insulating 
materials’ airspaces [13].

Figure 1. 
Basic components of HVAC system.
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An insulating material’s thermal conductivity, a crucial physical characteristic, 
shows how quickly heat is transferred through the material via radiation, convec-
tion, and gas and solid conduction. An insulating material’s physical structure 
(such as the diameter and shape of its cells), temperature, density, and the kind and 
quantity of binders and additives it contains all affect how thermally conductive it 
is [13]. Changes in density do not affect the thermal conductivity of many cellular 
insulating materials produced from polymers, such as polyurethane and extruded 
polystyrene. The density of other insulators is such that the thermal conductivity 
is negligible [13]. There are various refrigeration systems available for both build-
ing air conditioning and refrigeration. Based on the total energy required to run 
them, these systems can be divided into three primary groups: hybrid, thermal, 
and electrical systems. In the first category, electricity serves as the system’s input 
energy (high-grade energy); in the second, any type of thermal energy can serve as 
the system’s driving force (low-grade energy). The third one is made up of multiple 
energy types that work in concert to improve system performance and balance the 
energy supply [8].

More and more research as well as the commercial market are showing interest 
in the second group (thermal systems) lately. This is mostly because, compared to 
electrically run refrigeration plants, thermal systems have a lower potential to deplete 
the ozone layer and contribute less to greenhouse impacts. After all, they employ 
synthetic refrigerants. There are also fewer CO2 emissions because they run on heat 
rather than electricity. In a conventional fossil fuel-powered power plant, producing 
electricity requires converting energy from chemical to thermal, mechanical, and 
then electrical forms in multiple steps. Higher CO2 emissions to the environment are a 
result of losses related to each conversion step, the grid connection, and the transpor-
tation of electricity [14].

2.  Traditional materials and their limitations

To maintain a suitable indoor climate, conventional mechanical air condition-
ing equipment uses a significant amount of fossil fuels [15, 16]. Pollution from the 
energy-generating system and greenhouse gasses from chemical-based refrigerants 
are the two main forms of pollution produced by a typical air conditioner [17]. 
Elevating the proportion of clean and renewable energy consumption and enhancing 
the energy efficiency of large-scale structures are imperative in mitigating the related 
risks of global warming and environmental degradation.

Traditional materials used in air conditioning systems are shown in Figure 2 
including metals like copper and aluminum, plastics, and various types of insulation. 
Copper is highly favored for refrigerant tubing, heat exchangers, and wiring because 
of its excellent thermal conductivity, corrosion resistance, and ease of fabrication. 
However, its higher cost and weight compared to alternative materials can be limit-
ing in some applications. Aluminum, recognized for its lightweight nature and good 
thermal conductivity, is often used in heat exchangers (fins and coils). Plastics are 
used for components such as fan blades, housings, ducts, and insulation. Nonetheless, 
they may lack the strength and durability of metals, particularly at high temperatures, 
and generally have poorer thermal conductivity, limiting their use in heat transfer 
components. Additionally, improper recycling or disposal of certain plastics can raise 
environmental concerns [18]. The similar materials or alloys used as heat exchangers 
and inhibitory efficiencies are shown in Table 1.
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Insulation materials used in air conditioning systems include fiberglass and foam 
insulations such as polyurethane and polystyrene. Fiberglass is commonly employed 
for ductwork insulation due to its effective thermal resistance and sound absorption 
properties. However, it can cause skin irritation and respiratory issues during installa-
tion and is prone to moisture absorption, which can reduce its insulating effectiveness 
and encourage mold growth. Foam insulation materials like polyurethane and poly-
styrene are widely used for thermal insulation throughout air conditioning systems. 
Nevertheless, some foam types may pose flammability risks or emit toxic gases when 
burned, and they can degrade over time, especially when exposed to UV light or 
certain chemicals. Refrigerants such as CFCs, hydrochlorofluorocarbons (HCFCs), 
and hydrofluorocarbons (HFCs) have also been used in air conditioning systems. 
CFCs and HCFCs were historically favored for their excellent thermal properties but 
are now being phased out due to their contribution to ozone layer depletion and high 
global warming potential (GWP), as regulated under international agreements like 
the Montreal Protocol. HFCs have replaced CFCs and HCFCs in modern systems, 
but they still pose environmental concerns due to their significant GWP, leading to 
stricter regulations and the search for alternative refrigerants [24].

3.  Nanostructured materials

Nanostructured materials are increasingly being studied for their potential appli-
cations in air conditioning systems, offering unique properties that could address 
the limitations of traditional materials. These include nanostructured coatings and 
nanocomposite materials. Anticorrosion coatings, such as those made from titanium 

Figure 2. 
The traditional materials for air conditioning technologies.

Metal/alloy Corrosion inhibitor Efficiency % References

Cu-Ni alloy Chitosan-Sodium Pyruvate 65.0 [19]

Cu–Zn alloy Expired Bepotastine-B 94.4 [20]

Cu-Zn alloy Roselle (Hibiscus sabdariffa) 94.8 [21]

Al-Si-Cu-Mg GO/ZrO2 65.4 [22]

Cu-30 Ni alloy Green tea aqueous extract 93.9 [23]

Table 1. 
Contrasts the heat exchanger materials’ inhibitory efficacy.
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dioxide (TiO2) or zinc oxide (ZnO), enhance corrosion resistance, prolong the com-
ponent lifespan, and reduce maintenance costs [25]. Hydrophobic coatings, utilizing 
nanoparticles of silica or fluoropolymers, improve water resistance on heat exchang-
ers, thereby enhancing efficiency and reducing corrosion risk. Nanocomposite 
materials also show promise in air conditioning applications. The nanostructured 
materials for air conditioning technologies are shown in Figure 3. For example, 
nanocomposite heat exchanger materials, which combine metals like aluminum or 
copper with carbon nanotubes (CNTs) or graphene, enhance thermal conductivity, 
improve heat transfer efficiency, and potentially reduce weight. Insulation materials, 
such as aerogels reinforced with nanoparticles, exhibit superior thermal insulation 
properties with minimal thermal conductivity, reducing energy loss and enhancing 
overall system efficiency [26, 27].

Nanofluids are being explored as refrigerants and heat transfer fluids due to 
their enhanced properties. Refrigerants blended with nanoparticles such as alumina 
(Al2O3), TiO2, or copper oxide (CuO) increase thermal conductivity and heat transfer 
efficiency, potentially improving system performance and reducing energy consump-
tion. Heat transfer fluids, consisting of nanoparticle suspensions in conventional 
fluids like water or ethylene glycol, enhance heat transfer coefficients and thermal 
conductivity, leading to more effective heat exchange processes. Nanostructured 
phase change materials (PCMs) are another innovative development. Embedding 
PCMs with nanoparticles enhances their thermal properties, improving heat storage 
and release capabilities. This is beneficial for thermal energy storage systems, thereby 
boosting the overall efficiency of air conditioning systems. Additionally, nanostruc-
tured filters are particularly effective for air filtration purposes. Nanofiber mats made 
from polymers such as polyvinyl alcohol (PVA) or polyacrylonitrile (PAN), often 
coated with antimicrobial nanoparticles like silver (Ag) or copper (Cu), enhance fil-
tration efficiency. This improves the capture of fine particles and pathogens, thereby 
improving air quality and potentially extending the lifespan of the filters [28–30].

4.  Advanced heat exchanger materials

Advanced heat exchanger materials for air conditioning systems are designed to 
improve efficiency, durability, and overall performance (Figure 4). This includes 

Figure 3. 
The nanostructured materials for air conditioning technologies.
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nanostructured materials such as graphene and CNTs. Graphene, known for its 
exceptional thermal conductivity, high mechanical strength, and lightweight proper-
ties, enhances heat transfer efficiency and reduces the weight of heat exchangers, 
leading to more compact and efficient designs. The CNTs also offer high thermal 
conductivity and strength, further improving thermal performance and potentially 
reducing the size and weight of heat exchangers. Composite materials, including 
metal matrix composites (MMCs) and polymer matrix composites (PMCs), are also 
utilized. MMCs combine metals like aluminum or copper with ceramic or carbon-
based reinforcements, enhancing thermal conductivity, mechanical properties, and 
resistance to corrosion and wear. PMCs, on the other hand, are polymers reinforced 
with fibers such as carbon or glass, providing lightweight construction, corrosion 
resistance, and good thermal performance. Additionally, incorporating PCMs that 
can store and release large amounts of heat during phase transitions significantly 
enhances thermal energy storage capabilities. This improves overall thermal man-
agement and facilitates smoother temperature control in air conditioning systems 
[31–33].

Metal foams, such as aluminum and copper foams, are characterized by a high 
surface area-to-volume ratio, excellent thermal conductivity, and lightweight prop-
erties. These foams improve heat transfer efficiency, reduce weight, and enhance 
performance in compact heat exchanger designs. High-performance alloys, including 
nickel-based superalloys and titanium alloys, also play a crucial role. Nickel-based 
superalloys offer exceptional thermal stability, high strength, and resistance to 
oxidation and corrosion, making them suitable for high-temperature applications 
and challenging environments. This results in longer-lasting and more reliable heat 
exchangers. Titanium alloys, known for their high strength-to-weight ratio, excellent 
corrosion resistance, and good thermal conductivity, are ideal for lightweight and 
durable applications, particularly in marine or corrosive environments [34, 35].

Advanced ceramic materials such as silicon carbide (SiC), aluminum nitride 
(AlN), and boron nitride (BN) exhibit high thermal conductivity, excellent mechani-
cal strength, and resistance to high temperatures and corrosion. These properties 
make them highly suitable for demanding heat exchanger applications. Additive 
manufacturing (3D printing) materials, including customized alloys and compos-
ites, offer precise control over material composition and structure. This enables the 

Figure 4. 
The advanced heat exchanger materials for air conditioning technologies.
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tailoring of thermal and mechanical properties. Additive manufacturing also pro-
vides design flexibility, the ability to create complex geometries, and optimized heat 
exchanger designs for enhanced performance [36].

5.  Sustainable materials

A paradigm change in the development of eco-friendly and energy-efficient tech-
nology has become necessary due to the ongoing rise in the world’s electricity demand 
and the depletion of fossil fuel resources. Summer air conditioning is still a difficult 
issue since it greatly raises the peak electricity consumption and lowers the cost of 
keeping a steady supply of electricity. Using renewable energy sources is one way to 
find solutions; solar energy is particularly promising because it is widely available and 
environmentally sustainable. Consequently, businesses and academics are becoming 
more interested in solar-assisted cooling systems that use solar thermal panels as heat 
sources [37–43].

For cooling applications, solar air conditioning systems are an environmentally 
friendly and economical choice. These solar-powered systems have many benefits. 
Solar-powered air conditioning systems support environmentally friendly cooling 
techniques and energy conservation. In places where access to electricity is scarce, 
they provide a chance to become energy-independent. Nonetheless, a few challenges 
prevent these systems from being widely used. These include installation expenses, 
reduced efficiency when compared to conventional systems, the necessity for efficient 
energy storage options, the space needed for solar panels, the effect of temperature 
variations, the intricacy of the system when integrating it with the current HVAC 
infrastructure, and public awareness. Despite obstacles, continuous research and 
development endeavors tackle these problems, stimulating creativity and clearing the 
path for the extensive integration of solar air conditioning systems [44].

Sustainable materials for air conditioning systems are designed to minimize 
environmental impact through enhanced energy efficiency, recyclability, and 
reduced carbon footprints (Figure 5). These materials include natural and recycled 
options like bamboo and metals. Bamboo is used in structural components, casings, 
and ductwork due to its renewability, biodegradability, and lower carbon footprint 
compared to metals and plastics. Recycled metals such as aluminum and copper help 
reduce the need for virgin material extraction, thereby lowering energy consumption 
and environmental impact. Bio-based plastics like polylactic acid (PLA) and poly-
hydroxyalkanoates (PHA) are utilized in ductwork, housing, and insulation. These 
materials are derived from renewable resources such as corn starch or sugarcane, are 
biodegradable, and emit fewer carbon emissions than traditional plastics. Advanced 
insulation materials such as aerogels and natural fiber insulation offer significant ben-
efits. Aerogels provide exceptionally low thermal conductivity and are lightweight, 
enhancing thermal insulation and reducing energy consumption. Some aerogels can 
be manufactured from silica, an abundant and environmentally friendly material. 
Natural fiber insulation materials like hemp, cotton, or sheep wool are renewable, 
biodegradable, and have minimal environmental impact during production [45, 46].

Bio-based PCMs, derived from plant oils or animal fats, are nontoxic, renewable, 
and enhance thermal energy storage, thereby improving the efficiency of air condi-
tioning systems. Nanomaterials such as nanocellulose and silica nanoparticles play 
significant roles. Nanocellulose, derived from plant matter, is biodegradable, renew-
able, and offers excellent mechanical and thermal properties, used as reinforcement 
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in composite materials and insulation. Silica nanoparticles are abundant, nontoxic, 
and enhance thermal insulation and durability in applications such as insulation 
and coatings. Environmentally friendly refrigerants, including natural options like 
ammonia (NH3), carbon dioxide (CO2), and hydrocarbons such as propane and 
isobutane, have low GWP and no ozone depletion potential (ODP). These alternatives 
are eco-friendly compared to traditional synthetic refrigerants. Recyclable and reus-
able components, including modular designs for easy disassembly and recycling, are 
employed. This approach facilitates recycling, reduces waste, and extends the lifespan 
of parts through reuse. Thermally conductive polymers, such as graphene-enhanced 
polymers used for heat exchangers and housings, offer high thermal conductivity 
and lightweight properties and can be produced with lower environmental impact 
compared to metals. Green manufacturing processes aim at low-emission production 
methods to minimize greenhouse gas emissions and energy use, thereby reducing the 
overall carbon footprint of air conditioning systems [47, 48].

6.  Shape memory alloys and smart materials

Shape memory alloys (SMAs) and smart materials are increasingly integrated 
into air conditioning systems for their unique properties that enhance system effi-
ciency, adaptability, and control (Figure 6). SMAs typically consist of alloys such as 
nickel-titanium (NiTi), copper-aluminum-nickel, or copper-zinc-aluminum. They 
exhibit the shape memory effect, allowing them to revert to their original shape 
after deformation when exposed to specific temperature changes. In air condition-
ing applications, SMAs are utilized in adaptive louvers and vents to automatically 
adjust airflow direction based on temperature changes. This capability improves 
airflow control, enhances energy efficiency, and boosts comfort levels by directing 

Figure 5. 
Sustainable materials for air conditioning technologies.
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air dynamically where it is most needed. SMAs also act as temperature-responsive 
actuators for controlling valves, dampers, and other components that require precise 
temperature-based adjustments. This enhances temperature regulation precision and 
reduces energy consumption by optimizing system performance. Moreover, SMAs 
are employed as heat exchanger enhancements, integrated into heat exchangers 
to improve heat transfer efficiency through dynamic changes in surface area. This 
enhancement improves thermal performance and potentially reduces the size and 
weight of heat exchangers [49, 50].

Smart materials like thermoelectric materials, piezoelectric materials, PCMs, and 
electrochromic materials are increasingly prominent in air conditioning systems due 
to their unique capabilities. Thermoelectric materials convert temperature differences 
directly into electrical voltage and vice versa, enabling active cooling and heating 
by converting waste heat into usable energy or creating temperature gradients for 
heat management. They enhance system efficiency through energy harvesting and 
waste heat recovery. Piezoelectric materials generate electrical charge in response to 
mechanical stress and can deform when an electrical field is applied. They are utilized 
in sensors and actuators to precisely control air conditioning components, thereby 
improving system responsiveness and energy management for enhanced comfort. 
The PCMs absorb and release significant amounts of latent heat during phase transi-
tions (solid-liquid). Integrated into heat exchangers and thermal storage units, PCMs 
stabilize temperature fluctuations and store thermal energy, enhancing thermal 
management and energy efficiency for consistent indoor comfort. Electrochromic 
materials adjust color or opacity in response to electrical voltage, regulating the 
amount of heat and light passing through. They are employed in smart windows that 
automatically adjust the tint to manage solar heat gain, thereby reducing cooling 
demand and energy consumption while improving indoor comfort [51].

7.  Future perspectives and challenges

The future of air conditioning materials is centered on enhancing efficiency, 
sustainability, and functionality while addressing environmental and economic 
challenges (Figure 7). Key areas of advancement include nanotechnology and 

Figure 6. 
Smart materials for air conditioning technologies.
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advanced materials, biomimetic coatings and structures, sustainable and renewable 
materials, enhanced refrigerants, and integration with renewable energy sources. 
Nanotechnology and advanced materials such as graphene and CNTs are enhanc-
ing heat exchangers, filters, and sensors due to their superior thermal conductivity, 
lightweight properties, and potential to reduce component size and weight. Aerogels 
are also being utilized as advanced insulation materials for their exceptionally low 
thermal conductivity, which improves energy efficiency. Smart materials like shape 
memory alloys, piezoelectric materials, and phase change materials offer enhanced 
responsiveness and adaptability in air conditioning systems. These materials optimize 
performance, conserve energy, and improve system efficiency. Biomimetic coatings 
and structures, inspired by natural systems, enhance efficiency and effectiveness in 
heat exchangers and airflow control devices by applying optimized biological designs. 
This approach aims to maximize energy efficiency and sustainability in air condition-
ing technology [52, 53].

Sustainable and renewable materials, including bio-based polymers and recycled/
recyclable materials, are increasingly utilized in ductwork, insulation, and housing 
to diminish environmental impact and reduce reliance on fossil fuels. These materi-
als contribute to sustainability efforts by enhancing durability and efficiency in air 
conditioning systems. Enhanced refrigerants, such as natural and low GWP options, 
are replacing traditional refrigerants to mitigate environmental harm. This transition 
aims to lower the overall impact of global warming while maintaining efficient cool-
ing performance. Magnetocaloric and thermoelectric materials are under exploration 
for alternative cooling technologies, offering potentially more efficient and environ-
mentally friendly cooling solutions. These materials leverage magnetic fields or tem-
perature differentials to achieve cooling without harmful greenhouse gas emissions. 
Integration with renewable energy sources, such as solar-powered air conditioning 
and advanced energy storage systems, further promotes sustainability in air condi-
tioning technology. Solar-powered air conditioning systems integrate photovoltaic 
systems with air conditioning units to reduce dependence on grid electricity, lower 
operational costs, and enhance overall sustainability. Advanced batteries and thermal 
storage systems are also pivotal in improving energy management and efficiency in 
air conditioning applications. These technologies enable better utilization of renew-
able energy sources, supporting sustainable practices in cooling solutions [54].

Air conditioning materials face several challenges including cost and scalability, 
environmental impact, technical integration, and regulatory and market acceptance 
(Figure 8). High initial costs and scalability issues are particularly notable, especially 

Figure 7. 
Future perspectives for air conditioning technologies.
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for advanced materials like graphene, CNTs, and aerogels, which are expensive to 
produce and scale up while maintaining cost-effectiveness. Ensuring economic 
feasibility is crucial for these materials and technologies to achieve widespread 
adoption in both consumer and industrial markets. Environmental impact is another 
significant concern, necessitating thorough lifecycle analysis of new materials from 
production through disposal. It is essential to ensure these materials are genuinely 
sustainable and do not introduce new environmental issues. Effective end-of-life 
management strategies are also critical to responsibly recycle or dispose of advanced 
materials without causing harm to the environment. Technical integration presents 
challenges in effectively incorporating new materials and technologies into existing 
air conditioning systems without compromising performance or reliability. Ensuring 
compatibility and optimizing system designs are essential steps in overcoming these 
integration hurdles. Regulatory requirements and market acceptance further influ-
ence the adoption of these innovations. Compliance with standards and demonstrat-
ing clear benefits in terms of efficiency, sustainability, and performance are necessary 
to gain industry and consumer confidence. Addressing these challenges requires 
collaborative efforts across research, industry, and regulatory bodies to advance air 
conditioning technologies sustainably and effectively [55].

Technical integration in air conditioning systems encompasses two critical aspects: 
compatibility and performance validation. Compatibility involves ensuring that new 
materials can seamlessly integrate into existing air conditioning systems and infrastruc-
ture without encountering significant compatibility issues with current technologies. 
This process addresses potential challenges that may arise when introducing novel 
materials into established systems, ensuring smooth operation and functionality. 
Performance validation is equally crucial, involving rigorous testing to assess and con-
firm the performance and reliability of new materials under real-world operating condi-
tions. This step is essential to demonstrate that the materials can deliver the expected 
benefits in terms of efficiency, durability, and overall effectiveness in air conditioning 
applications. It ensures that the materials meet industry standards and user expectations, 
providing confidence in their suitability for widespread adoption [56].

Regulatory approval and market acceptance present additional challenges in the 
adoption of new air conditioning materials and technologies.

Obtaining regulatory approval involves navigating complex frameworks to meet 
environmental, safety, and other relevant standards. It requires demonstrating that 

Figure 8. 
Challenges for air conditioning technologies.
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new materials and technologies comply with regulations to ensure their safe and 
lawful use. This process involves thorough testing, documentation, and compliance 
efforts to address regulatory requirements effectively. Consumer and industry adop-
tion is crucial for the widespread uptake of innovative materials. Educating consum-
ers and industry stakeholders about the advantages and benefits of these materials is 
essential for overcoming resistance to change and fostering acceptance. Highlighting 
how these materials can improve energy efficiency, reduce environmental impact, 
and enhance overall performance compared to traditional solutions is key. This 
education helps build confidence in the reliability and effectiveness of new materials, 
encouraging their integration into mainstream air conditioning systems. Addressing 
these challenges requires collaboration among researchers, manufacturers, regulatory 
bodies, and stakeholders to streamline approval processes, enhance awareness, and 
promote the adoption of sustainable and efficient air conditioning technologies.

8.  Conclusions

Advancements in air conditioning materials hold great promise for enhancing 
energy efficiency, sustainability, and comfort in response to evolving global needs. 
By embracing innovative materials and taking a comprehensive approach, the air 
conditioning industry can aim toward creating more efficient and environmentally 
friendly systems. It was concluded that:

1. Traditional materials have served their purpose, but they come with limitations 
such as cost, environmental impact, durability, and efficiency. This has spurred 
ongoing research and development efforts to discover better alternatives like 
advanced composites, eco-friendly refrigerants, and improved insulation materials.

2. Nanostructured materials, with their enhanced thermal properties and improved 
efficiency, offer significant advantages for air conditioning systems. They promise 
superior heat transfer, insulation capabilities, and corrosion resistance, poten-
tially overcoming the shortcomings of traditional materials. As nanotechnology 
advances, these materials are expected to gain traction in air conditioning appli-
cations, paving the way for more sustainable and efficient systems.

3. Advanced heat exchanger materials represent another leap forward, provid-
ing superior thermal performance, reduced weight, enhanced durability, and 
better resistance to environmental factors. These materials enable the design of 
more compact, efficient, and longer-lasting air conditioning systems. Continued 
technological progress is likely to increase their adoption, fostering innovation 
in energy-efficient cooling solutions.

4. Sustainable materials play a crucial role by emphasizing renewable resources, 
recyclability, and minimizing environmental impact. Their use contributes to 
energy efficiency, lower carbon emissions, and a reduced environmental foot-
print in air conditioning operations. As sustainability gains prominence, these 
materials are expected to see wider adoption, promoting greener air conditioning 
technologies.
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5. Smart materials like shape memory alloys and others offer significant potential 
for improving air conditioning systems through enhanced efficiency, control, 
and adaptability. Shape memory alloys respond dynamically to temperature 
changes, suitable for adaptive components and actuators. Meanwhile, thermo-
electrics, piezoelectrics, phase change materials, and electrochromic materials 
contribute to more efficient thermal management and energy usage. Integrating 
these advanced materials into air conditioning systems can lead to smarter, more 
efficient, and environmentally friendly cooling solutions.

6. Looking ahead, the future of air conditioning materials holds substantial 
promise for advancing efficiency, sustainability, and functionality.  However, 
challenges related to cost, scalability, environmental impact, technical 
 integration, and regulatory acceptance must be addressed to unlock the full 
potential of these innovations. Collaboration among researchers, industry 
stakeholders, and policymakers will be critical in overcoming these hurdles 
and driving the development and adoption of next-generation air condition-
ing materials.
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HVAC heating, ventilation, and air conditioning
CFCs chlorofluorocarbons
HCFCs hydrochlorofluorocarbons
HFCs hydrofluorocarbons
GWP global warming potential
TiO2 titanium dioxide
ZnO zinc oxide
CNTs carbon nanotubes
Al2O3 alumina
CuO copper oxide
PCMs phase change materials
PVA polyvinyl alcohol
PAN polyacrylonitrile
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PMCs polymer matrix composites
SiC silicon carbide
AlN aluminum nitride
BN boron nitride
PLA polylactic acid
PHA polyhydroxyalkanoates
NH3 ammonia
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SMAs shape memory alloys
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Chapter 4

Localized Air Conditioning Can 
Enable Zero-Energy Buildings in 
South Asia
James Trevelyan

Abstract

Most work on zero-energy buildings has focused on wealthier countries. While 
these countries urgently need reduce emissions, there also needs to be a focus on the 
Global South with different social cultures, economic conditions, climate and build-
ings. South Asia may dominate future energy and greenhouse emissions because of 
energy demand for cooling. A large proportion of the South Asian population are 
living and working in conditions beyond human physiological limits, resulting in 
low productivity, hindering economic development. Replacement of the existing 
building stock with ‘energy-efficient’ buildings is unlikely to be economically feasible. 
Localized cooling and heating offers large energy reductions compared with space 
cooling and heating while providing similar human comfort. Concentrating the 
cooling effect of an air conditioner, creating a small microclimate instead of cooling 
an entire space, allows occupants to enjoy comfort with substantially less energy. 
Commercial products are already available, and they provide significant economic 
savings and health benefits. These technologies can help to greatly reduce future 
South Asian energy requirements and avoid emissions that would occur if existing 
buildings were to be replaced. Widespread application of this technology could help 
achieve the UN Sustainable Development Goals and boost human productivity.

Keywords: localized air-conditioning, zero-energy buildings, productivity, climate, 
energy-efficiency, South Asia, global south

1.  Introduction

The notion of a zero-energy building has arisen because of the urgent need to 
reduce energy consumption to help eliminate greenhouse gas emissions. This chapter 
focuses on South Asian cities and towns where extreme temperatures force people to 
endure indoor temperatures well beyond human physiological limits. Reconstructing 
buildings across South Asia and sub-Saharan Africa to achieve significant reduc-
tions in energy demand is likely to be impossible given limited economic resources. 
However, localized personal cooling (and heating solutions) coupled with PV energy 
offer affordable solutions that could bring residential building energy demand close 
to zero with no building modifications.
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The fundamental premise behind the study of zero-energy buildings is the need to 
reduce greenhouse emissions from the building sector, estimated to be 40% of total 
emissions and 36% of energy demand [1, 2]. Construction is one of the major sources 
of building greenhouse emissions, particularly the manufacture and transport of 
concrete, steel and other building materials, estimated to be about 20% of the total 
lifetime emissions [3]. Contemporary buildings require energy for space heating and 
cooling, ventilation, refrigeration, water heating, cooking, lighting, appliances and 
other building services.

It is worth recalling how energy needs for building heating and cooling have 
become so significant. Practical space heating and cooling technologies emerged in 
the 19 and 20th centuries that were affordable for many people in wealthy societies. 
These technologies improved human comfort by compensating for outdoor tem-
perature variations, providing space heating in winter and space cooling for summer 
months.

These technologies in turn influenced architecture and building design, reducing 
the former design requirements to limit heat loss in winter and heat gain in summer. 
For example, buildings could be designed with large windows and other esthetically 
pleasing features that would have been impractical without winter heating and sum-
mer cooling technologies [4]. The shutters that protect windows from excessive heat 
and cold in older buildings gradually disappeared or remained as non-functional, 
decorative features. Small niches in thick walls with wooden doors that provided 
comfortable places for sleeping were no longer needed and larger bedrooms became 
preferred.

The same technologies also influenced clothing styles preferred by people, even 
furnishings. Thicker wool apparel formerly preferred for winter clothing gradu-
ally fell out of favor, being replaced by much lighter clothes made from cotton and 
synthetic fibers. Similarly, loose-fitting lightweight styles for summer clothing were 
replaced by clothes that would have been uncomfortably warm to wear through sum-
mer months in earlier buildings [5–8].

Changed building design, furnishings and clothing styles have become so widely 
preferred that contemporary buildings now require large amounts of energy for space 
cooling and heating technologies to provide acceptable comfort. With global consen-
sus on the need to reduce greenhouse emissions, there is an urgent need to reassess 
building designs and standards [9], primarily by reducing building energy consump-
tion. According to Belussi et al [2], the most common improvements are insulation, 
solar photovoltaic (PV) energy generation, draft sealing and energy management 
control systems such as automatic appliance control by sensing the need for an appli-
ance to be running.

Much of the attention in the literature on zero-energy buildings has focused on 
passive building design with the aim of eliminating the need for energy to ensure 
sufficient comfort with the interior climate [10]. However, most improvements are 
difficult to implement on existing buildings.

South Asia and other countries in the ‘Global South’ experience far more extreme 
climates than wealthier nations. South Asian cities can be significantly hotter in sum-
mer than surrounding countryside because of the urban heat island effect. First, cities 
have less shade from trees and vegetation. Second, hard surfaces such as walls, roofs 
and pavement surfaces become hot in sunlight and can release heat long after sunset. 
Third, energy-consuming machines such as vehicles, air-conditioners and other 
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appliances release heat into the urban environment. Therefore, people living in cities 
may experience temperatures greater than 10°C above the temperature of surround-
ing countryside.

Across South Asia and several other countries, therefore, large populations live 
in conditions well beyond the limits of human physiology, reducing productivity, 
helping to explain relatively slow economic development. Healthy sleep is impos-
sible above 30°C (dry bulb) and workplace productivity declines significantly above 
27°C (wet bulb). The combination of urbanization, climate warming and urban heat 
island effects has pushed workplace and sleeping temperatures well above these 
limits.

Many have argued that vernacular architecture – traditional styles of building – 
could provide models for buildings with greater energy-efficiency in many countries. 
For example, well-insulated building designs such as wind houses in Iran and other 
Middle Eastern countries can be adapted to provide energy-efficient alternatives for 
the today’s concrete, steel and glass buildings. However, these traditional buildings 
relied on low-paid servant labor for construction, cleaning and structural mainte-
nance, and also required considerable knowledge to know when to open and close 
ventilation doors [11]. Furthermore, they also relied on the ability for the inhabitants 
to relocate activities to different parts of the building at different times to seek the 
greatest degree of comfort. Upper parts of the building facing south (in the northern 
hemisphere) were warmer in winter, and lower parts of the building away from the 
sun or shaded by adjacent buildings were cooler in summer [12].

Cities provide economic opportunities, improved health and security by enabling 
people to specialize their capabilities because other people living nearby can satisfy 
needs that they cannot satisfy for themselves. However, most cities require people to 
live in shared buildings divided into apartments. This limits opportunities to relocate 
domestic activities to more comfortable parts of the building. A top floor apartment 
facing the western sunlight will be very hot in the afternoon and evening in summer. 
A ground floor apartment facing away from the sun will be cold in winter.

Unfortunately, re-engineering the fabric of cities in the Global South, particularly 
in South Asia, replacing existing buildings with conventional zero-energy designs 
along with widespread application of heat emissive materials for pavements and 
roofs, is unaffordable. Even if rebuilding were possible, artificial cooling would still 
be needed on a vast scale, hitherto unimaginable because of the energy demand and 
greenhouse emissions associated with electricity generation [13–17], even with full 
implementation of the Kigali amendment to the Montreal Protocol to limit emissions 
caused by refrigerant gases [18, 19].

In contrast with space cooling and heating, localized cooling (and heating in win-
ter) offer far more affordable solutions that are already commercially available and 
could be scaled up in time to help reduce future greenhouse emissions and avoid large 
additional emissions [20]. At the same time, these technologies offer large improve-
ments in health and productivity.

2.  Physiological effects of temperature on day-time productivity

A recent and widely cited meta-study provided data on the effect of tempera-
ture on labor productivity [21]. The authors analyzed data from 13 empirical 
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sources and showed a sharp decline in productivity above 27°C Wet Bulb Globe 
Temperature (WBGT).1 Muscles release heat energy in the course of generat-
ing mechanical effort and this heat energy has to be released to the atmosphere, 
mainly by cooling as a result of evaporating sweat through the skin. As the tem-
perature and humidity rise, less heat can be dissipated from a given area of human 
skin, reducing the amount of physical effort that can be generated by a person. 
In self-paced work, people slow or simply stop working when they feel the condi-
tions are too hot to continue [22–26] as shown in studies forecasting the economic 
implications of climate warming.

Figure 1 represents the findings of 13 empirical studies reported by Day et al [21] 
and shows the variation in reported productivity loss. The findings from all the 
reported studies are broadly in agreement.

Figure 2 shows weather data from several locations in South Asia superimposed 
on a chart of temperature and relative humidity showing the sloping region where 
WBGT is high enough to cause productivity losses. Each small curved line represents 
the change in conditions through day and night.

Figure 2 shows that most urban centres experience day-time conditions 
through summer months that cause significant productivity loss with the excep-
tion of Pune and Bhopal in the monsoon period. Much of the time in the hot 
summer months, the urban heat island effect exceeds 3°C as data to be presented 
below will show.

This means that workplace productivity across South Asia will be significantly 
reduced in the summer months as people are working in temperatures at which one 
can expect 10–90% productivity loss.

1 WBGT–Wet Bulb Globe Temperature, 0.7 * (Wet bulb temperature) + 0.2*(globe temperature) + 0.1*(dry 
bulb temperature). A thermometer arranged with the liquid bulb wrapped in a wet tissue provides a 
measurement of wet bulb temperature. Globe temperature measures the temperature of a black sphere, 
about 2 cm in diameter, exposed to radiant heat from the sun or other sources.

Figure 1. 
Productivity loss with increasing temperature, adapted from Figure 1 in [21] for low, medium and high intensity 
work requiring 200, 300, and 400 Watts output respectively. Low intensity work results have been shown with the 
lightest shading, and high intensity work results have been shown with the darkest shading.
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3.  Effect of night temperature on sleep quality

Interestingly, Day et al. [21] did not mention sleep quality directly. However, they 
acknowledged that none of the studies they found allowed for the effects of high 
temperatures on sleep quality, referred to as ‘biophysical recovery’. Sleep quality data 
from numerous empirical research reports indicates that the neutral temperature for 
humans sleeping on a mattress without clothing is about 27°C (neither too hot nor too 
cold). At that temperature, metabolic heat produced inside the body is balanced by 
heat lost to the environment.

With clothing and thin bed covers, comfort temperatures range from 19°C to 
about 25°C (see, for example [28, 29]). A ceiling fan can reduce the apparent tempera-
ture by 2°C [30], indicating a maximum temperature for sleeping at 27°C. Above that 
temperature, the human body will experience sleep loss because there is insufficient 
cooling to disperse heat from body metabolism and maintain a sufficient reduction in 
core temperature for normal sleep. The absolute maximum temperature for adequate 
sleep quality, sleeping with a fan on a string mattress without clothing, is 31°C.

Figure 3 shows typical night-time bedroom temperatures (based on actual mea-
surements) superimposed on a similar graph of temperature and humidity showing 
the physiological limit for sleeping. The data points reflect actual weather conditions 
for a typical day in May (15th May 2022), during the hot, dry summer season and for a 
typical monsoon season day (30th June). It shows that most urban centres experience 
bedroom temperatures that significantly exceed physiological limits for sleeping.

In rural settings, walled compounds open to the night sky or structures with neg-
ligible thermal mass can provide sufficient comfort (Figure 4). Sleeping on wooden 

Figure 2. 
Psychrometric chart showing South Asian summer climate conditions with a modest 3°C adjustment to account 
for urban heat-island effects. The curved lines for each location show the change in daytime temperature and 
humidity between mid-afternoon (typical maximum temperature) and 2 am (typical minimum temperature), 
adjusted for 3°C urban heat island effect [27].
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beds with woven string (charpai) allows the entire body to lose heat rather than just 
the upper half when lying on a thick mattress (Figure 5). A clear sky at night has a 
radiant temperature well below zero, so it acts as an effective radiant heat absorber 
(though slightly less as the atmospheric CO2 concentration rises).

Figure 4. 
Bamboo and straw huts, an ancient form of zero-energy buildings, provide cooler conditions for sleeping than 
brick and concrete structures (image by Zeke Tucker, unsplash.com).

Figure 3. 
Psychrometric chart showing estimated night-time indoor South Asian summer climate conditions, based on 
measurements by the author.
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In towns, and cities, conditions are very different. Sleeping outside in walled 
compounds is usually impossible: only the very wealthy can afford a reasonably 
large open courtyard in a city. In any case, the very wealthy prefer to sleep indoors 
with air-conditioners. Many wealthier people can retreat to cooler cellars in their 
homes.

Most urban dwellers have no freedom to move to cooler locations to sleep, par-
ticularly women and children because they rent small rooms which are part of larger 
buildings. In the image below, taken in an Indian city, the ground floor levels are 
commercial retail spaces so people have to live, work and sleep in the hotter upper 
floors (Figures 6 and 7).

Figure 5. 
Outdoor bed (charpai) in an Indian home courtyard with a private handpump. (image by Raju Sharma, 
unsplash.com).
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Figure 6. 
Typical mixed residential and commercial buildings found in Indian cities (image by Annie Spratt, unsplash.
com).
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Since the 1980s, climate warming has caused earlier and longer periods of extreme 
heat. However, a much larger temperature increase in urban centres has occurred, 
known as the “urban heat island effect”, increasing the temperature by up to 17°C 
relative to surrounding open countryside. This effect is particularly strong at night 
[27, 31].

Inside the buildings, the heavy reinforced concrete slabs and brickwork retain 
heat gained during the day. Outside, the temperature is typically 40–46°C during the 
day and 30–35°C at night. The roof and walls exposed to the sun rise to about 50°C or 
more during the day. This explains why indoor temperatures above the ground floor 
level remain well above 30°C.

From this data, we can conclude that healthy sleep is impossible without air-
conditioning because indoor temperatures are about 5–10°C higher than the upper 
limit for sleeping with a powerful electric fan, up to 12°C above the limit for sleeping 
without a fan.

We know that sleep quality decreases with temperatures above 27°C and exposure to 
extremely high temperatures during heatwaves significantly increases mortality [32, 33]. 
However, it seems there have been no studies on the effect of prolonged exposure to 
such high temperatures over several months. In the author’s experience, even people 
who have air-conditioning which is intermittent (due to load shedding) suffer from poor 
sleep, becoming less able to handle mental and physical work and more irritable through 
exposure. They resemble a semi-permanent state of exhaustion.

Figure 7. 
A small working-class enclave in the back streets of New Delhi, January 2023. Notice the gray backs of water 
coolers projecting from wall openings, also ladders for reaching upper-level apartments (photograph by author).
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The obvious question is how can people survive such unpleasant conditions?
Many survive the dry heat of April, May and June with water coolers and cope 

with ceiling fans through the monsoon heat. Wealthier families install their first 
air-conditioner in a formal sitting room, using it for social occasions to impress 
visitors. In extreme heat, the entire family move their bedding into that room and 
sleep together, putting off the thought of how to pay the US$200 electricity bill that 
will arrive inevitably after a month or so. It is noticeable that none of the South Asian 
nations have yet been able to match China’s industrialization, economic development 
and rising prosperity and the reduction of productivity caused by months of extreme 
heat is a possible explanation for this difference.

4.  Cooling is essential

The data presented above demonstrates that artificial cooling has become essential 
for healthy sleeping and productive work in South Asian cities, towns and villages 
during summer months, and possibly many other countries as well. Planting shade 
trees, urban greening, and heat-reflective coatings on roofs can help [34]. However, 
even when combined, these measures cannot reduce temperatures by 10–15°C which 
is necessary to avoid the need for artificial cooling.

The big question, then, is how can this necessary cooling be provided?
Water evaporation has long been used for cooling and can be very cost-effective 

when the humidity is below about 35% (Figure 7). Once the humidity exceeds 50%, 
however, evaporative cooling provides little benefit. This occurs across the Indian 
sub-continent during June with the arrival of the monsoon season and continues 
until late September, even into October. Evaporative coolers also require maintenance 
to avoid unpleasant smells. One of the major limitations of evaporative cooling is 
the demand for clean water, around 240 liters per day for a typical room with about 
15–20 sq. meters floor area. Indian cities today cannot meet the basic demands for safe 
drinking water, though this usually reflects distribution problems rather than water 
supplies. Cities such as Chennai have completely run out of water in recent times 
(2001 and again in 2021 [35, 36]).

The alternative cooling technology is refrigeration air-conditioning.
However, conventional space air-conditioning for billions of people is unlikely 

to be possible within sustainable limits [13, 15]. Isaac and Van Vuuren [13] forecast 
additional demand at 2700 PJ or 750 TWh by 2050 and 17,000 PJ or 4700 TWh by 
2100 (1 TWh is one billion units, BU, used in Government of India reports). Given 
that hot countries typically use around 50% of power generation capacity on air-
conditioning and cooling, this implies that the total power generation in India will 
have to reach about 10,000 TWh by 2100, 6 times today’s total power generation. The 
need to eliminate greenhouse emissions by mid-century means that this additional 
demand will be drawn from renewable sources or possibly nuclear power. Hydro-
electric potential in India is largely utilized already, and the low average wind strength 
across the Indian sub-continent will limit wind power resources. While the potential 
for solar PV is sufficient, this energy will need to be stored for night-time use, raising 
the cost to about USD 0.10–0.20 per kWh [37]. Once distribution costs are included, 
the cost for consumers will be about USD 0.30 per unit. The cost of rooftop solar 
electricity stored in batteries is similar.

The 2016 Kigali Amendment to the Montreal Protocol [18, 19] requires a gradual 
reduction in the permissible global warming potential (GWP) of refrigerant gases. 
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India and other lower-income countries have undertaken to commence phasing out 
HFCs in 2028. Over time, this process will reduce refrigerant emissions which are 
typically 20% of total emissions associated with air-conditioning [38]. Increasing use 
of stored solar electricity at night will also result in a gradual reduction in emissions 
from air-conditioning.

Traditional air-conditioning, along with vehicles and other industrial and domes-
tic electricity use, also contributes to the urban heat island effect, helping to raise 
ambient temperatures in cities and towns [27, 31].

While the greenhouse emissions and thermal effects resulting from traditional air-
conditioning pose significant climate challenges, the other factor limiting their appli-
cation is economic capacity. It is estimated that about India has an annual demand 
for about 6 million air-conditioners, with about 60 million already installed [39]. 
However, while about 7% of homes in South Asia have at least one air-conditioner, 
only about 2–3% of homes would see air-conditioners being used routinely through 
the hot season lasting from May till October. The cost of electricity, even though it is 
largely subsidized, is a major barrier hindering the adoption of air-conditioning by 
most people. In Pakistan, for example, the cost of electricity for consumers is about 
USD 0.10–0.18 whereas the generation cost alone is about USD 0.14 per unit sold after 
allowing for losses and electricity revenue collection shortfalls. Governments across 
South Asia are struggling to raise enough revenue to cover the cost of subsidies and 
also maintain the distribution and generation infrastructure. Paradoxically, subsi-
dizing electricity has also significantly reduced incentives to incorporate building 
insulation and other efficiency measures.

Solar energy from PV is now a cheap alternative to fossil fuel electricity genera-
tion. Rooftop panels can provide significant generation to help meet residential 
electricity demands. However, roof space is limited.

Typical residential houses common throughout South Asian cities such as Delhi 
measure 4 m wide by 15 m from front to back, have 60 sq. m of roof space and com-
monly have a family of 6 people on each of two residential levels above commercial 
space on the lower two floors. In poorer districts, up to 20 people live in the one 
building.

We can assess how much household energy consumption could be met from roof 
top solar generation coupled with battery storage. On average, in good conditions, 
modern panels will provide a peak of 130 Watts per square meter and generate about 
250 Watt-hours daily per square meter in summer.

Assuming that the entire roof is covered with about 48 sq. m of panels, also 
providing shading from much of the direct sunlight at the same time, the generation 
potential is 6.3 kW peak and 57 kWh daily in May, the hottest month.

With families living on two residential levels, around 27 kWh is needed for lights, 
fans, food preparation and refrigerators, including inverter power losses from draw-
ing power from batteries while solar input is insufficient. We assume electric cooking 
and food preparation in place of liquified petroleum gas, the almost universally used 
domestic fuel today. Assume that a single split air-conditioners rated at 1.8 kW is used 
to cool one communal room on each level. Running the air-conditioners for 12 hours 
daily, mostly at night off batteries require 50 kWh including inverter losses. Even 
under favorable conditions, there is insufficient PV before considering the energy 
needed for the lower commercial levels of the building.

The large amount of power used for air-conditioners explains why the 
Government of India co-sponsored a three million dollar prize to incentivize air-con-
ditioning innovation [15]. The joint winners announced in 2022 both demonstrated 
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conventional technologies, combining ventilation, water evaporation and refrigera-
tion cooling, achieving substantial energy efficiencies and reducing climate impact 
for a typical mid-range split air-conditioner by five times. However, even at scale, 
these machines will be significantly more expensive and will likely require govern-
ment regulation or subsidies to encourage adoption.

5.  Localizing air-conditioning

Conventional air-conditioning relies on cooling all the air within an enclosed 
space such as a bedroom or formal lounge room. While people feel cool, nearly all of 
the energy used for cooling draws heat from the walls, floors, ceiling and furniture. 
Moderately active people release around 100 Watts of heat, whereas a typical 1.5 ton 
split air-conditioner used in South Asian homes provides 5500 Watts cooling, while 
reducing temperature of a 3 x 5 m room by around 9°C. Most users switch on a power-
ful ceiling fan typically drawing 100 Watts electric power, providing air movement 
which yields a further 2°C apparent cooling [30].

There are two reasons that explain why so much cooling power is needed.
First, the outdoor temperature during the day is about 44–46°C during the day 

between about midday and 6 pm.
Second, the external building walls consist of double clay bricks without an air or 

insulation cavity between them. Many buildings only have single brick external walls. 
Even if one room is cooled with an air-conditioner, heat will enter from adjacent 
rooms through single brick internal walls. Even after running a room air-conditioner 
all night, our measurements have shown that the internal wall temperature is still 
about 35°C in the morning.

Several different localized cooling approaches have been researched. For example. 
Some researchers have focused on skin contact cooling devices incorporated into 
clothing [40]. While these have potential in certain occupations exposed to high 
temperatures, it is hard to see this technology providing comfort in regions such as 
South Asia.

There is wide agreement that localized air-conditioning can provide significant 
comfort improvement and energy savings by cooling a smaller space within a room, 
avoiding the need to extract heat from the building structure [20].

Kaczmarczyk et al. [41] assessed human thermal comfort and measured ventila-
tion effectiveness in an office environment in which each cubicle was provided 
with a conditioned air vent above a computer monitor, following a suggestion by 
Fanger [42]. Most research has focused on office and workspace applications [20] 
with relatively moderate temperatures and humidity levels up to 30°C and 70% 
respectively (see also [41, 43–47]). Often the research has been in wealthier temperate 
countries with the aim of reducing energy consumption and greenhouse gas emis-
sions in those countries (e.g. [48]). Often the researchers classify temperatures such 
as 26°C, 40% RH as “high room temperature and humidity” [49], conditions which 
would be considered luxuriously cool for South Asian summers. A few investigations 
have focused on sleep [50–52], however only one study has focused on sleep quality 
with personal air-conditioning in tropical conditions [53].

In seeking to extend the climatic range in which localized air-conditioning could 
be effective, Trevelyan [51, 52] developed a specially designed enclosure, in effect a 
small room within a room. The enclosure was designed as a bed tent but can be used 
for work and recreation too (Figures 8 and 9).
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Trevelyan [54] disclosed the arrangement of stratified air flow enabling the cool-
ing to be concentrated at the base of the tent. Relatively impervious panels surround 
the lower part of the tent ensuring that the relatively denser dehumidified cool air 
does not spill out of the tent easily, thus enabling an apparent temperature up to 12°C 
below the room temperature. At the same time, the tent is light and permits free flow 
of air through the upper part to prevent any significant CO2 accumulation.

The air conditioner is easily portable (~15 kg) and can easily be detached to pro-
vide personal cooling in other locations during the day. Even without the tent, a single 
unit can provide significant comfort for up to three people seated nearby, for example 
watching a TV.

Figure 8. 
Air-conditioned bed tent [52].

Figure 9. 
Air circulation inside the bed tent shown in Figure 8.
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Apart from the obvious economic advantages stemming from the very low run-
ning cost, Trevelyan’s innovation also provides significant health benefits. The bed 
tent protects occupants from mosquitos and other insects, reducing the risk of insect-
borne diseases such as malaria parasites and dengue, Ross River and zika viruses. 
While two adults and a child can occupy a bed tent, separate sleeping arrangements 
for larger families can make it easier to handle contagious diseases within a single 
residence. Open windows allow fresh air ventilation, reducing airborne infection 
risks. Furthermore, frequent partial and full exposure to high ambient tempera-
tures ensures that the body does not lose its natural acclimatization to heat, with 
significant physiological benefits [55, 56]. Furthermore, localized air-conditioning 
enables a degree of privacy within a family which can be important for psychological 
health [57].

With the building case described above with two residential levels, 4 localized 
air conditioners described by Trevelyan [52] running for 12 hours daily could meet 
the cooling needs for the occupants, consuming only 19 kWh power daily, including 
inverter losses. The low power consumption makes it possible to meet practically all 
the building energy requirements using rooftop solar. External grid power would still 
be needed when there is insufficient solar energy produced from the roof and also to 
support commercial activities in the lower levels of the building.

It should be noted that winter heating is needed in South Asia, especially in 
January and February when ambient temperatures typically vary from 3°C to about 
20°C and building indoor temperatures sit at around 10–12°C. Heated throw rugs 
provide an extremely energy-efficient localized heating solution using 50–100 Watts 
per person. It is curious that these simple and effective personal heating solution 
seems not to have been noticed in published reviews (e.g. [20]).

In terms of Energy Use Intensity (EUI), the residential levels of this typical South 
Asian building require about 200 kWh/m2 with conventional air-conditioning and 
about 140 kWh/m2 with localized summer cooling and winter heating.

6.  Conclusions

Localized heating and cooling solutions could help make zero-energy buildings 
a reality, even in extreme climate conditions encountered in South Asia and Africa. 
However, while the technology provides solutions, affordability remains a major 
challenge. Installing solar panels and battery storage on a typical South Asian 
residential building will require capital investment far beyond the capacity of most 
people.

Governments subsidize electricity across South Asia, and are accumulating large 
financial deficits as a result, while also accumulating a future debt because of insuf-
ficient maintenance on existing electricity distribution assets [58] and loss of human 
potential. While implemented originally to promote economic and social develop-
ment, these subsidies now reduce incentives to adopt energy-efficiency measures 
described in this chapter.

Therefore, while the vision of residential buildings in South Asia that are self-
sufficient for energy is now technically possible, it will require equivalent or greater 
ingenuity in the fields of politics, finance and economics to make it a practical reality. 
In the meantime, a competitive market exists in which customers seek the best solu-
tions that meet their needs within their financial limitations. Some countries have 
implemented regulations to improve space air-conditioner energy-efficiency.
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Chapter 5

Heat Pipe Heat Exchangers for 
Air-Conditioning Applications
Vikrant Venkataraman

Abstract

Next-generation air conditioning and cooling technologies must be environmentally 
friendly and sustainable. Using residual and renewable heat, wherever possible, to 
generate cooling will go a long way in reducing energy demands from cooling needs. 
This is particularly important in hot and tropical climates where for most part of the 
year, temperatures are almost always above 30°C, resulting in enormous amounts 
of energy for cooling. In this chapter, we investigate how residual/waste heat from 
Solid Oxide Fuel Cells and other heat sources can be integrated into an absorption 
refrigeration system to generate cooling. An outline of the broad system, followed 
by detailed methodology for component and system development and fundamental 
thermodynamics, will help the reader grasp the concepts better.

Keywords: Solid Oxide Fuel Cells, heat pipes, advanced heat transfer, 
sustainable cooling, thermal energy

1.  Introduction

Humans need a comfortable temperature indoors when the outside ambient 
temperature is in the extremes – either very cold or very hot. This is where climate 
conditioning and control systems come into play, providing the perfect temperature 
so that people can enjoy themselves and live comfortably. Extreme cold and hot 
ambient temperatures exacerbate the need for deploying heating ventilation, and 
air conditioning (HVAC) systems and units for climate control since uncomfortable 
temperatures can lead to a range of illnesses and problems [1].

People living in hot and tropical climates, such as Southeast Asia, the Middle 
East and Africa, experience temperatures above 30°C for the most part of the year 
and up to 50°C in the hottest summer months, which can last anywhere between 1 
and 2 months. Out of the roughly 2.8 billion people living in the hottest parts of the 
earth, the regions mentioned above, only 8% have access to air-conditioners (AC) 
as compared to 90% ownership in the United States of America and Japan, which 
are not typically considered to be hot and tropical [1]. Now, this puts almost 35% of 
the world’s population in a situation where people have to struggle to attain thermal 
comfort due to the simple reason of not being to afford the unit and its corresponding 
operating costs. The energy needed for cooling and air conditioning is enormous [1] 
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and is bound to only increase in the coming decades [1] due to rise in population num-
bers, rise in living standards of people and migration of people from rural to urban 
areas. It is estimated that the energy needs from space cooling will triple by 2050 [1]. 
Air-conditioners and electric fans used for cooling rooms and spaces account for 20% 
of the total electricity demand of buildings around the world [1]. Some studies claim 
this number to be between 40 and 60% of the total electricity demand of build-
ings [2]. This constitutes a major chunk of the energy needs and cutting down this 
percentage will free up electrical energy (electricity) to be used for other purposes in 
other applications, for example, charging of Electric Vehicles (EVs) or for electrolysis 
for hydrogen production. Electrical energy is a high-quality form of energy or, in 
thermodynamic terms, high in exergy, whereas thermal energy is a low-quality form 
of energy or low in exergy. Wherever possible, if a low-quality form of energy can 
perform the same task as a high-quality form of energy, one can expect considerable 
savings in energy.

Whilst district heating systems, to supply hot water for room heating, are widely 
prevalent and deployed in the western part of the world, the same cannot be said for 
district cooling systems, although the projects and plants for district cooling systems 
are on the rise and becoming a standard, especially in rich developed countries (such 
as Singapore, Saudi Arabia) that fall under the category of ‘Hot, humid, or tropical’. 
These district cooling systems supply chilled water at approximately 10°C via piped 
networks to buildings, which can then be circulated in closed spaces for space cooling. 
Some studies [3] question the effectiveness of chilled water circulation via radiators 
(akin to those used for hot water circulation) for effective space cooling. The reason 
for this is simple. When hot water, at 50 or 60°C is being circulated through the 
radiators, to heat the room during winter, the temperature gradient for heat transfer 
is at least 40 or higher (depending on the ambient temperature of the room). When 
chilled water at 10°C is circulated through the radiator, to cool the room during 
summer, the temperature gradient for heat transfer is 30 or below (depending on the 
ambient temperature of the room) and this results in ineffective heat transfer and, 
thus ineffective cooling of the room as required for thermal comfort. To achieve a 
higher temperature gradient with chilled water, it must be cooled even further, and 
this will consume an additional amount of energy and is more cumbersome than 
installing an electric air-conditioner or an electric fan. Detailed energy studies must, 
however, be carried out to have a comparison between the costs of operating a district 
cooling system in comparison to individual air-conditioning units.

The number of electrically driven air-conditioners deployed globally is roughly 
around 2 billion [4], and with the growing demand for cooling, it is envisaged that 
two-thirds of households around the world will possess an air-conditioner by 2050. 
This in turn leads to higher need for electrical energy per household and if this 
electrical energy does not come from renewable sources, it leads to higher CO2 emis-
sions and this vicious cycle continues as the demand for space cooling grows. Cooling 
contributes roughly between 3.4 and 4% of global emissions [5], and reducing this 
percentage is one step towards climate protection.

Electrically driven air-conditioning units (both large and small) used today are 
based on vapour compression (VC) technology, and these are the kinds of units that 
people usually buy when they seek respite from the heat. This works great when there 
are only a few units installed and the electricity grid is strong. However, this is not the 
most sustainable solution for the reasons just explained above. The most efficient air 
conditioners cost a lot to purchase but provide savings in the long run [4], but cus-
tomers tend to opt for the cheaper ones, which are low on energy efficiency, and this 
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inefficiency puts considerable strain on the electricity grid and can account for over 
half of the peak electricity demand during the hottest days. Just like how the world 
is transitioning to generating more renewable electricity via solar and wind, it is also 
vital to generate heat using solar energy and also use residual heat, from systems such 
as Solid Oxide Fuel Cells and others, to the maximum extent possible in order to bring 
down the electrical energy needs from cooling. This is where technology development 
in thermally driven cooling and refrigeration systems will play a crucial role.

The higher the ambient temperature, the higher the need for space cooling and 
the corresponding energy demand. The need for thermally driven cooling systems 
also arises from the fact that the cost of building, maintaining and operating elec-
tricity networks and systems to cater to peak demand is two to four times the cost 
of that needed for baseload electricity generation [1]. It is envisaged that thermally 
driven cooling systems will help in reducing both the peak and baseload demand in 
electricity and thereby primary energy consumption and in turn green house gas 
(GHG) emissions provided they are engineered and designed to meet the end-user 
requirements.

This chapter will look into how Solid Oxide Fuel Cells and other heat sources can 
be integrated into an absorption refrigeration/cooling system to generate cooling. 
Utilising residual and renewable heat will help make cooling more sustainable and 
less energy-intensive. Some of the key aspects that will be looked into in this chapter 
are as follows:

• What sources of heat can be tapped into? And how can heat be transported?

• What role can heat pipes play in modern heat exchangers and heat transport 
networks?

• How can heat-driven cooling systems reduce energy demand and in turn CO2 
emissions?

2.  Technologies for sustainable cooling

In this section, we will take a look at the technologies that will help progress 
sustainable space cooling. The technologies that can make this happen are Solid Oxide 
Fuel Cells, Absorption Refrigeration System, Solar Thermal Energy Systems and Heat 
Pipes. By integrating these technologies in a holistic way, the electricity demand for 
cooling can be drastically reduced. The key to doing so is to harness renewable heat 
sources (Solar Thermal), integrate secondary heat sources (Solid Oxide Fuel Cells) 
and develop an individual unit or a system (driven by thermal energy) that is able to 
cool down the space and achieve the temperature needed for thermal comfort.

2.1  Solid oxide fuel cell

A Solid Oxide Fuel Cell (SOFC) is a high-temperature electrochemical device that 
converts chemical energy of fuel to electricity and high-quality heat. The temperature 
of operation of current state-of-the-art SOFC cells is between 600 and 800°C [6–8], 
and research is underway to further bring down the operating temperature. An SOFC 
is a multi-fuel compatible device, meaning a wide range of fuels can be used for power 
generation, and this aspect is critical for future power generation systems. However, 
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amongst the different fuels, only hydrogen, methane and biogas (after cleaning) can 
be directly fed into the SOFC stack. The rest of the fuels warrant a fuel reformer or a 
cracker prior to the stack so that the fuel is reformed or conditioned to an extent that 
is compatible with the stack.

The basic schematic of a single solid oxide fuel cell is shown in Figure 1.
When many cells are put together, a stack is formed, and stacks can then be assem-

bled together along with other auxiliary components (such as heat exchangers, pumps, 
sensors, and blowers) to form a system. SOFC systems for power generation based on 
biogas or biomethane as fuel is envisaged to be a game changer in the power generation 
business due to the high efficiencies achievable and low emissions generated. SOFCs 
powered by biogas will complement solar, wind and other renewable sources of electric-
ity generation. Biogas is 100% renewable and can be generated with current technologies 
at prices that are acceptable for the market [10]. The electrical efficiency of such a system 
is close to 55% and the combined heat & power (CHP) efficiency is close to 90% [11].

The reader is encouraged to refer to standard textbooks on high-temperature 
fuel cells [12] for detailed and in-depth information on different technical aspects of 
SOFCs.

2.2  Absorption refrigeration system

Absorption refrigeration system, also known as vapour absorption refrigeration 
system (VARS) is a thermally driven system which requires heat rather than electric-
ity as input to drive the compressor. The compressor in a VARS is the desorber and the 
absorber together. A schematic of the VARS is shown in Figure 2.

The desorber, rectifier, condenser, refrigerant pre-cooler (Refgr pre-cooler in 
Figure 2) and solution heat exchanger form the high-pressure part of the VARS, and 
the evaporator, absorber and solution pump form the low-pressure part of the VARS. 
Key advantage of the VARS is that the amount of electricity needed to run the system 
is significantly lower when compared to VC systems. The reason for this is because in 
a VARS, it is the liquid that is pumped to a higher pressure, whereas in a VC system, it 
is gas which needs to be compressed to a higher pressure. Compressing a gas is more 

Figure 1. 
Schematic of solid oxide fuel cell [9].
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energy-intensive than compressing a liquid, and that is the fundamental difference 
between the two cooling systems in terms of energy consumption levels.

The temperature needed at the desorber of the VARS is between 100 and 200°C, 
depending on the amount of cooling and evaporator temperature needed [13]. A tem-
perature of 100°C at the desorber end, along with sufficient thermal energy is deemed 
to be sufficient for maintaining a temperature between 18 and 24°C at the evapora-
tor (needed for thermal comfort), and this is easily achievable from renewable or 
residual heat. More detailed information on absorption systems can be found in [14].

2.3  Heat pipes

Heat pipes are isothermal devices that simply transfer heat from one end to another. 
They are able to transport large quantities of heat by making use of the latent heat capac-
ity (change from liquid phase to vapour phase and back to liquid phase) of the working 
fluid present inside it. The basic schematic of a heat pipe is shown in Figure 3.

A heat pipe has three sections, namely evaporator, adiabatic, and condenser. The 
outer shell of the heat pipe is made of metal, and there is a porous wick structure 
inside the metal, which helps transport the working fluid from one end to the other 
end of the heat pipe. Some heat pipes also function without the wick structure. The 
evaporator section is the place where heat is added to the heat pipe, which then gets 
transported all the way to the condenser section where heat is expelled.

The key advantages that heat pipes [15] have are:

• Very high thermal conduction

• Fast response to thermal loading

• Quiet operation

Figure 2. 
Schematic of vapour absorption refrigeration system.
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• Reliability

• Absence of moving parts

• Well-defined temperature of delivery

The above advantages make them an ideal candidate for transporting heat in the 
most efficient manner from the place of generation (source) to the place of use (sink). 
Heat pipes come in different shapes with different materials and working fluids for 
different applications, which makes them highly versatile. The reader is referred to 
standard textbooks on heat pipes [15, 16] to gain in-depth knowledge of these devices.

Some of the common working fluids used in heat pipes and their useful tempera-
ture range are given in Table 1. The choice of the working fluid will determine the 
thermal performance of the heat pipe and the temperature range in which it can be 
operated for use in an application.

2.4  Solar thermal energy system

A solar thermal energy system is able to capture sunlight (solar energy) and 
convert it to thermal energy by means of a collector. They are usually classified into 
low, medium and high-temperature collectors depending on the temperature required 
for the end application that they are catering to. Temperatures anywhere between 30 
and 1000°C [17] are achievable with solar thermal technology. Amongst solar thermal 

Figure 3. 
2D schematic of heat pipe.

Working fluid Useful temperature range (°C) Boiling point at atmospheric pressure (°C)

Water 30–200 100

Toluene 50–200 110

Flutec PP9 0–225 160

Heptane 0–150 98

Thermex 150–350 257

Flutec PP2 10–160 76

Table 1. 
Commonly used working fluids in heat pipes.
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collectors, there are two types: non-concentrating type and concentrating type. In the 
non-concentrating type, the area that intercepts the solar radiation is the same as the 
area that absorbs the solar energy. In the concentrating type, the area that intercepts 
the solar radiation is several times greater than the absorber area. The former is 
easy to install, does not require a special tracking system and is cost-effective, but 
the downside is achievable temperatures are limited to 200°C. This is the type that 
is installed at most residential homes and buildings. Even though the maximum 
temperature is limited to 200°C, it is not an issue as far as its integration with VARS is 
concerned as the maximum temperature needed at the desorber is 200°C.

The basic principle of operation of a non-concentrating type of solar collec-
tor is as follows [18, 19]: A tube collector is installed on the roof of a building, on 
the surface that is exposed to sunlight. The tubes in the tube collector hold a heat 
transfer fluid, for example, water or propylene glycol-water mixture, which gets 
heated by solar insolation. The heat transfer fluid then evaporates and transfers 
its heat to a thermal energy storage unit (which usually contains water) and flows 
back to the tube collectors for the process to start all over again. One such design is 
shown in Figure 4.

There are textbooks and tools [21, 22] that are widely available which help in the 
design of such solar thermal collectors. The reader is highly encouraged to refer to 
these sources for deeper insights and knowledge.

Now that we have some understanding and insights into these four technologies, 
let us take a look at how they can be integrated together to enable cooling solutions 
that are sustainable and less energy intensive.

3.  Ways and means to tap residual and renewable heat

Just as innovation has progressed in the field of solar cells, for generating electric-
ity, and has reached widespread market penetration, the same must be achieved for 
tapping solar thermal energy and residual thermal energy wherever and whenever 
possible. This heat can then be immediately used for space cooling or stored for later 
use for other purposes. Tapping solar thermal energy for hot water generation is quite 
well known. However, tapping thermal energy and using it to drive a cooling system 
in a continuous manner is still a challenge, but if done correctly will make space cool-
ing sustainable and environment friendly.

Figure 4. 
Schematic of solar energy thermal system (non-concentrating type) [20].
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As mentioned earlier in Section 2, a temperature between 100°C and 200°C is 
needed at the desorber end of the VARS, and this can easily be achieved by tapping 
heat either from SOFCs or from solar. In this process, heat pipes will play a key role in 
tapping and transporting this heat in the most effective and efficient manner.

3.1  Tapping heat from Solid Oxide Fuel Cells

As mentioned in Section 2.1, SOFCs are high-temperature devices, and this means 
there is immense scope for tapping residual heat from these units and systems. The 
heat from an SOFC system can either be directly taken from the stack or from the 
exhaust of the SOFC system. If one does not make use of the residual heat from an 
SOFC, then it is dissipated to the environment, and that means high-quality exergy 
(which can be put to work) is permanently lost to the environment.

There are couple of ways for transferring heat from a solid oxide fuel cell system to 
the desorber of the VARS [23]. Some of the ways are mentioned below.

3.1.1  Direct plugging at both ends

With direct plugging, the heat pipe is embedded on both ends viz. The SOFC stack 
and the desorber of the VARS are shown in Figure 5.

The temperature at the SOFC stack side is between 600 and 800°C, and that at 
the desorber side is around 200°C maximum. Hence, some metal blocks need to be 
placed between the SOFC and desorber in order to achieve temperature compatibility 
at both ends. This is because the heat pipe is an isothermal device. The design of the 
individual heat pipes between the metal blocks needs to be done carefully in order to 
achieve the desired heat transfer. Through this design, not only is thermal energy (or 
residual energy) transferred to the desorber, but the SOFC stack temperature is also 
maintained at the desired operating value, which is critical for stack operation.

3.1.2  Direct plugging at one end

In this design, the heat pipe is embedded only at the desorber end, and the other 
end is either

• Placed adjacent to the SOFC stack within the insulation – Option 1

(or)

• Exposed to hot cathode exhaust – Option 2

Figure 5. 
Direct plugging of heat pipes at both SOFC and desorber end [23].
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Both options offer flexibility as far as heat transfer to the heat pipe(s) is con-
cerned. In the former, the heat pipe can be moved around anywhere in the space 
between the stack and insulation, to vary the heat flux that gets into the heat pipe 
whilst in the latter, the cathode exhaust flow rate and temperature can be varied 
which in turn varies the heat flux and in turn transfer rate. Figures 6 and 7 show one 
visualisation of how this concept can be realised.

3.1.3  Use as a heat exchanger

In this configuration, there is no plugging of the heat pipes either at the desorber 
or at the SOFC end instead, it is used as a heat exchanger in which thermal oil is 

Figure 6. 
Direct plugging only at desorber end, option 1 [23].

Figure 7. 
Direct plugging only at desorber end, option 2 [23].
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heated by the hot cathode exhaust to the required temperature. The hot thermal oil is 
then used as a coupling fluid in the desorber. The thermal oil can also be replaced with 
any other heat transfer fluid that is compatible with the operating temperature range 
needed at the desorber. Figure 8 shows this concept.

3.2  Tapping heat from solar

Heat (or thermal energy) can easily be tapped from solar radiation using solar 
thermal collectors mentioned in Section 2.4. These devices convert solar radiation 
into heat, which gets absorbed into a heat transfer fluid (HTF) and then transported 
to the specific application where thermal energy is needed. It is envisaged that both 
the temperature and quantity of heat that can be achieved from solar radiation are 
sufficient to drive the desorber of the VARS.

The ways in which the heat can be transferred to the desorber of the VARS is as 
follows:

3.2.1  Direct transfer via HTF

In this method of heat transfer, the HTF directly transfers heat to the desorber of 
the VARS. The heat transfer will be in a closed loop cycle from the solar thermal col-
lector to the desorber of the VARS and back, as depicted in Figure 9. There is one heat 
transfer loop involved, and the control panel ensures the flow rate and temperature of 
the HTF at the desorber inlet are in line with the cooling output desired by the VARS.

3.2.2  Indirect transfer via heat pipes

In this method of heat transfer, the HTF transfers heat at the evaporator section 
of the heat pipe heat exchanger. This heat is then transported along the length of 
the heat pipe and given out at the condenser section, which is directly embedded in 
the desorber of the VARS. This method is to be employed where the HTF cannot be 
directly coupled to the desorber of the VARS. The heat transfer comprises two loops – 
first from the HTF to the heat pipe and second from the heat pipe to the desorber. The 
schematic of this concept is shown in Figure 10.

Figure 8. 
Use of heat pipes in a heat exchanger configuration [23].
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The role of the control panel once again is to regulate the flow and temperature of 
the HTF.

3.2.3  Direct plugging at both ends

In this concept, the heat pipes are directly embedded in the solar thermal collector 
at one end and on the desorber at the other end. This facilitates the direct transfer 
of heat from the solar thermal collector to the desorber of the VARS. The schematic 
representation of this concept is shown in Figure 11. Heat pipes in this configuration 
need to be twisted and bent in order to route them appropriately.

3.3  Why heat pipes are better than conventional heat exchangers?

The heat (or thermal energy) available from SOFCs is classified as residual 
heat, and solar energy is classified as renewable heat. The reason why they have 

Figure 9. 
Direct transfer to desorber via heat transfer fluid.

Figure 10. 
Indirect heat transfer to desorber via heat pipes.
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been termed so is because the thermal energy that can be tapped from an SOFC is 
the by-product of the electrochemical combustion process, and the thermal energy 
that can be tapped from solar energy is abundantly and freely available. Once the 
heat can be tapped effectively from the respective sources, it needs to be trans-
ported to the end location where it will be used. It will be most ideal if the tem-
perature at which heat is tapped from the source is the same as the temperature at 
which heat is delivered to the sink because this gives the possibility to bring down 
the temperature if needed and also to tweak the heat flux levels. This is where heat 
pipes come into play as they are extremely efficient in transporting heat, and there 
is very little temperature drop along the heat pipe. One can say that they act like a 
thermal bridge. If the same process were to be done via conventional heat exchang-
ers, then there would be a lag in the thermal response, and also, the temperature 
and quantity of heat delivered could be lower than that of what is possible via a 
heat pipe and will warrant a whole range of coupling fluid circuitry (pumps, valves 
regulators etc.)

Heat pipes, being isothermal devices, have the capability of transporting large 
quantities of heat with a very high thermal response, and all this can be done by 
tweaking the designs of the heat pipe. They can also be twisted and bent into several 
shapes, and that makes it convenient to move heat from the place it is produced to the 
place where it is needed (in this case, mainly VARS).

Heat pipes can be used in the following areas of a VARS:

• Desorber

• Absorber

• Evaporator &

• Condenser

At the desorber, heat pipes aid in boiling the refrigerant-absorbent solution, generat-
ing refrigerant that then circulates through the rest of the cooling system components. 
Heat pipes can transport heat out of the condenser, and heat pipes can aid in getting heat 

Figure 11. 
Direct plugging at both ends.
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into the evaporator. Finally, at the absorber where the process is exothermic, heat pipes 
can once again aid in removing heat from the component to the ambient.

The key advantage that heat pipes have over conventional heat exchang-
ers [2] (e.g., plate heat exchangers, shell and tube, and tube and fin) is summarised in 
the points below

i. The thermal response, which is the speed at which a device responds to sudden 
changes in temperature, of the heat pipe is orders of magnitude higher than 
conventional heat exchangers.

ii. High compactness and extremely flexible in arrangements.

iii. Complete separation of hot and cold fluids.

iv. Unidirectional heat transfer. This means the heat pipe acts like a thermal diode.

v. Modularisation – Each heat pipe can be considered as a separate entity, and this 
adds resilience to the heat pipe heat exchanger, preventing a single point of failure.

vi. Heat pipes can be less bulky than conventional heat exchangers.

vii. Ease of maintenance.

viii. Relatively less equipment in fluid circuitry.

4.  System design and integration

Now that we have looked into the technologies that are needed and will enable 
generate cooling from thermal energy, it will be of interest to the readers to gain further 
insights on how this can be accomplished for apartment buildings, individual homes and 
other community living houses, especially for countries that fall under the ‘hot and tropi-
cal’ category. This section provides some designs on how heat-driven cooling systems can 
be implemented, configured and designed for different scenarios and use cases.

The key in reducing dependence on electricity (or electrical energy) for space 
cooling, especially in hot and tropical climates, is to develop a small- and medium-
scale VAR system (or other heat-driven cooling systems) that ideally has a similar 
volume footprint when compared to a VC system and can generate sufficient cooling 
for thermal comfort. These systems must be able to cool the space and maintain a 
temperature between 18 and 24°C, which is the requirement in most cases.

4.1  Solar heat-driven VARS: one apartment building

Solar heat, also defined as renewable heat, as mentioned earlier in this chapter, 
is freely available for over 200 days in a year (or 12 hours × 200 = 2400 hours) [24] 
in hot and tropical countries, and this can be made use of in operating a thermally 
driven cooling system. One way to practically implement them in an apartment build-
ing is given in Figure 12.

As seen in Figure 12, the building has four individual apartments, each of which 
needs an air-conditioning unit. The VARS unit, with all its components, is to be packaged 
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in such a way that the evaporator is inside the space (of the building) which needs 
cooling, and the rest of the components, viz. desorber, absorber and condenser, are 
placed outside the space. This is because the condenser and absorber release heat, and 
the desorber needs to be supplied with external heat. The thermal energy for driving the 
VARS comes from the solar collectors installed on the roof of the building, and the means 
to transfer heat to the desorber is from one of three ways mentioned in Section 3.2. If 
heat transfer fluid is used to supply heat at the desorber, then they have to be channelled 
via pipes and brought down to the individual units installed at various apartments. In 
case heat transfer to the desorber is via heat pipes then these have to be routed appropri-
ately along the building structure and also brought down to the individual units.

The same concept can be extended to buildings with more than four apartments.

4.2  VARS coupled with Solid Oxide Fuel Cells: one apartment building

Many of the apartment buildings in developing countries have a diesel-based 
generator on their premises in order to supply electrical power during outages. This 
diesel-based generator comes into action only when there is an interruption in the 
grid electricity supply and thus does not run continuously. Replacing this diesel-
based generator with an SOFC system running continuously on biogas will not only 
complement renewable electricity supply, by adding resilience to the network, but 
also will lead to an environmentally friendlier way of generating electricity with high 
efficiency. The efficiency of diesel-based generators is around 25% [25] and depends 
on the operating conditions. The SOFC system is not only going to generate electric-
ity but also sufficient heat to tap into. The individual VAR units are placed at each of 
the apartments, in the manner described in Section 4.1, and the heat to each of these 
VAR units is supplied via one of three ways described in Section 3.1. The same concept 

Figure 12. 
Solar heat-driven VARS for one building.
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can of course be extended to buildings with more apartments, the only pre-requisite 
being the existence of an SOFC system at the premises of each apartment building.

Note: The SOFC system can also be replaced with another system that generates 
sufficient residual heat. Figure 13 shows the visualisation of this concept.

4.3  VARS using residual or renewable heat: multiple apartment building

It can very often be the case that in many developing countries (under the category 
of ‘hot and tropical climate’), most of the buildings do not have any sources of renew-
able or residual heat integrated or built into the structure. Also, for newer buildings, 
if the latest building standards and codes were not followed then they too have no 
provision for tapping residual/renewable heat. In this case, how can thermally driven 
cooling systems be installed in these apartments? Or the main question is how to get 
the necessary amount of thermal energy to the individual VAR unit installed in these 
buildings if the customers bought one?

One way to do this is to have a centralised location for each neighbourhood which 
can generate both renewable and residual heat and then transfer this thermal energy 
via a suitable heat transfer fluid to each of the apartment buildings. The heat transfer 
fluid supplied to each of the buildings should have sufficient heat and temperature levels 
needed to drive the combined heat load of all desorbers of the VAR units in that building. 
For example, the centralised location can use advanced solar collectors which can gener-
ate heat at a higher temperature and then transfer this to an HTF, or the centralised loca-
tion can have a larger biogas-driven SOFC generator and then transfer the residual heat 
to the HTF or it can use a combination of both renewable and residual heat in transfer-
ring heat to the HTF which is ultimately distributed to the buildings. It is envisaged that 
this is a more effective and practical approach rather than a district cooling system where 
chilled water at 10°C is supplied to buildings. For reasons mentioned in the introductory 
part of the chapter, circulating chilled water via suitable conduits inside space may not 
produce the desired cooling effect needed for thermal comfort.

A diagrammatic representation of this concept is presented in Figure 14.

Figure 13. 
VARS coupled with Solid Oxide Fuel Cells.
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4.4  Design of heat pipe heat exchangers and heat transfer solutions

One of the important aspects in heat-driven cooling systems is the availability of 
heat in ample quantities and at the temperature needed to run the thermally driven 
cooling system. As heat pipes are an effective and efficient link between sources of 
heat (both renewable and residual) and sink, it is quintessential to look at some of the 
designs and configurations that the heat pipe heat exchangers must have in order to 
accomplish this task. In order to make heat-driven cooling systems a reality, heat pipe 
heat exchangers or heat pipe networks are needed in the following areas:

a. At the desorber

b. Between SOFC stack/system and heat transfer fluid

c. Between SOFC stack/system and desorber

d. Between solar collector and desorber

e. Between heat transfer fluid and desorber

f. At the condenser and absorber of the VARS

g. Between centralised heat transfer and individual apartments

Some designs on how these heat transfer networks must look in given in Figure 15 
(absorber integrated with heat pipes), Figure 16 (between centralised heat transfer 
fluid and desorber of individual VARS), and Figure 17 (at multiple locations in a 
complete system).

Figure 14. 
VARS using residual or renewable heat – Centralised supply.
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Solar radiation is widely available in ample quantities in countries that need air-con-
ditioning systems for the most part of the year, and also the technology (solar thermal) 
for tapping this renewable heat is widely available. On the other hand, SOFC is a new 

Figure 15. 
Air-cooled absorber with heat pipes.

Figure 16. 
Heat pipe heat exchanger connected to centralised heat transfer fluid.
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Figure 17. 
Heat pipe heat exchanger at multiple locations in a system.

technology and relatively expensive; however, together with biogas as a fuel, it is envis-
aged to play a greater role in the power generation market, and when that happens, sys-
tems for tapping heat must be readily available to make use of the high-quality residual 
heat. System designers and developers may use a combination of renewable and residual 
heat sources to supply the required quantity of heat and in doing so they will need to 
invent different designs of heat pipe-based heat exchangers and networks besides the 
examples and figures shown above. Other advancements in micro-channel heat transfer 
are also expected to advance the deployment of thermally driven cooling systems.

To make thermal-driven cooling systems a reality, a thermal socket, akin to an elec-
trical socket, must be made available to each apartment or house. What this thermal 
socket will do is to provide the thermal energy needed when a small-scale VARS is 
installed at the apartment/house.

Note: The term thermal socket is coined and introduced for the first time in this chap-
ter and also in the broad context of HVAC. This term needs to be expanded and defined 
further to elaborate on its importance, and this is out of the scope of this chapter. The 
readers are advised to contact the author or the publisher for further details.

4.5  Methodology for system design and development

It is very well known that thermally driven cooling systems work, but they are 
not widely implemented on a small scale. So, what can be done to implement them 
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widely? There are a number of components involved in the thermally driven cooling 
system (VARS) that warrant detailed engineering calculations, simulation, design 
and manufacturing. This section provides an insight into which components and 
sub-systems need in-depth engineering and development and what key aspects need 
to be looked into. For reasons of brevity, detailed calculations are not presented, but 
only the methodology and approach are presented here. The reader can use these 
together with other standard textbooks to carry out detailed calculations for each of 
the components.

i. Heat Source –

The most important driver that is going to make the VARS work is the availability 
of thermal energy. Having sufficient thermal energy in the right quantity and tem-
perature levels is quintessential for the successful operation of VARS. Calculating this 
is quite straightforward. Data on renewable and residual heat available in different 
countries that fall under the category of ‘hot and tropical’ can easily be made available 
and checked if they are sufficient to drive a cooling system. The sizes of cooling units 
that these heat sources must cater to range from 0.75 ton of air-conditioning to 2 tons 
of air-conditioning. One ton of air conditioning is roughly able to cool down 12,000 
BTU of air per hour or provide 3.5 kWh of cooling. In the examples presented here, 
thermal energy from solar insolation for a particular building or area can easily be 
calculated, and the amount of thermal energy from a solid oxide fuel cell system can 
be calculated based on the size and operating conditions of the system. Calculations 
for other residual sources of heat can also be made and checked to see if the quantity 
and temperature of heat is sufficient to drive a VARS or group of VARS.

ii. Heat Transport –

The next important and vital link to this whole concept is the capture and trans-
port of the generated heat. This is where heat pipes come into play. Once the quantity 
of heat to be transported is determined and the temperature of operation is estab-
lished, then the individual heat pipe and in turn the heat pipe heat exchanger can 
be designed to meet the application requirements. The reader is encouraged to read 
textbooks on heat pipes [15, 16] on how to go about choosing different aspects of heat 
pipe – type, outer material (container of heat pipe), working fluid, screen size, flow 
limitations etc.

Design and development of heat pipes for thermally driven cooling systems should 
be carried out for different types and sizes of cooling systems that one wants to have 
in their product portfolio. Some of the technical aspects that warrant attention are:

• Heat flux at the evaporator and condenser end of the heat pipe.

• Fluid flow aspects of the working fluid inside the heat pipe.

• Enhancing the surface area at the evaporator and condenser end of the heat 
pipes.

• Limitations on the length of the heat pipe with the heat transport capability.

• Thermal response of the heat pipe to fluctuating heat levels.
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iii. VARS unit –

Once the heat source and the heat transport means have been identified and engi-
neered, the next step in the puzzle is to design, engineer, and develop a compact VARS 
with a similar footprint to that of the VC system. The main components that warrant 
attention are as follows:

a. Desorber & absorber

The desorber and the absorber together act as the thermal compressor in a VAR 
system and take over the role of the electric compressor (in a VC system). It is at the 
desorber where the heat input takes place, and the refrigerant-absorbent solution 
boils off. Depending on the refrigerant-absorbent solution used and the cooling 
range desired, the mass flow rate of refrigerant needed for cooling must be calcu-
lated based on the amount of heat supplied. Along with the quantity of refrigerant 
generated, the quality of refrigerant generated must also be calculated. Desorber 
designs for incorporating heat pipes or the heat transfer fluid directly must be 
carried out coupled with fundamental physics processes such as two-phase flow, 
boiling and vapour flow dynamics. Along with fundamental studies, engineering of 
the desorber for materials, shape and structural robustness must also be carried out.

The absorber is the place where the refrigerant vapour coming from the evaporator 
is mixed with the weak solution coming from the desorber to regenerate the strong 
solution, which is then pumped back to the desorber. The mixing process is exother-
mic and generates heat and this heat needs to be removed and heat pipes can play 
a vital role in compact absorber designs by instantly removing the heat generated 
from the mixing process and transferring it to the ambient. Similar to the desorber, 
the absorber also needs studies and analysis on fundamental physics processes such 
as mixing of vapour into liquid, flow dynamics and heat transfer.

b. Condenser & Evaporator

These two components are quite straightforward, and the designs can easily be 
taken and adapted from the VC system. The condenser is the place where the 
refrigerant loses heat and turns to liquid, the heat being rejected to the ambient, 
and the evaporator is the place where the heat from the space to be cooled is ab-
sorbed by the liquid refrigerant, turning it back to vapour. It would be preferred 
to have both these components air-cooled in order to reduce the complexity of 
the VARS and to make its installation easy in households.

A sample flow chart for the design of a directly coupled SOFC-VAR system is 
given in Figure 18. Similar processes can be developed for integration with other 
sources of heat.

iv. Control unit

A control unit is absolutely essential for smart and energy-efficient operation 
of the VARS. More control and sensor information will aid in better use of energy 
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needed by the cooling system and also its operation. The control unit must be able to 
adjust and control the following:

a. The heat input needed at the desorber.

b. The refrigerant production rate at the desorber based on the cooling need at the 
evaporator.

c. The pumping speed of the solution pump depends on the cooling needs.

d. The concentration difference between strong and weak solutions and its effect on 
energy efficiency.

e. Calculating the deficiency in heat input and communication with the heat 
source.

Figure 18. 
Flow chart for design of directly coupled SOFC-VAR system [26].
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This is a topic that warrants special attention on its own, and the possibilities and 
use cases are endless. The design of the VARS and its interaction with the heat 
sources are the main factors that affect the control strategy and in turn the design 
of the control unit.

v. Working fluids and heat transfer fluids

A number of working fluids can be used in heat pipes, and a range of heat transfer 
fluids can be used to transfer heat from the source to the heat pipe. Of course, it goes 
without saying that one must strive to use fluids that are environmentally friendly. 
Particular attention must be paid to the heat transport capability of these fluids, their 
degradation during the course of cyclic operation, their compatibility with materials 
that they will come in contact with, and the flow dynamics needed.

With the above-mentioned methodology, together with advanced engineering 
and development, it is indeed possible to design and operate a cooling system that is 
driven by thermal energy and that can work in a continuous manner.

5.  Energy savings

The hypothesis that we have been working with throughout this entire chapter 
is that a system which is able to operate and run on residual or renewable thermal 
energy wherever and whenever possible will definitely bring down the primary 
electrical energy needs.

Let us look at the amount of energy needed to run a conventional air-conditioner 
(based on VC technology) and compare it with the energy needs of an air-conditioner 
based on VARS technology. Air-conditioners are usually categorised in ‘tons’ for the 
amount of air they are able to cool. The most common household air conditioners 
range between 0.75 and 2 tons [27, 28], and the corresponding cooling power for the 
respective tonnage is shown in Table 2.

This means a 1 ton air-conditioner is able to provide roughly 3.5 kW of cooling per 
hour. Based on the air-conditioners available in the market, split ACs are more energy 
efficient than window ACs, resulting in lower energy consumption and both types 
are based on vapour compression technology. Figure 19 shows the average electrical 
energy consumption of window and split ACs and compares it to a small-scale VARS. 
The values shown in this graph correspond to the window and split ACs achieving a 
room temperature between 18 and 24°C and the small-scale VARS achieving a room 
temperature of −20°C. It is to be emphasised that lower is the need for the tempera-
ture of the room to be higher is the energy needed for running the compressor of 

Ton Cooling power (kWh)

0.75 2.637

1.0 3.516

1.5 5.275

2.0 7.033

Table 2. 
Tonnage of household air conditioners [27].
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the air-conditioning unit (based on VC system). Hence, here, we are comparing the 
operational scenario for VARS under extreme conditions with that of the VC unit 
under milder operating conditions. What we see here is that the electrical energy 
consumption of the VARS is roughly 4.5% of that of the VC system when the VARS 
is operating under extreme conditions and this number is bound to be even lower if 
the VARS was operating for temperatures between 18 and 24°C. The major electri-
cal energy-consuming component of VARS is the solution pump, and the number 
presented in the graph corresponds to the electrical needs of the solution pump. 
Even if we add a few fans (for the air-cooled condenser & absorber and a fan for the 
evaporator to blow air on the evaporator coils) and some electronics to the VARS, the 
electrical energy consumption is not expected to exceed 15% of that of the VC system.

So, what this means is there is tremendous scope somewhere in the range between 
85 and 95% for electrical energy reduction if thermally driven cooling systems were 
made widely available for home air-conditioning. From the graph in Figure 19, if we 
take a 1-ton air-conditioner, which provides 3.5 kW of cooling per hour and this air-
conditioner is thermally driven, then it consumes just 52.5 W per hour as compared 
to 1200 W with a VC-based unit. If one multiplies this by the total number of air 
conditioners in a country (hot and tropical), then the amount of electricity savings is 
tremendous.

It will be good to get a complete view of the energy needs of the VARS, as what 
was presented above is just the electrical energy needs. Table 3 summarises the total 
energy needs for both types of cooling systems for 1 ton of air conditioning. Units 
running on VARS technology have a coefficient of performance (COP) of just 0.8 
compared to units running on VC technology, which have a COP of roughly 3. Now, 
that makes them relatively inefficient; however, the advantage is that they run on free 
thermal energy. The VARS needs a total energy of 4.452 kWh out of which 4.4 kWh is 
from thermal energy, which is tapped for free and made use of.

How does the savings or reduction in electrical energy translate to savings or 
reduction in CO2 emissions? This is quite straightforward to determine. Based on what 
the source of the electricity is for a particular area or province or country, the related 

Figure 19. 
Electrical energy consumption of VC versus VARS cooling system.
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CO2 emissions from that process or method of electricity generation is well known or 
can be calculated. This kind of data quantified as grams of carbon dioxide-equivalent 
emitted per kWh of electricity generated can also be obtained from [29]. Hence, for 
every kWh of electricity that can be saved, either by increased efficiency or other 
means, the need for its generation can be reduced and therefore, directly reduce the 
amount of CO2 generated. However, one must keep in mind that this applies only 
when the method of electricity generation is not 100% from renewables because if 
the electricity generated is totally from renewables, then there are no CO2 emissions, 
but even in that case, the saved electrical energy can be used for other purposes as 
mentioned earlier in the chapter. The reader must keep in mind that these are just 
the direct emissions coming out of the process of electricity generation and not the 
lifecycle emissions which will warrant a detailed life cycle analysis (LCA).

6.  Conclusions

There is a direct correlation between ambient temperature and space cooling 
energy needs. The higher the ambient temperature, the greater the need for space 
cooling and, therefore, the higher the energy needed for running the cooling system. 
Thermally driven space cooling and refrigeration systems have a huge market poten-
tial, provided the system and the unit is developed to a size and scale that can compete 
with the current vapour compression-based systems in terms of bulkiness and ease 
of installation. The thermal compressor (desorber plus absorber) in a small-scale 
VARS must have a volume footprint similar to that of the electrical compressor in a 
VC system in order to act as a contender to replace it, and this is absolutely key in the 
widespread adoption of VARS.

As cooling takes up 20% of the total electricity demand in buildings and other 
places, replacing the total energy demand for cooling with freely available residual 
or renewable thermal energy will go a long way in reducing the energy needs from 
cooling. As we have seen, there is scope for reducing electrical energy requirements 
anywhere in the range between 85 and 95% when implementing thermally driven 
cooling systems. For example, even if a modest 10% of the cooling needs can be met 
by using thermal energy and not electrical energy, then the available electricity can 
be used for other purposes as the demand for electrical energy keeps rising every year. 
Electrical energy has high-quality exergy and should be used for applications that 
absolutely warrant it.

Vapour compression 
system

Vapour absorption 
system

Remarks

Cooling power 
generated (kWh)

3.515 3.515 Cooling power achieved per hour

Electricity consumed 
(kWh)

1.2 0.052 This is the electrical energy requirement

Thermal energy 
needed (kWh)

— 4.4 This energy is assumed to be free—
either renewable heat or residual heat

COP 3 0.8

Table 3. 
Theoretical values of energy needs for an AC unit based on VC and VARS technology.
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It was elaborated in this chapter that two vital aspects crucial to make thermally 
driven cooling systems work are the availability of thermal energy in sufficient quan-
tities and the transport of this thermal energy (heat) to the thermally driven cooling 
system. The former is available in copious amounts in ‘hot and tropical countries’ in 
the form of solar energy whilst the latter is enabled by the use of heat pipes and heat 
pipe heat exchanger networks. These two aspects will solve more than 50% of the 
technical challenges in making thermal-driven cooling systems a reality. The ways and 
means to tap and transfer residual and renewable heat were detailed in sections 3.1 
and 3.2, and the role that heat pipe heat exchangers will play in the broader context 
was detailed in Section 4.3. There is immense scope for making thermally driven 
cooling systems a reality with technological advancements in the areas of heat pipes 
and desorbers.

7.  Future outlook

The ultimate goal for us as a society should be to be able to provide affordable 
space cooling solutions to people and countries who simply cannot afford to buy 
expensive technology, and this must be done by using renewable and residual heat as 
much as possible. Just like heating is essential to living and working comfortably in 
cold countries, the same is true for cooling in hot and humid countries. A lot of people 
in the developing world who fall under the category of ‘Hot and humid’ tolerate the 
extreme heat every single day solely for the reason that they just cannot afford to buy 
the system, and even if they can buy it cannot afford to pay the huge operating costs 
that tag along with it.

One may argue that if there is sufficient renewable electricity generation for all 
needs and demands (which will definitely be in the future after 2050), then one can 
simply use conventional air-conditioning units based on VC technology. But the 
counterargument will be why not develop units and systems that are able to run on 
free thermal energy and reduce dependence on electricity (or electrical energy)? 
Technology-wise if both are possible, then systems running on residual thermal 
energy will ensure that electrical energy can be directed to other purposes such as EV 
charging, energy storage or hydrogen production or any other new application(s) that 
may get invented in the coming decades, etc.

Designing a working unit for different tons of air conditioning and providing 
appropriate thermal interfaces (the thermal socket) with thermal specifications 
(temperature, heat flow, etc.) will instil confidence in the minds of end users and 
policymakers alike. This way, units can be installed anywhere, and the thermal source 
can be flexible.

People have preferences and this is true for any technology; some may want electri-
cally driven cooling systems, and some may want thermally driven cooling systems. It is 
like some people want solar panels installed on their roof in order to reduce their operat-
ing costs through a certain time period and being sustainable, whereas some prefer to use 
grid electricity and wait till the grid is decarbonised. The same goes for thermally driven 
cooling systems. Some people will be fascinated by the idea of minimising operating 
costs of their cooling system and will be the first uptakers whilst some may still stick with 
the proven electrically driven air-conditioners. But whatever the case, if one is able to 
make a system work in an alternate way with free or residual energy, then people will see 
the value and benefit in it and will be more than open and willing to make the change, 
and this is what thermally driven cooling systems are expected to do.
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Appendices and nomenclature

AC air conditioner
CHP combined heat and power
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EV electric vehicle
GHG green house gas
HTF heat transfer fluid
HVAC heating ventilation and air conditioning
LCA life cycle analysis
SOFC solid oxide fuel cell
VARS vapour absorption refrigeration system
VC capour compression
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Abstract

Currently, in the world, there is a real race, involving several manufacturers that
search for more efficient refrigerant fluids, with the need to develop new refrigerants
to replace the fluids currently being used in air conditioning and refrigeration sys-
tems, aiming to maintain or improve the performance of such systems, reducing their
electrical energy consumption. Therefore, this work intends to be another contribu-
tion to this scenario and aims to carry out an exergy analysis comparative of the
operating characteristics of a residential Chiller system, in which the natural fluid R-
290 was used, operating at 60 Hz, and at 70 Hz. The HC R-290 was compared with the
HCFC fluid R-22 in the same indirect expansion refrigeration system. For comparison
purposes, the main operating parameters of the systems were observed, such as
pressures and temperatures, electrical energy consumption, and exergy of the system
components. When working with both fluids at 60 Hz, the only negative point for the
HC was the higher suction pressure, indicating that the chilled water temperatures
were lower with R-22. Under normal conditions, the results expected in this work
were obtained, in which HC presented satisfactory behavior, with energy and exergy
efficiency values higher than those obtained for HCFC, for the same local psychro-
metric conditions, being an excellent alternative for replacing the R-22 fluid in air
conditioning and refrigeration systems.

Keywords: exergetic analysis, refrigeration, HVAC-R, natural refrigerant, air
conditioning
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1. Introduction

This study was produced and developed at the Climatization and Thermal Comfort
Laboratories – ClimatConT and Refrigeration of the Federal University of Pará –
UFPA and aims to analyze types of refrigerant fluids used in air conditioning and
refrigeration systems, replacing the current fluids used commercially, aiming to
maintain the safety conditions of the systems, with the lowest environmental impact
and evaluating their performance and thermal efficiency indexes.

In a refrigeration or air conditioning system, a set of refrigerant fluids are used,
many of which are already discontinued or have ceased production, as is the case of
hydrochlorofluorocarbons – HCFCs, such as the R-22 synthetic refrigerant fluid, but
there is still a large quantity of these fluids in stock and that continues to be used by
the systems. This work proposes to provide support for decision-making on system
modernization, taking as a reference the energy and exergy analyses of the system
components.

Over the past 60 years, due to global economic development, the use of refriger-
ants has increased considerably in many countries. In order to prevent environmen-
tally harmful substances from was continuing to be used by countries, especially in air
conditioning and refrigeration systems, numerous meetings and gatherings have been
held in various countries around the world.

A highlight was the creation of the Montreal Protocol (1987) in Canada, which
restricted the use of chlorofluorocarbon refrigerants (CFCs, such as R-11), leading to
COP 26 in Scotland in 2021, which discontinued the use of carbon dioxide (CO2) in
such industrial systems.

Long before theMontreal Protocol, several studies were carried out, and in them, the
destruction of the ozone layer and the increase in global warming were proven. To
monitor the evolution, indicators were created such as, the Global Warming Potential
(GWP) and the Ozone Depletion Potential (ODP). Since then, several fluids have been
used, analyzed, and those that have been proven to present some type of damage, or
that contribute to global warming, have been discontinued, had their production termi-
nated, or were banned in air conditioning, heating and refrigeration systems.

Even so, nowadays, the indiscriminate use of some fluids such as HCFCs (R-22)
still continues to harm the environment, as when these substances are released into
the atmosphere during maintenance processes, for example, there is an increase in
global warming, or simply, they destroy the earth’s protective ozone layer.

It is necessary to know which quantities, by mass, of the R-22 refrigerant fluid are
greater than those of the R-290 fluid because although the two fluids are compatible,
when it comes to the compressor lubricating oil, the working pressures and tempera-
tures of the system, are different parameters, which implies a loss of system
efficiency.

Thus, starting from the contextualization of the use of refrigerant fluids in refrig-
eration systems, where new substitutes were sought for the fluids currently used, this
work was designed and carried out with the objective of observing the behavior and
evaluating whether it would be possible to use natural fluids, with a low degree of
contribution to global warming, in a water and air cooling system, simulating a
commercial air conditioning system, which was set up on a Chiller test bench in the
laboratory, where comparative exergy results were obtained between two types of
refrigerant fluids, in order to serve as input in the selection of refrigerants for air
conditioning and refrigeration systems.
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In this work, what is expected is to present a set of comparative characteristic
curves of the parameters used in the energy and exergy analyses of the synthetic fluids
R-22 and the natural fluid R-290, operating in a refrigeration system at frequencies of
60 Hz and 70 Hz.

2. Contextualizing the use of refrigerant fluids

Since the 1950s, researchers from various international organizations have realized
that the use and release of refrigerants into the local atmosphere has a direct impact on
our planet, causing global warming and the destruction of the ozone layer. As a result,
annual monitoring of the global effects caused by these fluids has been created. Since
then, with the popularization, initially of refrigeration systems and, later, of air con-
ditioning systems, the massive use of these industrial equipment has worsened the
conditions of the Earth’s protective layers, such as the Ozone Layer [1].

Numerous world events were held and, at each event, solutions were sought for
this scenario, which is getting worse every day, with the sharp increase in residential,
commercial and industrial refrigeration, and with the air conditioning of environ-
ments: residential, commercial, industrial and automotive, the use of refrigerant fluids
has grown significantly, but without effective actions to control the maintenance of
these systems.

According to the International Energy Agency – IEA, with the pollution generated,
as societies grow technologically, in recent years, there has been an increase in global
emissions of carbon dioxide – CO2 related to energy, which are around 33 Gigatons,
and the concentration of CO2 in the atmosphere is greater than 420 parts per million –

ppm [2].
According to Ref. [1], in Brazil, in the areas of air conditioning and refrigeration, it

is common to obtain, from the responsible installation technicians, information on the
modernization of systems or on the replacement of refrigerant fluids used in refriger-
ation and air conditioning equipment, but without informing the criteria or parame-
ters used in the process.

Companies in the air conditioning and refrigeration sectors, which produce refrig-
erant fluids, are looking for fluids to replace hydrochlorofluorocarbons – HCFCs, such
as R-22 and Hydrofluorocarbons – HFC, such as R-410A, considering that production
and the commercialization of HCFCs have already been interrupted in Brazil, and
HFCs are being discontinued from 2024 onwards, even so, there are still large stocks
of fluids produced and stored for use. In this sense, it is necessary to identify or
prepare new fluids, in order to use parameters to maintain the energy and exergy
efficiency of the systems.

These are CO2 emissions which it is generated directly as a product of a reaction;
however, other chemical compounds used in industry and commerce are also as
polluting as CO2 and, with pollution factors, hundreds to thousands of times more
intense than carbon dioxide. This factor is called Global Warming Potential – GWP, to
account for its pollution potential (global warming) in relation to CO2, which has a
GWP equal to 1 [1].

Among these chemical compounds are the refrigerant fluids used in heating,
refrigeration and air conditioning systems, such as trichlorofluoromethane, known as
refrigerant R-11 and dichlorofluoromethane, or R-12. These fluids were mass pro-
duced interrupted in Brazil in the 1990s [3].
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In Brazil (2023), the refrigeration and air conditioning markets account for
approximately 82% of the consumption of refrigerant fluids, which will have less
availability as deadlines for discontinuation or production stoppage approach, as is the
case with R410a fluid. Therefore, refrigerant changes during a retrofit or new instal-
lation are certain, and everyone interested in the planet needs to understand the paths
that the market is proposing [1, 4].

Thus, all these developments described above, in summary, imply transformations for
the HVAC-Rmarket as a whole. Designers, installers, suppliers and customers will need to
conduct updates (or even component replacements) on their already installed systems.

However, there are already several reports of serious accidents involving techni-
cians who believed they were working with a type of fluid, such as HFC R-134A,
whose ASHRAE flammability and toxicity classification is A1, that is, a non-flammable
and non-toxic refrigerant, in a refrigeration system, when in fact some other techni-
cian had already replaced the system fluid with R-290, whose flammability and toxic-
ity classification is A3, that is, this is a flammable and non-toxic refrigerant fluid [1, 3].

These refrigerants have, respectively, GWP values equal to 4750 and 10,910, which
means that releasing 1.0 kg of R-11 into the atmosphere represents pollution caused by
the release of approximately 5000 kg of CO2. For R-12, this value represents almost
11,000 kg of CO2 released into the atmosphere for each kg of this refrigerant [1, 3].

Table 1 shows the types of refrigerant fluids most used in air conditioning and
refrigeration systems, regarding their composition, ODP, GWP and ASHAE Safety
Classification [1, 4, 5].

Number/Name Chemical Formula/Composition ODP GWP ASHAE Safety Classification

CFCs

R – 11 CCl3F 1 4750 A1

R – 12 CCl2F2 1 10.900 A1

HCFCs

R – 22 CHClF2 0.055 1810 A1

HFCs

R – 32 CH2F2 0.0 650 A1

R – 134a C2H2F4 0.0 1430 A1

R – 404a R–125 = 44 %; R–143a = 52 %
and R–134a = 4%

0.0 3.920 A1

R – 410a R-32 (50%), R-125 (50%) 0.0 2090 A2L

HFOs

R – 1234yf C3H2F4 0.0 4 A2L

R – 1234ze C3H2F4 0.0 6 A2L

R – 449a R–125 = 24,7%; R–32 = 24,3%;
R–134a = 25,7%; R–1234yf = 25,3%;

0.0 1396 A1

Natural Refrigerants (NRs)

R – 290 C3H8 0.0 �5 A3

R – 600a C4H10 0.0 �5 A3

Table 1.
Types of refrigerant fluids used in air conditioning systems.
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As can be seen in Table 1, many of the refrigerant fluids used in air conditioning
systems seek to present themselves as ecological fluids, which do not harm the envi-
ronment where they are used; however, fluids such as R-22, R-134a and R-410a and its
likely replacement R-449a, have a strong contribution to global warming, not living
up to what is disclosed by resellers and manufacturers of these products [1].

A viable solution to this scenario would be the collection of these discontinued or
banned refrigerant fluids, by resellers, technicians and engineers, who work directly
in the areas of air conditioning and refrigeration, through appropriate collection and
storage procedures, so that companies’ recyclers, created in each state in Brazil, can
give a new destination to the current fluids used.

This is a slow solution process, and many technicians, due to lack of financial
resources, knowledge and technical training, still today many professionals release
fluids from air conditioning and refrigeration systems into nature, without
worrying about their consequences, this being a common practice. And, even Brazil,
having signed the Kigali amendment, in 2024, there are still no concrete actions for
control, storage and reuse or disposal of these types of products in the various
Brazilian states.

Precisely because of these two factors mentioned above, the refrigerant fluid
research and development industry has been seeking to improve systems that use
refrigerant fluids, whether for heating, refrigeration and air conditioning, with a focus
on reducing electricity consumption, combined with the use of fluids that are less
aggressive to the environment. Some of these fluids are hydrocarbons – HC; among
them, the most used are Propane (R-290) and Isobutane (R-600a), with the main
advantage being the low GWP value which is equal to 3.0 for both fluids [6–8].

In addition to this advantage of having a low level of pollution (global warming),
according to [3], several studies indicate that mechanical vapor compression systems
that operate with these HCs present better energy performance when compared to the
synthetic fluids currently used.

3. Working methodology

For the development of the experiment, a test bench was built with a Chiller
system for air conditioning environments on the premises of the UFPA Refrigeration
Laboratory to carry out applied research, consisting of a condenser unit and an
evaporator unit, with a set of temperature sensors and pressure, for measuring all local
psychrometric parameters and during tests.

3.1 Test bench

For the experiment, an Elgin condensing unit with 1.5 hp. of power, with a capac-
ity of 1.6 kW of refrigeration for the R-22 fluid, was used to cool an insulated
container with a volume of water equal to 40 liters, as shown in Figure 1(a)–(d), a
water pump with a flow rate of approximately 6.0 l/min and a forced air heat
exchanger for circulating water at low temperatures to simulate thermal load.

The condenser unit of Chiller test bench, Figure 1(a), and the water cooler evap-
orator, Figure 1(b) have the equivalent length of 15 meters of 5/8″ internal diameter
copper piping, without fins, as shown in Figure 1(c).

The circulation system shown in Figure 1(d) for the secondary evaporator consists
of a 1/3 cv water pump with a fixed flow rate of 6.0 l/min.
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To exchange the heat of the secondary fluid with the ambient air, a split-type
evaporator unit was used, initially sized for refrigerant fluid and with a nominal
capacity of 1.6 kW, with an airflow of 350 m3/h.

3.2 Refrigeration cycle

The water-cooling system is carried out by the mechanical vapor compression
refrigeration system, shown in Figure 2; the evaporator coil is submerged in the water
reservoir, in which fluid circulates at low pressure and temperature in a mixed state,
absorbing the heat from the liquid while the liquid is circulated by a centrifugal pump
to a heat exchanger between air and water to obtain an air-conditioned environment
with lower temperature and humidity. The first part of the experiment was testing the
R-22 fluid in the simulator; no adaptation to the condensing unit was necessary as the
equipment was designed to work with this fluid.

All fluid that was initially in the condensing unit was collected and treated, after which
the main and secondary fluid evaporator was installed, pressurizing the entire system
with dry nitrogen for 24 hours at the end of the procedure to ensure that there were no
leaks.

The test bench set up for the experiment can be represented by the refrigeration
cycle diagram shown in Figure 2, for the ambient temperature and pressure, of the
place to be air-conditioned, that is, T0 and p0:

With the verification completed, the system evacuation process began to remove
moisture and other non-condensable gases that could cause damage to the system and
consequent loss of performance.

For the cooling test, the R-22 load used was 1.2 kg, which was the load necessary
until the system’s liquid sight glass showed that only fluid in the liquid phase existed at
the inlet of the expansion device.

Figure 1.
Chiller test bench: (a) Condenser unit, (b) Evaporator unit, (c) Cooling system and (d) Water circulation system.
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After collecting the synthetic fluid, the system was completely cleaned and
0.650 kg of R-290 was loaded. The procedure for operating the system with R-290
fluid was the same as R-22 [4].

3.3 System data collect

Data collection on the constructed test bench was carried out at intervals of
10 minutes, for a total period equivalent to 150 minutes, where the following infor-
mation was collected:

• Suction, discharge, expansion device inlet and outlet pressures and evaporator
coil inlet and outlet pressures,

• Heat exchanger air inlet and outlet temperatures,

• Temperatures of suction, discharge, compressor body, inlet and outlet air passing
through the condenser,

• Temperatures of the chilled water reservoir and exchanger return,

• Electric current and voltage during operation.

From these data, the following were calculated: the mass flow, the real power
consumed by the system; overheating; subcooling; the cooling capacity of the system;
the cooling effect; the COP; the work of the compressor; the capacity of the evapora-
tor; the capacity of the condenser; exergies and exergy efficiency.

Figure 2.
Schematic of the water-cooling system.
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3.4 Thermodynamic analysis of the basic refrigeration cycle

Applying steady-state conditions to the energy equations for each stage of the
cycle, shown in Figure 2, the following parameters were obtained [4]:

_WCP ¼ _mf � h1 � h2ð Þ (1)

where Eq. (1) represents the work performed by the compressor, in kW, in an
isentropic process, during its operation, with _mf being the mass flow of refrigerant
fluid, in (kg/s) and h1 is the value of the enthalpy at the inlet of the compressor, in (kJ/
kg) and h2 is the enthalpy at the compressor outlet, in (kJ/kg).

Eq. (2) represents the rate of the amount of heat rejected in the condenser – _QCD,
in kW, where h2 is the value of the enthalpy at the condenser inlet, in (kJ/kg) and h3 is
the enthalpy at the condenser outlet, in (kJ/kg), the unit of the amount of heat [1, 4]:

_QCD ¼ _mf � h2 � h3ð Þ (2)

For Ref. [2], the mass flow rate – _mf of refrigerant fluid, in kg/s, can be calculated
by Eq. (3):

_mf ¼
_Q0

h1 � h4ð Þ (3)

where _Q0 ¼ _QEV represents the refrigeration capacity of the cycle, in (kW), and
this value can be calculated by Eq. (4):

_Q41 ¼ _Q0 ¼ _QEV ¼ _mf � h1 � h4ð Þ ¼ _mL � h6 � h5ð Þ (4)

Eq. (4) represents the rate of quantity of heat absorbed in the evaporator, h4 is the
enthalpy value at the evaporator inlet, h1 is the enthalpy value at the evaporator outlet,
_mL mass flow of water from the cooler, in kg/s, h5 is the heat exchanger inlet enthalpy
and h6 is the heat exchanger outlet enthalpy.

The energy of the expansion device is obtained by an isenthalpic process, that is,
h3 = h4.

Eq. (5) represents the efficiency of the ideal cycle, that is, the efficiency of the First
Law of Thermodynamics [1]:

COP1°Law ¼
_Q0
_WCP

¼ _mL � h5 � h6ð Þ
_mf � h2 � h1ð Þ (5)

However, the real system is different from the ideal, so the theoretical system was
idealized, starting from an adaptation of the Carnot cycle to real conditions, namely:

• Modification of the compressor entry point, which changed from admitting the
fluid still in the mixing phase to a more advanced point where the fluid is already
completely saturated vapor due to the constructive characteristic of the
compressors used since the liquid phase is practically incompressible.

• During compression, even if it occurs isentropically, there is an increase in the
temperature of the fluid; thus, the efficiency of the cycle is also lower than that
observed in the Carnot cycle.
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• The isentropic expansion process is ideal but is not used in reality due to the high
cost of components. These are just some modifications that make the theoretical
cycle different from the Carnot cycle and justify its lower efficiency.

3.5 Exergetic analysis of the basic refrigeration cycle

For Ref. [9], energy analysis evaluates how energy is used in the system, based on
the first law of thermodynamics; however, there is no accounting for spontaneous
processes and irreversibilities that may occur during the operation of the system, such
as the balance of energy does not consider the way in which energy is degraded. At
this point, exergy analysis is considered, which complements the system’s energy
information by using the second law of thermodynamics as a basis, that is, it takes into
account the entropy in each process, allowing the calculation of the real efficiency of
the equipment, informing the amount of work that can be performed by the system.

Exergy efficiency, in one of its many definitions, is the following: “is the ability to
produce the desired effect without loss or with minimal waste of the resource used.”
Being calculated by Eq. (6) [9, 10]:

ψ ¼ Generated exergy
Exergy supplied

(6)

where ψ is the exergy generated and the value in the analyzed component and the
exergy supplied is the total value of exergy that the system obtained for operation.

The exergy analysis carried out by [11–13] applied to a refrigeration system is
calculated for each component separately. The specific exergy – ex, in kJ/kg, of the
system components was obtained using Eq. (7):

ex ¼ hx � h0ð Þ � T0 � sx � s0ð Þ (7)

where hX and sX are, respectively, the enthalpy and entropy at the observed point,
h0 and s0 are, respectively, the enthalpy and entropy in relation to the ambient
temperature, and T0 is the temperature of the refrigerated environment [1, 4].

According to Ref. [2] for the evaporator, exergy relates to the entry and exit of
fluids in it, that is, _mL ¼ _m5 ¼ _m6 and _mf ¼ _m1 ¼ _m4, following the numerical
sequence in Figure 2, we arrive at Eqs. (8) and (9):

EEV,Ent ¼ _mf � e1 � e4ð Þ � _Q0 � 1� T0

TEV

� �
(8)

or

EEV,Q ¼ _Q0 � 1� T0

TEV

� �
� _mL � e5 � e6ð Þ (9)

where _mL � e5 � e6ð Þ represents the water vapor exergy, T0 is the ambient temper-
ature and TEV is the evaporation temperature, both in (K).

The irreversibility of the evaporator – IEV, in kW, can be calculated by Eq. (10):

IEV ¼ T0 � _mL � s5 � _mf � s1
� �� _mf � s4 � _mL � s6

� �� �
(10)

Next, the component evaluated was the compressor, with the total exergy of the
compressor being defined – ECP, in kW, is obtained by Eq. (11):
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ECP ¼ _mf � e2 � e1ð Þ � _WCP (11)

where e2 � e1 is the difference between the specific input and output
exergies of the compressor, _WCP is the electrical power consumed by the compressor,
in kW.

For the refrigeration cycle condenser, the exergy equation – ECD is obtained by
Eq. (12):

ECD ¼ _mf � e2 � e3ð Þ þ _QCD � 1� T0

TCD

� �
(12)

where _QCD is the thermal power rejected in the condenser, in (kW) and TCD is the
condensation temperature, in (K).

And for the expansion device, since there is no heat generation or power con-
sumption, we have Eq. (13) for total exergy of the expansion device – EDE:

EDE ¼ _mf � e4 � e3ð Þ (13)

Therefore, using Eq. (14), the exergy efficiency can be calculated – ηEx applied to a
refrigeration system can be calculated as: [1, 4, 9].

ηEx ¼ η2°Law ¼ COP1°Law � 1� T0

TCD

� �
¼ _mL � e5 � e6ð Þ

_mf � e2 � e1ð Þ (14)

In this way, by applying the data obtained during the tests to these equations,
information related mainly to the effective performance of the equipment can be
obtained.

3.6 Results

Two tests were carried out on the refrigeration system with the R-22 fluid, the first
at a frequency of 60 Hz, two tests with the R-290 fluid at a frequency of 60 Hz and
two tests with the R-290 fluid at a frequency of 70 Hz, all lasting 150 minutes in order
to observe how the system behaves according to ambient conditions, the operation
before and after the chilled water circulation pump was compared.

The main cause of this event is linked to the fact that the thermostatic expansion
valve works with a fluid in the bulb calibrated to the R-22 response, and because R-
290 absorbs more energy per mass, the device was unable to maintain a continuous
flow, which ended up harming the temperature reduction, since the evaporation
temperature suffered directly from this fluctuation in values.

Figures 3 and 4 show the variations in suction and discharge pressures, respec-
tively, for the two refrigerant fluids and for the evaluated frequencies.

For both the 60 Hz and 70 Hz frequencies, in Figure 3, there was a variation
between pressures of 57 to 61 psig, and for R-22, the variation with temperature
stabilization was between pressures of 58.5 to 59.5.

It can be seen in Figure 4 that for the frequency of 60 Hz, the lowest pressure of R-
290, the average pressure value was 237 psig, which shows an advantage over R-22,
which had an average pressure of 255 psig, indicating a reduction of the compression
ratio, since the suction pressure values were similar, with the reduction in discharge
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pressure, the mechanical efforts on the compressor are reduced in addition to the
reduction in electrical energy consumption.

For the frequency of 70 Hz, the value of the average discharge pressure of the
refrigerant R-209 was 265 psig, exceeding that of R-22; this fact is associated with the
compressor operating outside the working speed, which is fixed at 60 Hz, which
caused an increase in temperature in general and thus an increase in condensation
pressure.

The graph in Figures 5 and 6 shows how the mixture saturation temperature
varied during the tests.

As seen in the graph in Figure 5, the Chiller system running with R-22 fluid, with
the compressor for R-22 and the expansion device calibrated for R-22, the lowest
evaporation temperatures were reached, with values varying minimally around 0.5°C,
while the system, after changing the R-22 fluid to R-290, was unable to reduce the
evaporation temperature below 2°C, even with the increase in volumetric displace-
ment caused by the operating frequency of 70 Hz.

Figure 4.
Refrigerant fluid discharge pressures over time.

Figure 3.
Refrigerant fluid suction pressures over time.
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It can be seen in Figure 6 that for the frequency of 60 Hz, in the same way, that the
saturation temperature in evaporation was high compared to R-22, the fact is repeated
for the natural fluid now in condensation, with temperatures of saturated fluid vary-
ing at values close to 50°C, for R-22, the temperature was close to 48°C even though
the pressure at this point was above the values collected for R-290.

Figures 7 and 8 lists the compressor powers and the mass flow rate for the two
types of refrigerant fluids and at different frequencies.

The highest saturation temperature depends only on the chemical composition of
the fluid. For the 70 Hz frequency, the temperature values are close to 55°C, once
again indicating non-standard compressor operation, confirmed by the increase in
electrical energy consumption. However, the higher condensation temperature indi-
cated the greater temperature difference between the R-290 fluid and the external air
in the heat exchange in the condenser, facilitating the conversion of the fluid from a
superheated vapor state to liquid at high pressure at the condenser exit.

Figure 6.
Fluid saturation temperatures over time: (a) and (b) in the condenser.

Figure 5.
Fluid saturation in the evaporator temperatures over time.
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The consumption recorded for R-22 served as a reference for the evaluation of R-
290, which for the 60 Hz frequency was lower; however, as explained in Figures 7
and 9, the saturation temperature during evaporation was higher than that of R-22, so
consumption was lower due to a lower capacity to absorb energy while the system was
running on natural fluid.

The average refrigeration power absorbed by R-290 at 70 Hz was 2.7 kW, while for
R-22 it was 2.65 kW, a difference of 1.85%. At a frequency of 60 Hz, the average
power absorbed in the evaporator was 2.5 kW, 7.41% lower than the frequency of
70 Hz and 5.66% lower than the power produced by R-22 [10, 13].

For the frequency of 70 Hz, the consumption is well above the reference value for the
R-22 fluid, which agrees with the fact that the single-phase electric motor, when forced to
work outside the nominal frequency, causes excessive energy losses in the form of heat,
observed in the increase in electricity consumption of the refrigeration system.

It can be seen in Figure 8 that the values calculated for the R-22 fluid match the
absorbed thermal load compared to R-290; the average specific mass of the synthetic
refrigerant was 21.61 kg/m3, while the specific mass of the average natural fluid was

Figure 7.
Electrical energy of Compressor powers consumption.

Figure 8.
Mass flow rate.
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11.02 kg/m3 for the 60 Hz frequency and 11.17 kg/m3 for the 70 Hz frequency, which
explains the values close to 0.0115 kg/s for R-22 circulating in the system and
0.0057 kg/s for the natural fluid. These values present a significant difference in terms
of the amount of refrigerant fluid to be used within the refrigeration system.

In air conditioning and refrigeration systems, subcooling and superheating pro-
cesses help maintain equipment operating conditions.

The refrigeration capacity obtained with the system running with synthetic and
natural fluid and with different frequencies, at the beginning, a considerable differ-
ence was observed between the R-22 fluid and the R-290 at 60 Hz, when the R-22
yielded approximately 6.75 kW and the R-290 at 60 Hz yielded only 4.5 kW, however
throughout the tests this difference reduced.

The average power absorbed by R-290 at 70 Hz was 2.7 kW, while for R-22, it was
2.65 kW, a difference of 1.85%. At a frequency of 60 Hz, the average power absorbed
in the evaporator was 2.5 kW, 7.41% lower than the frequency of 70 Hz and 5.66%
lower than the power produced by R-22.

Figures 9 and 10 show the results of the subcooling and superheating processes
carried out during the tests.

This agrees with the fact that the greater the temperature difference between the
condensation saturation and the ambient air temperature, the greater the amount of
heat transferred from the hot fluid to the cold fluid. Therefore, the R-290 fluid, both
for frequencies of 60 Hz and 70 Hz, obtained the highest subcooling values due to its
higher saturated condensation temperature, since the ambient air temperature did not
vary significantly between the tests.

Subcooling also ensures that the fluid that reaches the expansion device is in a
liquid state, this way, only liquid at high pressure is expanded in the thermostatic
valve, which guarantees the efficiency of the process in the evaporator.

In addition to the energy analysis, the exergy factors and irreversibility’s for the
system were calculated as a way of complementing the explanations of the system’s
characteristics and mainly the negative points that occurred when increasing the
operating frequency from 60 Hz to 70 Hz.

Figure 11 shows the results of the exergy analyzes calculated for the refrigeration
system condenser.

Figure 9.
Subcooling of liquid processes.
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For the condenser, the average calculated exergy values for both R-22 and R-290 at
60 Hz were close to 0.007 kW, with little difference for the exergy value for R-290 at
70 Hz which increased to 0.013 kW.

As the condenser is a component in which the variation in availability generated a
low irreversibility value, that is, it was not a piece of equipment that contributed to
the increase in electrical energy consumption during the tests.

The graph in Figure 12 shows the calculated exergy data in the refrigeration
system evaporator.

For the evaporator, the calculated values showed little difference between R-22 and
R-290 at 70 Hz, being in the range of 0.04 kW; however, the values for R-290 at 60 Hz
were unexpected, since the value was almost four times lower, as shown in Figure 12.

It is known that some authors such as Ref. [7, 14], mention that the difference in
viscosity, being much smaller in R-290 compared to R-22, can cause a more efficient
heat exchange in the evaporator, which causes a reduction in the entropy of the
system and reduces the final exergy value [7, 14].

During tests at the UFPA Refrigeration Laboratory, shown in Figure 12, the evap-
orator generated irreversibility’s at values between two and four times greater

Figure 10.
Superheating of steam processes.

Figure 11.
Calculated exergy for the condenser.
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compared to the condenser. Being the highest average value calculated for R-22,
followed by the average value calculated for R-290 at 70 Hz.

The calculation of exergy in the expansion device generated values that attracted
more attention since being a component developed for operation with R-22 fluid, it
still generated the highest energy value when comparing fluids and operating fre-
quencies.

When observed in the steady state, the calculated irreversibility’s were, respec-
tively, 0.16 kW, 0.13 kW and 0.10 kW, for R-22, for R-290 at 70 Hz and R-290 at
60 Hz.

Again, possibly the lower viscosity of R-290 reduced the variation in entropy and
enthalpy at the inlet and outlet of the expansion device, causing lower irreversibility.
Even so, the expansion device generated exergies up to eight times greater than the
evaporator.

One of the advantages of exergy analysis over energy analysis is exactly the con-
sideration of the variation in entropy in each component, as shown in the graph in
Figure 13, which shows the variation in exergy calculated for the component with the
highest energy consumption of the entire system, the compressor.

The main point of energy analysis is the calculation of the COP, which is the
amount of power absorbed in the evaporator over the electrical power consumed by
the equipment during operation. For the evaluated system, the COPs were calculated
for the three tests and the data were plotted on the graphs in Figures 14 and 15.

This value agrees with the increase in electrical consumption even above the value
collected for operation with R-22 and generating a COP equal to 4.21% at an evapora-
tion temperature above that at which R-22 works, that is, the COP value would be
even lower if the evaporation pressure had been reduced and the exergy value would
also exceed the value of 0.52 kW, as the entropy difference would increase.

The exergy analysis also provides the system efficiency factor, making a relation-
ship between the availability in the evaporator and the total electricity consumption of
the equipment [1, 10, 13, 14].

In the steady state, as in Figure 14, the calculated COP for the R-22 was 3.491;
for the R-290, with a frequency of 60 Hz, it was 3.570, an increase of 2.26% and
3.344 for the frequency of 70 Hz, a reduction of 4.21%, respectively, when
compared to the synthetic fluid. Again, this indicates that the increase in

Figure 12.
Calculated exergy for the evaporator.
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Figure 13.
Calculated compressor exergy.

Figure 14.
Refrigeration system performance coefficient.

Figure 15.
Exergetic efficiency of the refrigeration system.
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frequency made the compressor less efficient, even with the increase in
volumetric displacement.

Figure 15 shows the result of the exergetic analysis in the refrigeration system.
It is important to remember that even though R-290 at 60 Hz has a COP value

greater than that of R-22, this difference was due to the fact that the evaporation
temperature of R-290 was higher, where the average of R-290 was 2.2°C and R-22
averaged 0.8°C.

In addition to the energy analysis, the exergy factors and irreversibility of the
system were calculated as a way of complementing the explanations of the system’s
characteristics and mainly the negative points that occurred when increasing the
operating frequency from 60 Hz to 70 Hz.

It is known that some authors, such as Refs. [7, 14], mention that the difference in
viscosity, being much smaller in R-290 compared to R-22, can cause a more efficient
heat exchange in the evaporator, which causes a reduction in the entropy of the
system and reduces the final exergy value [7, 14].

In steady state, the exergetic efficiency values, as shown in Figure 15, were 34%
for R-22 and 32% for R-290 at 60 Hz, while the efficiency for R-290 at 70 Hz was 27%,
as shown in Table 2 summarizes the main properties related to the use of energy and
exergy by the system.

The observation focuses on the following detail: the pressure and temperature
values for R-290 at 60 and 70 Hz had a difference of 2%, so the temperature of the
chilled water was the same for both tests, which contributes to the idea that there was
a drop in the electrical efficiency of the engine being driven by the frequency inverter,
confirmed by the increase in condensing pressure and power consumption.

4. Conclusions

Taking into account the psychrometric conditions of the UFPA Refrigeration Lab-
oratory, it is possible to state that the tests to obtain data and the development of
energy and exergy analyses were satisfactory, as they presented the differences and
similarities between the two types of refrigerant fluids analyzed, providing subsidies
and conditions for replacing R-22 fluid with R-290.

The statement made above meets the needs listed by the national and international
market, as the refrigerant fluid R-22 was already discontinued in 2015; even so, in

Thermodynamic Properties Refrigerant Fluids

R-290
(60 Hz)

R-290
(70 Hz)

R-22

Exergy in the compressor (kW) 0,37 0,52 0,33

Exergy in the evaporator (kW) 0,02 0,04 0,04

Exergy in the expansion device (kW) 0,10 0,13 0,16

Exergy in the condenser (kW) 0,007 0,013 0,007

COP 3570 3344 3491

Exergetic Efficiency (%) 32 27 34

Table 2.
Summary of exergy properties.
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Brazil, this is the fluid most used in air conditioning systems, and it is as a substitute,
the R-410a fluid, as is known, will be discontinued in 2024, that is, it will be necessary
to use a refrigerant fluid to replace the fluids currently used.

Even so, after completing the experiments and obtaining the calculations and
graphs of the refrigeration system components, some characteristics can be
highlighted:

• The use of flammable fluid, when operated by responsible and instructed
technicians, did not generate the slightest concern during operation.

• The use of natural refrigerant in a system originally designed for use with
synthetic refrigerant resulted in a reduction in evaporator power of 2%, however,
it increased COP by 3%.

• R-290 at a frequency of 60 Hz obtained an exergy efficiency only 2% lower than
R-22 operating at 60 Hz.

As it is a flammable fluid, there are risks associated with the uncontrolled use
of R-290, which are minimized mainly by qualifying refrigeration technicians to
respect the rules necessary to carry out maintenance and monitoring of this type of
system.

In this way, this work adds to several others carried out, agreeing that the use of
the natural fluid R-290 is a refrigerant with excellent thermodynamic characteristics
for application in mechanical vapor compression refrigeration systems (mainly at low
condensation saturation pressure), high enthalpy (which helps to reduce the amount
of mass required in the system), compatibility with mineral lubricating fluid (elimi-
nating the use of highly hygroscopic synthetic lubricating fluids) and, as made clear in
this work, the reduction of electrical energy consumption.

According to the thermodynamic analysis developed for hydrocarbon fluids, it can
be observed:

• That natural fluids reduce the pressure levels developed in the condenser and
evaporator.

• Hydrocarbons have lower compressor discharge temperatures, providing longer
useful life for these components.

• The use of R-290 fluid and mixtures involving hydrocarbons provides a tripling
of the latent heat of vaporization in relation to R-134a. This factor leads to a
reduction of around 50% in the need for mass refrigerant charge in the
refrigeration system for the same equipment capacity.

• The coefficient of performance of the system with hydrocarbons and mixtures
showed an increase of around 5% in relation to R134a. Consequently, less
compression work is required for hydrocarbons in relation to R134a due to their
thermophysical properties related to density in the liquid and vapor phases.

Analyzing the results of the exergy analysis carried out in the residential Chiller
system, it is important to realize that the R-290 fluid, operating at a frequency of
60 Hz, presents itself as being the best condition to be used as a replacement fluid for
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R-22, in refrigeration and air conditioning systems, making it necessary to observe a
reduction in the quantity of fluid, in mass, to be placed in the systems, in addition to
the temperature and pressure conditions of evaporation and condensation, including
the subcooling and superheating processes during installation of systems.

It is important to note that, in Brazil, even with the use of R-22 fluid permitted
until 2015, with a total ban in 2030, there are still many air conditioning and refriger-
ation systems in normal operation using this HCFC. It is necessary to develop a
strategic plan for recycling or definitive disposal of this and other discontinued or
banned refrigerants in the world, avoiding the practice of releasing these fluids into
the local atmosphere during system maintenance.

One of the viable solutions would be the creation or adaptation of companies to
reuse or dispose of these fluids, in addition to providing training on the use and
disposal of refrigerant fluids for technicians, engineers and other people involved in
the refrigerant fluid chain in each of the States. from Brazil.

Although R-290 fluid is classified by ASHAE as a flammable refrigerant, it has a
very low GWP and ODP equal to zero. This is a natural tendency to replace the
current refrigerant fluids used, and this work proved that the R-290 refrigerant is one
of the best substitutes for R-22. However, there is a need to carry out training for those
involved with the systems, for their perfect use and destination, in air conditioning
and refrigeration systems.

Thus, it is possible to use the existing compressor platform for synthetic refriger-
ant fluids with very few modifications for operation with natural fluid, reducing the
cost of research and development, in addition to reducing the use of oils with a
complex chemical composition that is quite aggressive to the environment and mainly
the focus on reducing electricity consumption, which brings together the objectives of
always benefiting the Environment, Sustainability and the rational use of electricity
seeking to reduce pollutant emissions.

In the same way as was carried out with the R-22 fluid, other research is being
carried out in the UFPA Refrigeration Laboratory in order to carry out new energy
and exergy analyses of the systems, aiming to replace these fluids, such as ammonia
and R-410a fluid, for other refrigerants that do not contribute to global warming or
the degradation of the Earth’s Ozone layer.
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