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ABSTRACT

This project explores the design and performance of q solar-powered dircet-indireet evaporative
cooling system aimed at providing cnergy cfficient air conditioning, particularly in hot and dry
climates. The system integrates a copper tube-based indireet heat exchanger

with a direot
evaporative cooling stage using a clay-basce

d cooling pad. Nanoparticle-enhanced water is used
¢ to improve thermal conductivity and enhance heat transfe
passes through the indirect exchanger, where it is s
followed by the direct st

in the indirect stag, r. Air initially
cnsibly cooled without moisture addition,
age where it is {urther cooled via evaporation. The system is powered by
solar energy, supported by a battery for uninterrupted operation. Performance parameters such as
cooling load, airflow rate, and evaporation rate have been caleulated for sy

stem optimization,
The des

ign demonstrates significant potential in reducing electricity consumption and promoting
sustainable cooling practices. The compact, modular design cnsures case of maintenance and
scalability, making it suitable for residential and small commercial applications.
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Sustainable Space Cooling through Solar Assisted Evaporative System with 2025
Porous Pads

1. Introduction

The increasing demand for energy-efficient and environmentally friendly cooling
technologies has led to significant interest in alternative air conditioning systems.
Traditional vapor-compression systems, although effective, are highly energy-intensive
and contribute to greenhouse gas emissions. In contrast, evaporative cooling offers a
sustainable solution by utilizing the natural process of water evaporation to reduce air
temperature. Particularly in arid and semi-arid regions, evaporative cooling systems can
provide sufficient thermal comfort with minimal energy usage. Among various
configurations, the direct-indirect evaporative cooling (DIEC) system has emerged as a
promising hybrid approach. It combines the advantages of both indirect and direct cooling
mechanisms to enhance overall performance. In the indirect stage, air is sensibly cooled
without adding moisture, typically using a heat exchanger. The direct stage then further
cools the air through evaporation, which adds humidity. This dual-stage configuration
results in cooler air output compared to direct evaporative cooling alone, with better control
over humidity levels.

Working Principle of Evaporative Cooling:

e Evaporative cooling works on the principle of heat absorption during water
evaporation. When worm air passes over or through water some of the water absorbs
heat from the air and evaporates.

e This phase change from liquid to vapor draws out heat, resulting in cooler air.

e The process is energy efficient and eco-friendly, commonly used in cooling systems for

hot and dry climates.

COOL AIR

PUMP | 4 T 5 ’ s p

o
WARM AIR

WATER
SUPPLY HOSE
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1.1 Background

1.1.1. Growing Demand for Energy-Efficient Cooling Solutions

The demand for energy-efficient cooling solutions has witnessed an unprecedented rise in
recent decades, largely driven by the combined effects of population growth, urbanization,
climate change, and an increasing dependency on indoor thermal comfort. Cooling is no
longer considered a luxury but an essential requirement for human well-being, industrial
productivity, and the preservation of perishable commodities. However, the sharp increase
in cooling demand poses a serious challenge to global energy systems, particularly as
conventional cooling technologies remain highly energy-intensive and environmentally
unsustainable. This context has accelerated research and development in energy-efficient
and sustainable cooling technologies, such as solar-assisted evaporative cooling systems,
which aim to reduce energy consumption while maintaining indoor comfort.

Global Cooling Demand Trends

Region Current Cooling Share of | Projected Increase by 2050
Electricity (%)

Global 10 x3

South Asia 12 x4

Middle East 15 x3.5

India 10 x8 (by 2038)

Global Energy Trends and Cooling Needs

Global energy consumption has grown at a remarkable pace, with projections indicating that
it will continue to rise significantly in the coming decades. According to international
energy statistics, cooling already accounts for more than 10% of global electricity
consumption, and in some regions, such as South Asia and the Middle East, this share is
even higher. The International Energy Agency (IEA) predicts that by 2050, cooling demand
could triple due to rising incomes, expanding urban populations, and increasing
temperatures associated with climate change. This growth will disproportionately affect
developing nations, particularly those in tropical and subtropical climates, where access to
affordable and reliable cooling is both a health and economic necessity. India serves as a

prime example of this global trend. With its rapidly expanding population, growing middle
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class, and increasing exposure to extreme heatwaves, the country faces a critical surge in
cooling demand. Studies estimate that by 2038, India’s cooling demand will be eight times
higher than current levels, making it one of the largest contributors to global growth in
cooling-related energy consumption. This situation highlights the urgent need for
alternative approaches that reduce the strain on electricity grids while providing sustainable

thermal comfort.

Urbanization and Lifestyle Changes
Another key driver of growing cooling demand is urbanization. More than half of the
world’s population now resides in cities, where high population density, increased
infrastructure, and widespread use of heat-retaining materials create “urban heat islands.”
These urban environments experience higher ambient temperatures compared to
surrounding rural areas, amplifying the need for cooling. Additionally, lifestyle changes
brought about by rising incomes and aspirations for modern living standards have
normalized the expectation of air-conditioned indoor environments in homes, offices, and
vehicles. Commercial spaces, such as shopping malls, hospitals, and data centers, further
intensify the requirement for reliable cooling. In fact, cooling is critical not only for human
comfort but also for sustaining modern infrastructure. For example, electronic equipment,
including servers in data centers, requires continuous cooling to function effectively. As
global digitalization and cloud computing expand, the energy required for cooling IT
infrastructure is projected to increase exponentially. Without efficient alternatives,
conventional mechanical refrigeration systems would impose an unsustainable burden on

global energy supplies.

Climate Change and Rising Temperatures

Climate change represents another major factor contributing to the escalating demand for
cooling. The Earth’s average surface temperature has risen by approximately 1.1°C since
the late 19th century, with heatwaves becoming more frequent and severe. Regions such as
South Asia, the Middle East, and parts of Africa now experience dangerously high summer
temperatures, often exceeding human tolerance thresholds. Under these conditions, access
to effective cooling technologies becomes essential not just for comfort but for survival.
Heat-related mortality and morbidity are becoming increasingly prevalent, particularly

among vulnerable groups such as the elderly, children, and outdoor workers. Reports show
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that during extreme heat events, mortality rates can spike significantly in regions where air
conditioning is unavailable or unaffordable. Consequently, the role of cooling is now
considered a crucial adaptation strategy in mitigating the health impacts of climate change.
At the same time, however, conventional cooling technologies contribute significantly to
greenhouse gas emissions, creating a feedback loop that exacerbates climate change. Vapor
compression refrigeration systems, which dominate the market, not only consume large
amounts of electricity but also rely on refrigerants with high global warming potential. This
dual impact highlights the urgent need for a shift toward energy-efficient and

environmentally responsible cooling solutions.

Economic Implications of Cooling Demand

The rising demand for cooling also has profound economic implications. On one hand, the
cooling sector represents a rapidly expanding market, with opportunities for innovation
and employment. On the other hand, the cost of electricity required to power conventional
cooling systems is a significant burden on households and industries, especially in regions
with limited financial resources. In countries like India, where millions of households
remain energy-insecure, affordable cooling technologies are critical for bridging the gap
between rising demand and limited supply. Furthermore, high energy demand during peak
summer months often leads to electricity shortages and grid instability. Utilities must either
invest in costly infrastructure upgrades to handle peak loads or resort to load shedding, both
of which are unsustainable in the long term. Thus, improving the energy efficiency of

cooling systems is not only an environmental necessity but also an economic imperative.

Energy Challenges and Inefficiency of Conventional Cooling Systems

While the global demand for cooling is accelerating at a rapid pace, one of the most critical
challenges lies in the inherent inefficiency and unsustainable nature of conventional
refrigeration and air conditioning technologies. The overwhelming majority of cooling
systems deployed worldwide are based on vapor compression refrigeration cycles, which,
although technologically mature and effective in lowering air temperature, consume
enormous amounts of electricity and rely on refrigerants that pose significant

environmental hazards. These shortcomings amplify the urgency of developing energy-
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efficient alternatives, especially in light of increasing population pressures, rapid urban

growth, and the effects of climate change.

Energy Intensity of Conventional Cooling Systems

The vapor compression cycle, the backbone of most air conditioners and refrigeration units,
is fundamentally energy-intensive. It relies on mechanical compressors that consume large
amounts of electrical power to circulate refrigerants between evaporator and condenser
units. Globally, the cooling sector is estimated to consume nearly 2,000 terawatt-hours
(TWh) of electricity annually, which accounts for about 10% of total global electricity
demand. This figure is projected to rise substantially as developing nations expand their
cooling infrastructure to meet growing population needs and rising indoor comfort
expectations. For perspective, the International Energy Agency (IEA) projects that the
number of air conditioning units worldwide will increase from about 2 billion today to over
5.6 billion by 2050. This explosion in demand will more than triple global electricity
consumption for cooling unless energy-efficient technologies are widely adopted. Such
growth represents a colossal challenge for power generation systems, which must not only
supply this additional energy but also do so in a manner that minimizes environmental

harm.

Peak Demand and Grid Stress
Cooling systems are unique in that their electricity consumption often peaks during the
hottest hours of the day and hottest months of the year. This creates severe stress on
electricity grids, particularly in countries where infrastructure is already underdeveloped or
where electricity generation capacity is limited. For example, in India, the rapid growth of
air conditioner ownership has led to sharp spikes in peak demand during summer, with
entire states experiencing blackouts due to grid overload. This phenomenon, known as the
“peak demand problem,” forces utilities to either invest heavily in new infrastructure—
often powered by fossil fuels—or ration electricity supply through rolling blackouts. Both
approaches are economically and environmentally unsustainable. The reliance on fossil

fuel-based peak power plants, in particular, contributes directly to greenhouse gas
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emissions, negating any climate adaptation benefits provided by cooling technologies. In
addition, peak demand situations often drive up electricity costs, disproportionately
affecting low-income households that already struggle to afford basic cooling solutions.
Thus, the inefficiency of conventional cooling not only impacts energy systems but also
reinforces patterns of social inequality, where wealthier households can afford continuous

air conditioning while poorer communities suffer from heat exposure.

Environmental Impact of Refrigerants

Beyond electricity consumption, conventional cooling technologies contribute significantly
to climate change through the use of refrigerants with high global warming potential
(GWP). Historically, chlorofluorocarbons (CFCs) were widely used, but their ozone-
depleting properties led to their phase-out under the Montreal Protocol. They were replaced
by hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs). While these
alternatives have lower ozone depletion potential, many still possess GWP values
thousands of times greater than carbon dioxide. For instance, HFC-134a, one of the most
commonly used refrigerants, has a GWP of approximately 1,430 times that of CO: over a
100-year period. This means that leaks or improper disposal of even small amounts of
refrigerant can have catastrophic climate consequences. According to estimates, refrigerant
emissions alone account for nearly 2% of global greenhouse gas emissions, and this figure
will rise if reliance on vapor compression cooling systems continues to grow unchecked.
Efforts are being made to transition to natural refrigerants such as ammonia, carbon
dioxide, and hydrocarbons, which have much lower environmental impact. However, the
widespread adoption of such alternatives faces technical and safety challenges, particularly
in regions with limited resources. This reinforces the need for cooling solutions that
minimize or entirely avoid the use of harmful refrigerants, such as evaporative cooling

systems.

Efficiency Limitations and Coefficient of Performance (COP)

Another pressing issue is the inherent efficiency limitations of vapor compression systems.
The performance of these systems is typically measured in terms of the Coefficient of
Performance (COP), which represents the ratio of cooling output to energy input.
Conventional air conditioners usually achieve COP values ranging from 3 to 4, meaning

that for every unit of electricity consumed, only three to four units of cooling are delivered.

Department of Mechanical Engineering, SITCOE Page 6



Sustainable Space Cooling through Solar Assisted Evaporative System with 2025
Porous Pads

In contrast, evaporative cooling systems, as highlighted in your review paper, can achieve
COP values as high as 15 to 20, depending on environmental conditions. This dramatic
difference underscores the inefficiency of conventional systems, which consume
significantly more energy for the same level of thermal comfort. Moreover, the
performance of vapor compression systems tends to decline in extremely hot environments,

where they are often needed the most, further compounding the problem.

Energy Security and Dependence on Fossil Fuels

The increasing reliance on energy-intensive cooling systems also raises concerns about
energy security. In many developing nations, electricity generation is still heavily
dependent on fossil fuels, particularly coal. As cooling demand grows, these countries face
the dual challenge of meeting rising electricity needs while attempting to transition toward
cleaner energy sources. For example, India’s electricity system is still predominantly coal-
based, and meeting the projected surge in cooling demand would require either massive
investments in renewable energy infrastructure or a continued reliance on coal. The latter
option is clearly unsustainable, as it would exacerbate air pollution, carbon emissions, and
public health crises. On the other hand, failing to meet growing demand risks economic
losses and social unrest, particularly during extreme heat events. This situation creates a
policy dilemma where sustainable, energy-efficient cooling solutions become not just
desirable but necessary for maintaining energy security and supporting long-term

development.

The Economic Cost of Inefficiency
The inefficiency of conventional cooling also translates into substantial economic costs at
both household and national levels. For households, electricity bills associated with
continuous use of air conditioning can account for a significant portion of monthly
expenses. In low- and middle-income countries, this often forces families to make difficult
trade-offs between cooling and other essential needs, such as food and healthcare. At the
national level, the cost of importing fossil fuels to power electricity generation increases
financial burdens, particularly for countries with limited domestic resources. Additionally,
subsidies on electricity, which are common in many developing countries, further strain

government budgets when cooling demand soars. These subsidies often disproportionately
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benefit wealthier households that can afford air conditioning, while diverting resources

away from poverty reduction and infrastructure development.

Global Initiatives, Renewable Integration, and Efficiency Drive

International Policy and Agreements

The rising demand for cooling has triggered major global initiatives aimed at improving
energy efficiency and reducing the environmental footprint of air conditioning. One of the
landmark frameworks is the Kigali Amendment to the Montreal Protocol, adopted in 2016,
which specifically targets the phasedown of hydrofluorocarbons (HFCs). Although HFCs
were originally introduced as replacements for ozone-depleting CFCs and HCFCs, they
turned out to be potent greenhouse gases with global warming potentials ranging into the
thousands. By committing to reduce HFC consumption by more than 80% over the next
three decades, the Kigali Amendment represents a significant international effort to
mitigate the climate impact of cooling. In parallel, the Paris Agreement (2015) emphasized
the importance of keeping global warming well below 2°C above pre-industrial levels.
Since cooling demand directly drives electricity consumption and emissions, enhancing
energy efficiency in the cooling sector is central to achieving national climate goals. Many
countries have since incorporated cooling strategies into their Nationally Determined
Contributions (NDCs), recognizing that sustainable cooling is both a mitigation and
adaptation measure. Another influential initiative is the Cool Coalition, a multi-stakeholder
partnership coordinated by the United Nations Environment Programme (UNEP). The
coalition brings together governments, businesses, international organizations, and civil
society to accelerate the adoption of energy-efficient, climate-friendly cooling. Its focus
extends beyond air conditioning to encompass passive cooling, district cooling, and nature-

based solutions, illustrating the need for a holistic approach to the cooling challenge.

National Policies and Cooling Action Plans

At the national level, several countries have developed Cooling Action Plans to address
the rapid growth in cooling demand. For example, India launched its India Cooling Action
Plan (ICAP) in 2019, becoming the first country in the world to do so. The ICAP outlines
strategies to reduce cooling demand by 20% to 25% by 2037-38, improve efficiency by
25% to 40%, and reduce refrigerant demand by 25% to 30%. It also emphasizes the

promotion of sustainable technologies such as evaporative cooling, district cooling, and
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passive building design. Other countries in Asia, the Middle East, and Africa are exploring
similar frameworks, with a focus on integrating renewable energy sources into cooling
systems. For instance, the United Arab Emirates has invested in large-scale district cooling
systems, while Singapore has promoted green building standards that mandate energy-
efficient air conditioning and encourage natural ventilation. These national strategies are
critical in shaping the future direction of cooling technologies and creating enabling

environments for innovation.

Renewable Energy as a Driver of Sustainable Cooling

The integration of renewable energy into cooling systems is increasingly recognized as a
necessary pathway to sustainability. Solar energy, in particular, is highly synergistic with
cooling demand, as solar radiation peaks during the hottest parts of the day when cooling
needs are also at their highest. This natural alignment makes solar-powered cooling systems
especially attractive for reducing reliance on fossil fuels and mitigating peak load stress on
electricity grids. Solar-assisted cooling technologies can be implemented in various forms,
ranging from photovoltaic (PV)-driven air conditioners to solar thermal-driven absorption
cooling systems. However, one of the most promising and cost-effective applications is
solar-assisted evaporative cooling, which combines the low energy requirements of
evaporative cooling with the renewable power supply of solar panels. As described in your
report, the use of solar-powered pumps and blowers ensures off-grid applicability, making
these systems particularly suitable for rural and remote regions with limited access to
electricity. Beyond solar, other renewable sources such as wind and biomass have also been
considered for powering cooling systems, though their intermittent or resource-specific
nature limits widespread application compared to solar. Nevertheless, hybrid renewable
systems that integrate solar with other sources can offer resilience and reliability for large-
scale deployment.

Innovation in Sustainable Cooling Technologies

Technological innovation is at the forefront of the shift toward energy-efficient cooling.
Research has advanced on multiple fronts, including the development of new cooling
media, enhanced system designs, and hybrid approaches that combine different cooling
principles.

1. Advanced Cooling Media:

Department of Mechanical Engineering, SITCOE Page 9



Sustainable Space Cooling through Solar Assisted Evaporative System with 2025
Porous Pads

Conventional cellulose-based cooling pads, while effective, often suffer from durability
issues and limited efficiency. As highlighted in your review paper, alternative materials
such as terracotta bricks, porous concrete, natural fibres (coir, jute, rice husk), and textile
fabrics have demonstrated superior water retention, evaporation rates, and sustainability.
These innovations not only improve system performance but also reduce dependence on
costly synthetic materials. Nanotechnology has emerged as another transformative
innovation. Nanofluids—engineered suspensions of nanoparticles in base fluids—exhibit
enhanced thermal conductivity and heat transfer properties. Incorporating nanofluids such
as copper oxide (CuO) or aluminum oxide (Al.Os) into heat exchangers has shown
significant improvements in indirect evaporative cooling performance. These findings, as
applied in your project, demonstrate the potential for combining traditional evaporative
cooling principles with advanced materials to achieve higher efficiency and lower energy
consumption.

2. Hybrid Cooling Systems:

Hybrid designs, such as indirect-direct evaporative cooling (IDEC), combine the
advantages of sensible cooling without humidity addition (indirect) with the enhanced
temperature reduction of direct evaporative cooling. Such systems are capable of delivering
air temperatures below the wet-bulb temperature, making them highly effective even in
challenging climates. The integration of hybrid systems with solar energy further amplifies
their potential for sustainable performance.

3. Integration with Smart Technologies:

The rise of smart technologies and the Internet of Things (IoT) is enabling dynamic control
and monitoring of cooling systems. Sensors can track temperature, humidity, and system
performance in real-time, while automated control algorithms optimize energy use. For
example, in your system design, sensors are positioned before and after each cooling stage
to evaluate efficiency, ensuring accurate data collection for optimization. Such features
align with broader trends in smart, adaptive cooling systems that adjust operation based on

real-time conditions.

Building Design and Passive Cooling
Energy-efficient cooling is not limited to mechanical systems alone. The design of
buildings plays a critical role in determining overall cooling requirements. Passive cooling

strategies such as proper orientation, shading devices, reflective roofing, and natural
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ventilation can drastically reduce cooling loads. Combining these passive measures with
active systems like evaporative cooling creates a comprehensive approach that maximizes
efficiency. Green building standards, such as LEED (Leadership in Energy and
Environmental Design) and BREEAM (Building Research Establishment Environmental
Assessment Method), increasingly incorporate cooling efficiency as a critical parameter. In
hot and dry climates, evaporative cooling technologies are particularly well-suited to
complement passive strategies, thereby reducing the overall need for high-energy air

conditioning.

Industrial and Agricultural Applications

The need for energy-efficient cooling extends beyond residential and commercial spaces to
industrial and agricultural applications. In agriculture, evaporative cooling is used for
greenhouses, poultry farms, and cold storage, where maintaining optimal temperature and
humidity is essential for productivity and product quality. Traditional refrigeration in these
contexts is often too costly and energy-intensive, particularly in developing countries. By
contrast, solar-assisted evaporative cooling systems offer an affordable and sustainable
alternative for rural agricultural communities. They not only reduce operational costs but
also extend the shelf life of perishable goods, contributing to food security and rural
livelihoods. Similarly, in industrial applications such as data centres and manufacturing
plants, efficient cooling is critical to ensuring equipment reliability and minimizing energy
costs. Emerging sustainable cooling technologies can therefore play a dual role in

supporting both economic productivity and environmental responsibility.

Evaporative Cooling Systems: Principles, Types, and Innovations

Principles of Evaporative Cooling

Evaporative cooling is based on a simple but highly effective natural principle: when water
evaporates, it absorbs heat from its surroundings. This process, known as the latent heat of
vaporization, causes the surrounding air temperature to decrease while increasing its
humidity. Unlike vapor compression systems, which rely on electricity-driven compressors
and harmful refrigerants, evaporative cooling uses the phase change of water as the primary
cooling mechanism. From a thermodynamic standpoint, evaporative cooling is an adiabatic

process, meaning the total enthalpy of the air remains constant during the cooling process.
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As unsaturated hot air passes over or through a wetted medium, water molecules evaporate
into the airstream, absorbing sensible heat from the air and thereby lowering its
temperature. The theoretical limit of this process is the wet-bulb temperature, which
represents the lowest achievable temperature through evaporation under given atmospheric
conditions . This natural mechanism makes evaporative cooling inherently energy-
efficient. Since the primary energy requirement is for pumping water and moving air
through the system, the electricity consumption is only a fraction of that required by
conventional vapor compression systems. Reported coefficients of performance (COPs) for
evaporative cooling systems can reach 15 to 20, significantly higher than the COP values
of 3 to 4 typically achieved by air conditioners.

Direct Evaporative Cooling (DEC)

In Direct Evaporative Cooling (DEC) systems, the air to be cooled comes into direct contact
with the water or wetted medium. As evaporation occurs, the air temperature decreases, but
its humidity increases proportionally. This simple configuration is low-cost, highly energy-
efficient, and effective in hot and dry climates where relative humidity is naturally low.
DEC systems are widely used in applications such as residential cooling, workshops,
poultry farms, and short-term storage of agricultural products. They can deliver significant
temperature reductions—often as much as 10°C to 15°C below ambient—while consuming
up to 90% less energy than mechanical refrigeration. However, the main limitation of DEC
lies in the increased humidity, which can reduce comfort in already humid climates and
potentially lead to issues such as condensation, corrosion, or material degradation.
Indirect Evaporative Cooling (IEC)

Indirect Evaporative Cooling (IEC) systems overcome the humidity issue by separating
the primary (supply) air from the secondary (working) air that undergoes evaporation. Heat
exchangers are used to transfer heat from the supply air to the wetted secondary air, which
is then exhausted. This results in a reduction in supply air temperature without adding
moisture. [EC systems are suitable for a wider range of climates, including moderately
humid regions. However, since an additional heat transfer step is involved, their
effectiveness is generally lower than that of DEC. Still, [EC has the advantage of
maintaining indoor air quality and comfort while providing substantial energy savings
compared to conventional cooling. Research has shown that when properly designed, IEC
systems can achieve wet-bulb effectiveness values of 60% to 80%, making them highly

viable alternatives.
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Hybrid and Multistage Systems (IDEC)

To maximize performance, researchers and industry practitioners have increasingly turned
to hybrid evaporative cooling systems that combine the advantages of direct and indirect
approaches. One of the most promising configurations is the Indirect-Direct Evaporative
Cooling System (IDEC). In IDEC systems, the air first passes through an indirect stage,
where it is sensibly cooled without moisture addition. This pre-cooled air then moves into
the direct stage for further evaporative cooling, resulting in air temperatures that can drop
below the wet-bulb temperature. Such systems achieve cooling effectiveness levels
between 90% and 115%, far exceeding the capability of standalone DEC or IEC systems .
Our project report applies precisely this principle, with an experimental setup that allows
the direct and indirect stages to be interchanged. This feature enables systematic evaluation
of performance under different arrangements, offering insights into the most efficient
configurations for real-world applications.

Innovations in Cooling Pad Materials

One of the most critical components in evaporative cooling systems is the cooling pad,
which serves as the medium for water evaporation. Traditional cellulose-based pads,
though widely used, face limitations such as limited durability, susceptibility to clogging,
and higher costs. Consequently, significant research has focused on developing innovative,

sustainable pad materials that enhance efficiency and reduce environmental impact.

Recent studies highlighted in your review paper have explored a range of natural and

porous materials such as:

e Terracotta bricks — excellent porosity, water absorption, and durability; used in your
project as the direct cooling medium.

e Porous concrete — cement-free alternatives showing effectiveness up to 97%, with
additional structural strength.

e Natural fibers (coir, jute, rice husk, palm fiber) — biodegradable, low-cost, and locally
available, reducing environmental footprint.

e Textile fabrics — superior wicking and capillary action compared to kraft paper, with
absorbency levels up to 355% higher.

e Clay-based and mud pads — sustainable and low-cost options with strong evaporative

potential, ideal for rural applications.
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These innovations not only improve performance but also support circular economy
principles by utilizing local, renewable resources. In addition, porous pads often provide
self-cooling and structural functions, further enhancing system sustainability.

Role of Nanofluids in Enhancing Efficiency

Another key innovation involves the use of nanofluids as working fluids in heat exchangers.

Nanofluids are engineered by suspending nanoparticles such as AlOs (aluminum oxide),

CuO (copper oxide), or TiO: (titanium dioxide) in water. These suspensions exhibit

enhanced thermal conductivity, heat transfer coefficients, and stability compared to plain

water. Research shows that nanofluids can improve the heat transfer rate in indirect
evaporative cooling systems by 20% to 40%, leading to higher cooling capacities and

reduced energy consumption .

For example:

e Ganesha et al. (2023) reported that an indirect-direct system using Al:Os nanofluid
achieved 96% cooling efficiency and a COP of 5.9, outperforming conventional
systems.

e Colangelo et al. (2022) found that nanofluid-enhanced desiccant cooling improved

performance by 21% compared to water-glycol systems.

In our project , nanofluids (CuO and Al2Os) are applied in a copper heat exchanger to boost
indirect cooling performance. By leveraging nanotechnology, the system maximizes
sensible heat transfer while minimizing additional energy input, aligning perfectly with the

goal of energy-efficient cooling.

System Design and Smart Integration

Beyond pad materials and working fluids, system design innovations are critical for

optimizing performance. These include:

e Finned and corrugated heat exchangers to increase surface area and enhance heat
transfer.

e Heat pipes and capsule-embossed plates to improve efficiency in IEC systems.

e Dual-stage configurations for expanded applicability across diverse climates.

e Sensor-based monitoring systems for real-time tracking of temperature, humidity, and

water usage, enabling adaptive control.
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Our report highlights the use of strategically placed sensors at multiple points before the
direct stage, after the direct stage, and after the indirect stage. This arrangement provides
comprehensive thermodynamic data, facilitating performance evaluation and optimization.
The inclusion of solar-powered pumps and fans further ensures system sustainability by

reducing dependence on grid electricity.

Broader Applicability of Evaporative Cooling

Evaporative cooling is not limited to residential or small-scale applications. It has proven

effective across multiple sectors:

e Agriculture: cooling of greenhouses, poultry houses, and storage facilities.

¢ Industrial: maintaining suitable conditions in data centers, workshops, and

e manufacturing plants.

e Commercial: cost-effective air conditioning for malls, offices, and educational

e institutions.

e Energy: enhancing photovoltaic performance by cooling solar panels, improving

e cfficiency by up to 15% . The versatility of evaporative cooling systems, combined with
their low energy requirements, positions them as a cornerstone of sustainable cooling

strategies worldwide.

1.1.2. Environmental Impact of Conventional Air Conditioning (High Electricity Use,
Greenhouse Gases)

Energy Consumption and Electricity Burden of Air Conditioning

The environmental impact of conventional air conditioning begins with its overwhelming
demand for electricity. Air conditioning systems are among the most energy-intensive
household and commercial appliances, consuming far more power per unit than most other
devices. With the rise of global incomes, increasing urbanization, and climate change, the
number of air conditioning units in operation has risen dramatically, and with it, electricity

consumption has skyrocketed.
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Scale of Electricity Use

According to the International Energy Agency (IEA), air conditioners and electric fans
already account for about 20% of electricity use in buildings worldwide. In raw numbers,
cooling accounts for nearly 2,000 terawatt-hours (TWh) of electricity annually, equivalent
to the combined annual electricity consumption of the United States and Japan. Projections
suggest that by 2050, the number of air conditioning units globally will rise from around 2
billion today to 5.6 billion, tripling electricity demand for cooling unless efficiency
improves. This explosion in demand has significant consequences for energy infrastructure.
In many countries, air conditioning demand peaks during the hottest hours of the day,
creating severe stress on electricity grids. For instance, in India, rising ownership of room
air conditioners has already caused a notable increase in peak demand during summer
months, sometimes leading to grid instability and blackouts. The need for massive
electricity supply expansions to meet this demand poses challenges for both energy security
and environmental sustainability. 0

Inefficiency and Energy Waste

The most widely used cooling technology is the vapor compression cycle, which employs
electrically driven compressors to circulate refrigerant. While effective, these systems are
inherently inefficient, with Coefficient of Performance (COP) values typically between 3
and 4. This means that for every unit of electricity consumed, only three to four units of
cooling are delivered. By contrast, alternative cooling systems such as evaporative cooling
have COP values ranging between 15 and 20, highlighting the enormous energy waste of
conventional systems. Despite this inefficiency, vapor compression cooling dominates
global markets due to its availability, affordability, and performance across a wide range
of climates. However, this reliance on inefficient systems translates directly into higher
electricity generation needs. Since much of the world’s electricity is still produced from
fossil fuels, primarily coal and natural gas, the environmental footprint of air conditioning

is compounded by the emissions associated with electricity generation.

Peak Load and Grid Implications

Cooling demand is not evenly distributed throughout the day or year. Instead, it is highly
concentrated during hot afternoons and summer months, coinciding with times of
maximum solar radiation and extreme heat. This creates the so-called peak load problem,

where electricity demand spikes far above average consumption levels.
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To handle these peaks, utilities must either:

Build additional generation capacity (often powered by fossil fuels, such as gas turbines
designed for quick start-up), or Resort to load shedding or blackouts, particularly in regions
with weaker infrastructure. Both options come with serious drawbacks. The first increases
emissions and financial costs, while the second undermines economic productivity and
public health. For example, during the 2012 India blackout, which affected over 600 million
people, one of the contributing factors was a surge in cooling-related electricity use during

a severe heatwave.

Economic Costs of Energy Use

The enormous electricity consumption of air conditioning also translates into financial
burdens. Households in hot climates often spend a large share of their income on electricity
bills due to air conditioning. In countries with energy subsidies, governments face growing
fiscal pressures as they try to shield citizens from high cooling costs. For instance, in the
Middle East, where air conditioning can account for up to 70% of summer peak electricity
demand, subsidies on electricity have created unsustainable budgetary strains. These
economic costs intertwine with environmental impacts. Increased reliance on fossil fuels
to meet cooling demand worsens air pollution and greenhouse gas emissions, creating a
feedback loop: higher temperatures drive greater cooling demand, which increases

emissions, leading to even higher temperatures.

Refrigerants and Greenhouse Gas Emissions

Historical Use of Refrigerants

The story of refrigeration and air conditioning is closely tied to the evolution of refrigerants.
Early cooling systems in the 20th century used ammonia, sulfur dioxide, and hydrocarbons
as working fluids. While effective in heat transfer, these substances were toxic, flammable,
or corrosive, making them unsuitable for widespread residential use. To address these
safety concerns, the chemical industry developed chlorofluorocarbons (CFCs) in the 1930s.
Marketed as safe, stable, and efficient, CFCs became the dominant refrigerants for decades.
However, by the 1970s, scientists discovered that CFCs were destroying the stratospheric
ozone layer, which protects life on Earth from harmful ultraviolet (UV) radiation. The

resulting ozone hole over Antarctica became one of the defining environmental crises of
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the late 20th century. This led to the Montreal Protocol (1987), a landmark international

agreement to phase out CFCs. In their place, manufacturers introduced

hydrochlorofluorocarbons (HCFCs) and later hydrofluorocarbons (HFCs), which did not

deplete ozone but had other serious environmental consequences.

Global Warming Potential (GWP) of HFCs

Although HFCs solved the ozone problem, they turned out to be potent greenhouse gases.

Many HFCs have global warming potentials thousands of times greater than carbon dioxide

(CO2).

For example:

e HFC-134a (commonly used in car air conditioners) has a GWP of 1,430 over a 100-
year period.

e HFC-23, a by-product of HCFC production, has a staggering GWP of 12,400.

e Even widely used blends such as R-410A and R-404A have GWPs of 2,088 and 3,922,
respectively.

These values mean that the release of just 1 kilogram of HFC-134a has the same warming

effect as emitting 1.43 metric tons of CO:. Given the billions of air conditioning and

refrigeration units worldwide, even small leakages accumulate into a massive climate

burden. According to estimates, refrigerant emissions already account for nearly 2% of

global greenhouse gas emissions, and this share is expected to rise sharply as AC adoption

increases in developing nations.

Kigali Amendment and Phasedown of HFCs

Recognizing the climate threat of HFCs, world leaders adopted the Kigali Amendment to

the Montreal Protocol in 2016, committing to an 80—85% phasedown of HFCs by 2047.

This agreement is projected to avoid up to 0.4-0.5°C of global warming by the end of the

century, making it one of the most significant climate mitigation measures ever agreed

upon.

e However, phasing down HFCs poses challenges: Cost
and availability of alternatives: Natural refrigerants like ammonia (R-717), carbon
dioxide (R-744), and hydrocarbons (R-600a, R-290) are climate-friendly but face

technical barriers, such as flammability or high-pressure operation.
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e Infrastructure: Transitioning to new refrigerants requires redesigning equipment,
training technicians, and ensuring safe handling.
e Developing countries: Nations with fast-growing cooling demand often lack the

resources to adopt low-GWP refrigerants quickly.

This makes it critical to explore alternative cooling technologies that either use benign

refrigerants or avoid them altogether. Evaporative cooling systems, for instance, rely only

on water as the working fluid, eliminating the problem of high-GWP refrigerants entirely.

Leakage During Operation and Disposal

¢ One of the most damaging aspects of conventional air conditioning is the widespread
leakage of refrigerants. While refrigerants are meant to remain sealed within cooling
circuits, in practice, significant amounts escape during manufacturing, servicing,
operation, and disposal. Manufacturing stage: Improper sealing during production can
result in early leaks.

e Operational stage: Wear and tear in compressors, seals, and pipes often leads to slow
leaks, which accumulate over time.

e Servicing stage: During recharging or repair, technicians may accidentally vent
refrigerants into the atmosphere.

e End-of-life disposal: Old units are often scrapped without proper recovery of
refrigerants, leading to direct emissions.

According to UNEP, as much as 60—70% of refrigerant charge in air conditioning units can

eventually be released into the atmosphere over a unit’s lifetime. Given the GWP of

common refrigerants, this leakage represents a major climate risk.

Combined Emissions: Electricity + Refrigerants

The environmental burden of air conditioning is twofold:

1. Indirect emissions from the electricity consumed by vapor compression systems,
especially when powered by coal or natural gas.

2. Direct emissions from refrigerant leakage and disposal, which contribute
disproportionately to global warming due to their high GWP.

For example, the carbon footprint of a typical 1.5-ton split air conditioner in India includes:

e Indirect emissions: ~1,000—-1,500 kg CO- annually from electricity use.

e Direct emissions: ~200-500 kg CO: equivalent annually from refrigerant leakage.
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When multiplied across hundreds of millions of units, these emissions account for a

substantial share of national greenhouse gas inventories.

Why Refrigerant Alternatives Alone Are Not Enough

Although transitioning to low-GWP refrigerants is essential, it is not a silver bullet. Even
with natural refrigerants, vapor compression systems will continue to consume large
amounts of electricity and contribute to indirect emissions unless their efficiency is
radically improved. This highlights the importance of rethinking cooling technologies
altogether. Systems like solar-assisted evaporative cooling not only avoid harmful
refrigerants but also dramatically reduce electricity consumption. By addressing both direct
and indirect emissions simultaneously, they offer a holistic solution to the environmental
impacts of conventional air conditioning.

Lifecycle Environmental Impacts of Conventional Air Conditioning

Introduction to Lifecycle Assessment

To fully understand the environmental burden of conventional air conditioning, it is not
enough to focus only on operational electricity use or refrigerant emissions. A Lifecycle
Assessment (LCA) provides a broader perspective, evaluating environmental impacts at
every stage of a product’s life cycle—manufacturing, transport, operation, and end-of-life
disposal. For air conditioners, LCA studies consistently show that while electricity
consumption during operation contributes the largest share of environmental impact, the
manufacturing and disposal phases also play significant roles, particularly due to the use of
energy-intensive materials (like metals and plastics) and the improper handling of

refrigerants.

Raw Material Extraction and Manufacturing

The production of air conditioners requires a variety of materials, including:

e Metals: Copper (for coils and wiring), aluminum (for fins and frames), steel (for
structural components).

e Plastics: Used for casings, insulation, and tubing.

e Electronics: Control systems, sensors, compressors, and printed circuit boards.

Each of these materials has its own environmental footprint. For example:

e Copper mining is energy-intensive and often associated with deforestation, soil erosion,

and water contamination from acid mine drainage.
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¢ Aluminium production requires large amounts of electricity—about 14-16 MWh per
ton of aluminium, typically generated from fossil fuels in countries like China.

e Plastic production is derived from petroleum, contributing to greenhouse gas emissions
and creating long-term waste management issues.

Studies suggest that the manufacturing phase alone can account for 10-20% of the total

carbon footprint of an air conditioner’s lifecycle. This share increases when production

occurs in regions reliant on coal-fired electricity.

Transport and Distribution

Once manufactured, air conditioning units are transported from factories to distributors,

retailers, and eventually to end-users. Given the globalized nature of the cooling industry,

many units travel thousands of kilometers before reaching consumers. For instance, a large
proportion of the world’s AC units are produced in China, Thailand, and India, then
exported globally. The transportation phase contributes additional carbon emissions,
particularly when products are shipped via container vessels powered by heavy fuel oil.

While this phase represents a smaller share of total emissions compared to operation, it

remains an important consideration in lifecycle sustainability.

Operational Phase — The Dominant Contributor

The operational phase is by far the most environmentally impactful part of the lifecycle.

Two factors dominate here:

1. Electricity Consumption:

e As detailed earlier, vapor compression systems consume vast amounts of electricity,
much of which comes from fossil fuels.

e The carbon intensity of this electricity depends on the local energy mix. For example,
an air conditioner in France (where electricity is largely nuclear and renewable) has a
smaller footprint than one in India (where coal dominates).

2. Refrigerant Leakage:

e Over the typical 10-15 year lifespan of an air conditioner, leaks are almost inevitable.

e Improper servicing and poor maintenance can release large quantities of high-GWP
refrigerants into the atmosphere.

Lifecycle studies consistently show that the operational phase accounts for 70-80% of total

environmental impact for conventional AC systems. This makes improving efficiency and

reducing refrigerant use critical to reducing overall emissions.
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End-of-Life and Disposal

The end-of-life stage is another critical but often overlooked environmental hotspot.

Millions of air conditioners are discarded annually as they reach the end of their useful

lives, and improper disposal practices magnify their environmental impact.

e Key issues include:

e Refrigerant Recovery: Many units are simply scrapped without extracting the
refrigerant. This allows the entire refrigerant charge—often several kilograms per
unit—to escape directly into the atmosphere.

e [E-waste Challenges: Air conditioners contain electronic components, sensors, and
printed circuit boards that fall under electronic waste (e-waste) regulations. Improper
disposal can release toxic substances such as lead, cadmium, and brominated flame
retardants into soil and water.

e Material Recycling: While metals like copper and aluminum are often recycled due to
their value, plastics and insulation materials are rarely recovered. These contribute to
landfill volume and, in some cases, microplastic pollution.

According to UNEP, less than 30% of discarded cooling equipment worldwide undergoes

proper refrigerant recovery and recycling. This means the majority of discarded units

directly add to greenhouse gas emissions and waste management problems.

Cumulative Global Impact

When considering the entire lifecycle, the environmental footprint of air conditioning is

staggering:

e Carbon Emissions: Lifecycle emissions from the global fleet of air conditioners amount
to billions of tons of CO: equivalent annually.

e Resource Depletion: Copper, aluminum, and other finite resources are consumed at
massive scales, increasing mining pressure.

e Waste Generation: Millions of tons of e-waste and non-biodegradable plastics enter the
waste stream every year.

The combined impact is not only environmental but also economic and social, creating

challenges for waste management systems, increasing energy dependency, and

exacerbating climate change.

Comparison with Alternative Systems

By contrast, evaporative cooling systems have significantly lower lifecycle impacts:
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Materials: Often use natural or locally available materials such as terracotta, porous
concrete, or natural fibers.

Operation: Require minimal electricity (only fans and pumps), avoiding the massive
indirect emissions of vapor compression systems.

Refrigerants: Use only water, eliminating the problem of high-GWP gases.

Disposal: Components are biodegradable or recyclable, reducing e-waste concerns.

As highlighted in your report, integrating solar energy further minimizes the operational

footprint, enabling systems to run entirely off renewable power. This lifecycle advantage

makes solar-assisted evaporative cooling a strong candidate for widespread adoption in

both residential and industrial sectors.

Regional Environmental Impacts of Conventional AC

India: Cooling and Energy Security

India is one of the fastest-growing markets for air conditioning. With rising incomes, rapid

urbanization, and frequent heatwaves, AC ownership has increased exponentially.

However, this growth has major environmental and energy consequences:

Electricity burden: Cooling already accounts for about 10% of India’s peak electricity
demand, and projections suggest an eightfold increase in cooling demand by 2038.
Coal dependence: Since India’s electricity grid is heavily reliant on coal, increased AC
usage directly raises greenhouse gas emissions and worsens urban air pollution.

Heat island effect: Dense urban areas like Delhi and Mumbai experience extreme
summer temperatures, further driving AC usage and creating a feedback loop of energy
use and heat emissions.

Policy response: India’s Cooling Action Plan (ICAP, 2019) aims to reduce cooling
demand by 25% and refrigerant demand by 30% by 2038, but progress depends on

large-scale adoption of alternatives like evaporative and solar-assisted cooling.

Middle East: Air Conditioning as a Lifeline

In the Middle East, air conditioning is not a luxury but a necessity due to extremely high

summer temperatures. However, this dependency has far-reaching environmental impacts:

Peak load dominance: In Gulf countries such as Saudi Arabia, the UAE, and Kuwait,
50-70% of summer peak electricity demand comes from air conditioning.
Fossil fuel reliance: Much of this electricity is generated from oil and natural gas,

locking countries into carbon-intensive energy pathways.
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e Water-energy nexus: In some regions, desalinated water is used for cooling systems,
compounding environmental stress by increasing both energy and water footprints.

e Policy gap: While some countries have promoted district cooling systems and green
building codes, the region still faces severe challenges in transitioning away from
conventional vapor compression systems.

United States: High Emissions from Residential Cooling

The United States has one of the highest per capita rates of air conditioning usage in the

world:

e Market penetration: Over 90% of households in the U.S. use air conditioning, compared
to less than 10% in many developing countries.

e Electricity use: Residential cooling consumes about 400 TWh of electricity annually,
making it one of the single largest categories of household energy use.

e Carbon footprint: Since U.S. electricity is partly fossil fuel-based, AC-related emissions
contribute significantly to national greenhouse gas inventories.

e Regional disparities: Southern states like Texas and Florida have the highest demand,
with AC accounting for up to 27% of household electricity bills.

Even with stricter efficiency standards, the high saturation of air conditioning in the U.S.

highlights the long-term environmental costs of reliance on conventional systems.

Summary of Regional Impacts

Across different regions, the impacts of conventional air conditioning vary in scale but

share common themes:

e Rapidly rising electricity demand, especially during peak hours.

e Heavy reliance on fossil fuels, locking nations into carbon-intensive paths.

e Rising emissions of greenhouse gases, both from power generation and refrigerant
leaks.

e Policy responses exist but are often insufficient without alternative technologies.

1.1.3. Importance of Renewable and Sustainable Technologies in Thermal Comfort
Why Thermal Comfort Matters
Defining Thermal Comfort:-
Thermal comfort is the condition of mind in which a person feels satisfied with their

surrounding thermal environment. It is influenced by air temperature, humidity, air
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movement, and radiant heat. Maintaining thermal comfort is not simply a matter of
convenience but a fundamental necessity for health, well-being, and productivity.

Human Health and Well-Being:-

Extreme heat poses serious health risks, including heat exhaustion, heatstroke, dehydration,
and exacerbation of chronic diseases. Vulnerable populations such as the elderly, children,
and outdoor workers are particularly at risk. According to the World Health Organization
(WHO), heat-related mortality has been rising steadily, and climate change is expected to
make heatwaves more frequent and severe. Air conditioning has become the default
solution for achieving thermal comfort. However, conventional AC systems introduce the
environmental burdens already discussed. The challenge, therefore, is to provide thermal
comfort while minimizing negative impacts on the planet. Renewable and sustainable
technologies offer the means to achieve this balance.

Productivity and Economic Impact

Thermal comfort has direct implications for productivity, especially in workplaces and
educational institutions. Studies have shown that worker productivity decreases by 2% for
every 1°C rise in indoor temperature above 25°C. In schools, inadequate thermal comfort
impairs concentration, learning outcomes, and attendance. For industrial and commercial
facilities, maintaining comfortable indoor environments is essential for both workers and
equipment. Overheating can reduce efficiency of machines, degrade electronic
components, and increase downtime. Thus, providing thermal comfort is closely tied to

economic performance.

Climate Change and Rising Demand

The urgency of achieving thermal comfort sustainably is heightened by climate change.
Global temperatures are rising, with the past decade being the hottest on record. Heatwaves
are becoming longer and more intense, particularly in tropical and subtropical regions.
Without sustainable solutions, billions of people will increasingly turn to conventional air
conditioning, escalating the energy—emissions—warming feedback loop.

Energy Justice and Social Equity

Access to thermal comfort is also an issue of equity and social justice. In many developing
countries, the poorest populations—those most vulnerable to heat—cannot afford

conventional air conditioning. At the same time, wealthier households and businesses
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consume vast amounts of electricity for cooling, contributing disproportionately to
emissions. Sustainable cooling solutions such as solar-assisted evaporative cooling can
help bridge this gap. They are low-cost, environmentally friendly, and adaptable to rural as
well as urban settings. By ensuring broader access to thermal comfort, renewable

technologies promote inclusivity and resilience in the face of global warming.

Role of Renewable Energy in Cooling

The Natural Synergy Between Cooling Demand and Renewable Energy

One of the strongest arguments for using renewable energy in thermal comfort is the natural
timing alignment between energy demand and renewable availability. Cooling demand
typically peaks during hot summer afternoons, which coincides with maximum solar
radiation. This makes solar energy particularly well-suited to drive cooling systems, either
directly (solar thermal) or indirectly (solar PV). Similarly, wind energy often peaks during
hot evenings when temperature differences create pressure gradients that drive airflow,
providing additional renewable input. This complementarity allows renewables to address
one of the main drawbacks of conventional systems: the heavy reliance on fossil-fuel-based

electricity during peak hours.

Solar Energy in Cooling

Solar energy is the most widely applied renewable source for cooling, with two main

approaches:

1. Solar Photovoltaic (PV)-Powered Cooling

e Solar PV panels generate electricity, which powers fans, pumps, or compressors in
cooling systems.

e Particularly effective for evaporative cooling systems, where the electricity demand is
modest and primarily used for water circulation and air movement.

e Scalable for off-grid applications in rural areas, where access to conventional electricity
is limited.

e In our project, solar panels are used to run pumps and fans, ensuring continuous
operation without dependence on fossil-fuel-based grid electricity.

2. Solar Thermal Cooling

e Uses solar heat to drive absorption or adsorption chillers.
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e Suitable for larger-scale applications, such as commercial buildings or district cooling
systems.

e Although more complex and expensive than PV systems, solar thermal cooling reduces
dependence on electricity altogether and leverages waste heat for efficiency.

Both approaches demonstrate the versatility of solar energy in delivering sustainable

thermal comfort.

Wind Energy and Cooling

Wind energy plays a smaller but complementary role in sustainable cooling.

e In coastal and desert regions, natural wind-driven ventilation can reduce reliance on
mechanical cooling altogether.

e On-grid wind power contributes indirectly by supplying renewable electricity to power
air conditioning and cooling loads.

e Hybrid systems combining solar PV and wind turbines can ensure more stable power
supply for cooling systems, especially in regions with variable solar availability.

While wind alone may not directly drive cooling technologies as efficiently as solar, its

contribution to renewable energy portfolios strengthens the overall case for clean cooling.

Biomass and Biogas for Cooling

Biomass is another renewable source with potential in thermal comfort, particularly in rural

and agricultural contexts:

e Biogas-powered absorption chillers can provide refrigeration and cooling for food
storage, cold chains, and even small-scale community cooling.

e Agricultural residues can be harnessed as energy sources, turning waste into value-
added inputs.

e However, challenges such as feedstock availability, emissions control, and system
complexity limit biomass-based cooling to niche applications compared to solar and
wind.

Geothermal Cooling

Geothermal systems utilize the relatively constant temperature of the ground for cooling

purposes:

e Ground Source Heat Pumps (GSHPs) use buried pipes and circulating fluids to transfer

heat between buildings and the earth.
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e Geothermal cooling is highly efficient and sustainable, with COP wvalues often
exceeding 5.0.

e Widely adopted in temperate regions like Europe and North America, but less common
in tropical developing nations due to high upfront costs and limited awareness.

The Renewable Advantage: Reducing Emissions and Enhancing Access

The integration of renewable energy into cooling systems provides multiple advantages:

e Emission reduction: Avoids the indirect emissions associated with fossil-fuel-based
electricity for conventional AC systems.

e Energy security: Reduces dependence on imported fuels, a major concern for
developing economies.

e Accessibility: Enables off-grid cooling solutions for rural populations, ensuring
equitable access to thermal comfort.

e Cost-effectiveness: With declining costs of solar PV and wind, renewable-powered

cooling is increasingly affordable, especially when compared to rising fossil fuel prices.

Relevance to our Project

This project exemplifies the synergy between renewable energy and thermal comfort by

integrating solar power into an evaporative cooling system.

e Solar PV powers the pumps and fans, ensuring ultra-low electricity consumption.

e The system operates independently of the grid, making it adaptable to rural and urban
applications alike.

e By combining renewable energy with evaporative cooling principles, the design
minimizes both direct (refrigerant leakage) and indirect (electricity-related) greenhouse
gas emissions.

This alignment with renewable integration highlights the practical pathway for sustainable

thermal comfort in the face of rising global cooling demand.

Sustainable Technologies for Thermal Comfort

Evaporative Cooling as a Sustainable Solution

Among all sustainable cooling technologies, evaporative cooling stands out due to its
simplicity, efficiency, and environmental compatibility.

e How it works: Relies on the natural principle of evaporation, where water absorbs heat

as it changes from liquid to vapor, reducing air temperature.
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Key advantage: Requires no harmful refrigerants, using only water as the cooling
medium.

Energy use: Fans and pumps consume minimal electricity compared to vapor
compression systems, making it ideal for integration with renewable sources such as

solar.

Applications include:

Residential cooling: In hot and dry climates, evaporative coolers are a low-cost
alternative to air conditioners.

Agriculture: Poultry farms, greenhouses, and crop storage facilities use evaporative
cooling to maintain suitable temperature and humidity.

Industry: Factories and workshops adopt evaporative cooling to reduce heat stress

among workers and equipment.

This project builds directly on this sustainable technology, enhancing its performance with

porous terracotta pads and nanofluid-enhanced heat exchangers.

Passive Cooling Strategies

Beyond mechanical systems, passive cooling technologies play a major role in reducing the

need for active energy-intensive cooling. These strategies focus on building design and

material choices to maintain comfortable indoor conditions naturally.

Key techniques include:

Shading devices: Overhangs, louvers, and vegetation reduce solar heat gain.
Reflective roofing (cool roofs): Surfaces with high albedo reflect solar radiation,
lowering indoor temperatures.

Natural ventilation: Cross-ventilation and stack ventilation maximize airflow without
mechanical fans.

Thermal mass: Materials like stone, brick, or mud absorb heat during the day and
release it at night, moderating temperature swings.

Green roofs and walls: Vegetation provides insulation while reducing the urban heat

island effect.

These methods are especially effective when combined with evaporative or renewable-

powered cooling, reducing overall load and energy consumption.

Green Building Integration
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Green buildings are designed to minimize environmental impact while maximizing comfort

and efficiency. Cooling is a critical component of green building certification systems like:

e LEED (Leadership in Energy and Environmental Design).

e BREEAM (Building Research Establishment Environmental Assessment Method).

e IGBC (Indian Green Building Council) standards.

Green building strategies integrate both passive and active sustainable cooling

technologies, including:

e Evaporative cooling units for localized comfort.

e District cooling systems powered by renewables.

e Smart monitoring and control systems for optimizing thermal comfort with minimal
energy use.

In hot climates such as India or the Middle East, adopting green building standards

significantly reduces the reliance on conventional AC, making buildings more sustainable

and resilient.

Combining Sustainable Technologies

The real impact of renewable and sustainable cooling technologies emerges when they are

combined into integrated systems:

e Passive + active approaches: Buildings designed for natural ventilation require smaller,
less energy-intensive cooling systems.

e Renewables + efficient systems: Solar-powered evaporative cooling ensures both low
operating costs and minimal environmental impact.

e Smart integration: loT-based monitoring can dynamically adjust ventilation, cooling
load, and renewable power input for optimal performance.

This integrated approach creates a synergistic solution where multiple sustainable

technologies reinforce each other, reducing dependence on conventional AC while ensuring

comfort.

Relevance to this project

This project embodies this integration by:

e Using porous terracotta pads (sustainable material) for efficient evaporation.

e Applying nanofluids in heat exchangers to enhance cooling performance.

e Powering pumps and fans with solar PV, ensuring renewable-driven operation.

e Enabling scalability for rural, urban, agricultural, and industrial contexts.
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This design not only provides affordable and reliable thermal comfort but also fits
seamlessly into broader sustainable building and renewable energy frameworks.
Integration with Global Goals and Project Relevance

Global Sustainability Goals and Cooling

The transition to renewable and sustainable cooling is not just a technological need—it is

a central component of global climate and development agendas.

1. United Nations Sustainable Development Goals (SDGs):

e SDG 7 (Affordable and Clean Energy): Promotes universal access to affordable,
reliable, sustainable, and modern energy. Renewable-driven cooling aligns directly
with this goal.

e SDG 11 (Sustainable Cities and Communities): Encourages sustainable urban
development. Energy-efficient cooling reduces urban heat island effects and ensures
livable cities.

e SDG 13 (Climate Action): Calls for urgent action to combat climate change. Reducing
refrigerant emissions and electricity use in cooling systems directly contributes to
mitigation efforts.

2. Paris Agreement (2015):

e Limiting global warming to below 2°C requires drastic reductions in greenhouse gas
emissions. Cooling-related emissions must be addressed to achieve this target.

e Energy-efficient and renewable-powered cooling reduces both direct (refrigerant) and
indirect (electricity) emissions.

3. Kigali Amendment to the Montreal Protocol (2016):

e Mandates phasedown of HFCs, pushing innovation toward low-GWP refrigerants and
alternative cooling technologies.

e Evaporative cooling, using water as the only working fluid, is a natural fit for Kigali’s
objectives.

Why Renewable and Sustainable Cooling Is the Future

e Climate resilience: Heatwaves and rising global temperatures make cooling a survival
necessity, not a luxury. Sustainable systems ensure access without worsening climate
change.

e Energy transition: As renewable energy becomes cheaper than fossil fuels, coupling

cooling systems with solar and wind is both economical and environmentally essential.
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e Technology convergence: Advances in materials (porous pads, nanofluids), renewable

integration, and smart controls will redefine how societies achieve thermal comfort.

e [Equity and access: Renewable-based cooling can be deployed in rural and off-grid

areas, ensuring inclusive benefits across socio-economic groups.

Comparison of Cooling Technologies

Technology COp Refrigerant Sustainability
Vapor Compression AC 34 HFCs (High GWP) | Low

Direct Evap. Cooling 15-20 Water Medium
Indirect Evap. Cooling 10-15 Water High
Solar-Assisted Evap. Cooling | 15-20+ Water Very High

1.2. Problem Statement

1.2.1. High Power Consumption in Mechanical Refrigeration Systems

Mechanical refrigeration systems, particularly vapor compression—based air conditioners,

have become the dominant technology for providing thermal comfort worldwide. While

effective in controlling temperature and humidity, their operational model is inherently
energy-intensive.

a) Energy Demand of Vapor Compression Systems

e The vapor compression cycle involves compressing and expanding refrigerants
repeatedly, requiring continuous input of electricity to drive the compressor.

e Even with modern efficiency improvements, the Coefficient of Performance (COP) of
these systems remains limited to 3—4. This means that for every unit of electricity
consumed, only three to four units of cooling are delivered.

¢ In contrast, natural processes such as evaporative cooling can achieve COPs of 15-20,
showing the massive inefficiency of conventional mechanical refrigeration.

b) Contribution to Global Electricity Use

e Air conditioning and refrigeration already account for nearly 20% of electricity
consumption in buildings worldwide, or about 2,000 TWh annually.

e With global AC ownership projected to rise from 2 billion units today to over 5.6 billion
by 2050, electricity demand for cooling will more than triple unless disruptive

alternatives are adopted.
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e Developing countries like India, China, and Brazil are at the forefront of this surge,
where cooling demand is increasing by over 10% annually due to urbanization and
rising living standards.

c¢) Peak Demand Problem

e (Cooling loads are highly time-concentrated, peaking during hot afternoons and summer
months.

e This creates significant strain on electricity grids, forcing utilities to either expand
fossil-fuel generation capacity or risk blackouts.

e For instance, in Indian metropolitan areas, air conditioning can account for 40—60% of
peak summer demand, pushing grids to the edge of failure.

e The result is a costly cycle of infrastructure expansion and higher emissions, locking
nations into unsustainable energy pathways.

d) Indirect Environmental Impact of Energy Use

¢ In many countries, electricity generation is still dominated by coal and natural gas.

e Thus, every unit of electricity consumed by an air conditioner results in indirect CO-
emissions and air pollution.

e For example, a 1.5-ton residential air conditioner running for 8 hours daily in India can
emit over 1,000 kg of CO- annually through electricity use alone.

e) Household and National Economic Burden

e For households, continuous AC use results in high electricity bills, often making
thermal comfort unaffordable for middle- and low-income groups.

e For governments, especially in countries with electricity subsidies, the growing demand
for AC creates fiscal stress. Subsidies meant to ensure affordable electricity are
disproportionately absorbed by wealthier households with higher AC usage, diverting
funds from essential development projects.

e On a macroeconomic scale, high dependence on electricity for cooling increases fuel
imports, undermining energy security.

In summary, the high power consumption of mechanical refrigeration systems represents

not only an energy challenge but also an environmental, economic, and social problem.

1.2.2. Need for Cost-Effective, Eco-Friendly Alternatives
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Given the escalating problems associated with mechanical refrigeration, the need for

alternative cooling technologies is urgent. Such alternatives must balance three critical

requirements: energy efficiency, environmental sustainability, and affordability.

a) Drivers for Alternatives

Climate change: Rising global temperatures are increasing cooling demand, creating a
vicious cycle of higher energy use and emissions.

Sustainability mandates: International agreements like the Paris Agreement and the
Kigali Amendment push countries to reduce both direct refrigerant emissions and
indirect energy-related emissions.

Equity concerns: Conventional AC remains unaffordable for large segments of the
population, particularly in rural and low-income communities, leaving them vulnerable

to heat stress.

b) Eco-Friendly Cooling Pathways

1.

4.

Evaporative Cooling Systems

Operate on the principle of water evaporation, using far less energy than vapor
compression systems.

Require only small amounts of electricity for pumps and fans, making them ideal for
pairing with solar PV systems.

Use water as the working fluid, eliminating the risks associated with high-GWP
refrigerants like HFCs.

This project advances this pathway by incorporating terracotta porous pads and
nanofluid-enhanced heat exchangers for superior performance.

Passive and Architectural Cooling

Building design modifications such as reflective roofing, natural ventilation, shading
devices, and thermal mass integration reduce the need for mechanical cooling.

These techniques are low-cost and scalable but must be integrated into urban planning
and construction practices.

Renewable-Powered Hybrid Systems

Hybrid configurations, such as indirect-direct evaporative cooling (IDEC) powered by
solar energy, combine the best of multiple approaches.

These systems can deliver cooling effectiveness of 90-115%, even in demanding
climates.

Natural Refrigerants
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Ammonia, carbon dioxide, and hydrocarbons are being explored as substitutes for
HFCs.
While eco-friendly, they still rely on mechanical refrigeration principles and thus do

not address the root issue of high power consumption.

c) Cost-Effectiveness and Accessibility

Any alternative must be affordable and easy to deploy. High-end green cooling
technologies often fail in developing nations due to high capital costs.

Evaporative cooling systems are low-cost, use locally available materials (terracotta,
natural fibers), and can be built and maintained with minimal technical expertise.
Solar integration ensures negligible running costs, making the technology accessible to

low-income households and rural communities.

d) Alignment with Policy and Development Goals

Alternatives must support national and international policy goals.

India’s Cooling Action Plan (ICAP) explicitly highlights the need for sustainable and
affordable technologies to reduce cooling demand and dependence on HFCs.
Sustainable cooling also aligns with the UN Sustainable Development Goals (SDGs),
particularly SDG 7 (clean energy), SDG 11 (sustainable cities), and SDG 13 (climate

action).

e) Relevance of the Proposed Project

This project directly addresses this need by:

Reducing electricity consumption drastically compared to conventional AC.

Avoiding harmful refrigerants by using only water.

Operating on renewable energy (solar), ensuring sustainability.

Enhancing performance with porous terracotta pads and nanofluid-based heat
exchangers.

Remaining low-cost, scalable, and adaptable for diverse applications—homes,

agriculture, and small industries.
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1.3. Objectives
1.3.1. Develop a Solar-Assisted Evaporative Cooling System

The primary objective of this project is to develop a solar-assisted evaporative cooling
system (SAECS) that offers a sustainable, energy-efficient, and environmentally
responsible alternative to conventional mechanical refrigeration. The motivation for this
lies in the rapidly growing global demand for cooling, coupled with the significant
challenges posed by conventional air conditioning systems in terms of electricity
consumption, greenhouse gas emissions, and affordability. To overcome these issues, the
system must integrate two core principles: the natural cooling potential of evaporative
processes and the clean, renewable energy input of solar power. The need for such a system
arises from the limitations of the vapor compression cycle, which dominates the cooling
industry today. While effective in reducing temperature, it depends heavily on electricity
and refrigerants with high global warming potential. By contrast, an evaporative cooling
system uses water as the working medium, allowing hot air to pass through wetted pads
where evaporation absorbs heat and lowers air temperature. This process is inherently
energy-efficient and environmentally friendly, but its effectiveness is restricted by climatic
conditions. By combining evaporative cooling with solar energy integration, this project
aims to overcome both the performance and sustainability challenges of existing systems.

Developing a solar-assisted evaporative cooling system requires a careful balance of
design, functionality, and adaptability. The design must ensure that the system can operate
independently of grid electricity, making it suitable for deployment in rural and remote
areas where electricity supply is unreliable. Solar photovoltaic (PV) panels are ideal for
powering the fans and pumps required in evaporative cooling systems, as their output
naturally aligns with peak cooling demand during hot, sunny days. This direct match
between solar energy availability and cooling needs makes SAECS not only technically
feasible but also economically attractive. The functionality of the system must go beyond
merely lowering temperature; it must also ensure thermal comfort in a variety of settings.
This requires addressing parameters such as airflow rate, humidity levels, water usage, and
cooling effectiveness. Incorporating a hybrid configuration—where direct and indirect
evaporative cooling stages can be interchanged—adds flexibility to the design, allowing it
to adapt to different climatic conditions. For example, in hot and dry regions, direct

evaporative cooling can be emphasized for maximum temperature reduction, while in
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humid conditions, indirect evaporative cooling can be prioritized to prevent excessive
moisture buildup in indoor air.

Adaptability is another crucial element of the development objective. The solar-assisted
system must be scalable to serve applications ranging from small residential units to
agricultural facilities and industrial workshops. This requires modular design, where
system components can be sized and configured based on the specific cooling requirements
of the environment. For example, a small household unit may require only a single solar
panel and pump, whereas a greenhouse or poultry farm may demand multiple panels, larger
pads, and higher-capacity airflow systems. The integration of solar power into the
evaporative cooling system is not merely a technical addition but a fundamental shift
toward sustainability and resilience. By reducing or eliminating dependence on grid
electricity, the system addresses both the indirect emissions from fossil-fuel-based power
plants and the vulnerability of users to rising electricity tariffs. Moreover, the use of
renewable energy aligns the project with global sustainability initiatives such as the
Sustainable Development Goals (SDGs), the Paris Agreement, and the India Cooling
Action Plan (ICAP). In doing so, it demonstrates how localized technological solutions can
contribute to broader climate and development objectives. Developing SAECS also
involves incorporating monitoring and control mechanisms. Sensors can be placed at
various points in the system—before and after each cooling stage—to measure temperature,
humidity, and airflow. This data not only allows for performance evaluation but also
provides opportunities for real-time optimization, ensuring that the system operates
efficiently under changing conditions. When combined with microcontrollers and
automation, these sensors can enable intelligent adjustments, such as varying fan speed or
water flow rates, to balance energy consumption with cooling effectiveness. Finally, the
development of this system must consider economic and social dimensions. The cost of
construction and operation must remain affordable, especially for users in developing
countries where cooling demand is high but purchasing power is limited. By relying on
low-cost materials, renewable power, and simple design principles, the system ensures
accessibility and equity in thermal comfort. This democratization of cooling technologies
is essential, given that the impacts of extreme heat are most severe among low-income
populations that currently lack access to reliable cooling.

In essence, the development of a solar-assisted evaporative cooling system is an ambitious

but necessary objective that addresses the dual challenge of rising cooling demand and

Department of Mechanical Engineering, SITCOE Page 37



Sustainable Space Cooling through Solar Assisted Evaporative System with 2025
Porous Pads

climate change. By combining renewable energy with natural cooling principles, the system
offers a path toward sustainable thermal comfort that is efficient, affordable, and

environmentally responsible.

1.3.2. Enhance Cooling Efficiency Using Porous Pads

The second major objective of this project is to enhance cooling efficiency by using porous

pads as the primary medium in the direct evaporative cooling stage. Porous pads play a

critical role in determining the effectiveness of an evaporative cooling system because they

are directly responsible for facilitating heat and mass transfer between hot air and water.

When air passes through these wetted pads, water evaporates, extracting heat from the air

and lowering its temperature. The greater the surface area, wettability, and porosity of the

pad, the higher the cooling potential. Traditional cooling pads, such as those made from

cellulose or synthetic fibers, have limitations: high cost, limited durability, susceptibility to

clogging, and environmental unsustainability. As cooling demand increases, reliance on

such pads creates both economic and ecological burdens. Hence, there is a strong need to

identify and deploy natural, low-cost, and efficient alternatives that enhance cooling

efficiency while also promoting sustainability.

Importance of Porous Pads in Evaporative Cooling

e Porous pads serve as the interface between water and air, making them the most critical
element in direct evaporative cooling systems. Their performance depends on several
parameters:

e Porosity: Determines how much air and water can pass through.

e Surface area: Higher surface area enhances water retention and evaporation rate.

e Thermal conductivity: Pads with better thermal properties improve heat transfer
efficiency.

e Durability: Long-lasting pads reduce maintenance and replacement costs.

e Eco-friendliness: Sustainable pads reduce environmental impacts and support circular
economy goals.

Without efficient pads, even well-designed systems will fail to deliver optimal cooling.

Thus, innovation in porous pad materials is central to achieving the project’s objectives.

Materials Considered for Porous Pads
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In recent research, a wide range of materials have been tested to replace conventional
cellulose pads. The focus is on natural, porous, and locally available materials that combine

performance with affordability. Examples include:

1. Terracotta Bricks

e High porosity and natural water absorption.

e Good durability and resistance to biological growth.

e Locally available and affordable in most developing countries.

e Used in this project as the primary porous medium for direct evaporative cooling.

2. Porous Concrete Blocks
e Cement-free alternatives that are strong and environmentally friendly.
e Cooling effectiveness reported as high as 97%.

e Provide structural integrity alongside cooling performance.

3. Natural Fibers (Coir, Jute, Rice Husk, Palm Fiber)
e Biodegradable and renewable.
e Exhibit excellent capillary action and water retention.

e Low-cost and easily available in agricultural economies.

4. Textile Fabrics
e Superior wicking compared to kraft paper.
e Studies show up to 355% higher absorbency than traditional pads.

e Lightweight and easy to install.

5. Clay and Mud Pads
e Ancient, low-cost solutions with strong evaporative potential.

e Environmentally benign but may have durability limitations.

Enhancing Efficiency Through Porous Pads
The efficiency of evaporative cooling systems is strongly tied to the characteristics of the

pad material. Enhancements can be achieved through:

Department of Mechanical Engineering, SITCOE Page 39



Sustainable Space Cooling through Solar Assisted Evaporative System with 2025
Porous Pads

e Optimized thickness: Adequate thickness ensures higher water retention while
minimizing airflow resistance.

e Surface treatment: Modifications (such as coating with hydrophilic agents) can improve
wettability.

e Hybrid materials: Combining natural fibers with clay or concrete improves both
performance and durability.

e Airflow management: Arranging pads strategically (e.g., at multiple stages) maximizes
contact time between air and water.

Research shows that systems using innovative porous pads can achieve temperature

reductions of 10-15°C below ambient with significantly lower water and energy

consumption compared to cellulose pads.

Why Porous Pads Are Essential for This Project

In the context of this project, porous pads are not just a component—they are a core

innovation. By incorporating terracotta pads, the system achieves:

e Sustainability: Clay-based materials are abundant, reusable, and eco-friendly.

o Cost-effectiveness: Terracotta is inexpensive compared to synthetic pads.

e Efficiency: High porosity allows better evaporation rates, improving cooling
effectiveness.

e Durability: Resistant to wear, requiring less frequent replacement.

Additionally, terracotta pads naturally complement the solar-assisted design, as their

passive cooling properties reduce the load on solar-powered fans and pumps. This synergy

ensures that the system maintains high performance while keeping energy requirements

minimal.

Key Benefits of Porous Pads in the Project

e Lower energy use: High-efficiency pads mean less need for additional fans or pumps.
e Better thermal comfort: Increased evaporation lowers air temperature more effectively.
e Humidity control: Properly selected pads balance cooling with humidity management.
e Water efficiency: Porous pads retain water well, reducing wastage.

e Adaptability: Can be tailored for residential, agricultural, or industrial applications.
Broader Implications of Pad Innovation

The innovation of porous pads extends beyond this project. If scaled up, porous pad

technologies can:

D_epartment of Mechanical Engineering, SITCOE Page 40



Sustainable Space Cooling through Solar Assisted Evaporative System with 2025
Porous Pads

1.3.

e Replace cellulose-based pads globally, reducing dependence on costly imports.

e Encourage local industries to develop pad manufacturing, creating jobs.

e Lower operational costs of cooling systems for millions of households.

e Reduce environmental waste from synthetic pads and their disposal.

Integration with Hybrid Systems

Porous pads also play a crucial role in hybrid configurations like Indirect-Direct
Evaporative Cooling (IDEC). In such systems, porous pads in the direct stage enhance
cooling after the air has already been sensibly cooled in the indirect stage. This combination
allows supply air temperatures to drop below the wet-bulb temperature, significantly
improving overall system efficiency. In this project, the terracotta pads are strategically
paired with a copper heat exchanger enhanced by nanofluids, creating a highly efficient
hybrid system that leverages both natural porosity and advanced thermal transfer

technologies.

3. Evaluate System Performance in Terms of Temperature Drop, Humidity Control,

and Sustainability

The third major objective of this project is to evaluate the performance of the developed

solar-assisted evaporative cooling system (SAECS). A successful system must not only

demonstrate its ability to reduce air temperature but also ensure appropriate humidity levels

and long-term sustainability. Performance evaluation provides the data required to validate

the design, identify limitations, and establish the system’s applicability in real-world

environments.

Temperature Drop as a Primary Indicator

The temperature drop (AT) achieved by the system is the most direct measure of its cooling

capability. In evaporative cooling, the difference between ambient dry-bulb temperature

and supply air temperature represents how effectively heat has been removed.

Factors affecting temperature drop include:

e Pad material: Porous terracotta pads enhance evaporation and maximize AT compared
to cellulose pads.

e Air velocity: Adequate airflow ensures contact time between hot air and wetted
surfaces.

e Water distribution: Uniform wetting of pads prevents dry spots, maintaining consistent

cooling.
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e Climatic conditions: The system is most effective in hot and dry regions, where wet-
bulb depression (difference between dry-bulb and wet-bulb temperature) is higher.

In experimental and real-world studies, systems with porous pads have achieved AT values

of 10-15°C, sufficient to make indoor environments comfortable without excessive energy

use. In your setup, temperature sensors are strategically placed before and after each stage

to measure AT accurately and compare performance under different configurations

Humidity Control for Thermal Comfort

While evaporative cooling lowers temperature, it also increases humidity in the supply air.

This can either improve or reduce comfort depending on the climate. Effective performance

evaluation must therefore balance cooling effectiveness with humidity control.

Challenges of humidity in evaporative cooling:

e In hot, dry climates: Added humidity improves comfort by preventing dehydration and
skin dryness.

e In humid climates: Excessive humidity can lead to discomfort, condensation, mold
growth, and even respiratory issues.

Strategies for humidity control in SAECS:

e Indirect stage cooling: The hybrid indirect-direct configuration allows pre-cooling
without moisture addition.

e Airflow management: Controlling fan speed adjusts the contact time and thus moisture
uptake.

e Pad optimization: Porous pads with controlled porosity regulate water evaporation and
moisture release.

e Real-time monitoring: Humidity sensors enable automatic regulation of system
operation to prevent oversaturation of air.

By integrating these strategies, the project ensures that humidity remains within the

ASHRAE-defined comfort range of 40—-60% relative humidity, making the system practical

in diverse environments.

Sustainability Dimensions
Evaluating performance extends beyond temperature and humidity—it must also assess
sustainability, which encompasses environmental, economic, and social dimensions.

1. Environmental Sustainability
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Energy efficiency: By relying on solar-powered pumps and fans, electricity
consumption is negligible compared to conventional AC.

Refrigerant-free operation: Using water as the only working fluid eliminates
greenhouse gas emissions from refrigerant leaks.

Water use optimization: Efficient porous pads retain moisture effectively, reducing
wastage.

Lifecycle impact: Materials like terracotta and natural fibers are biodegradable and

locally available, reducing waste and resource depletion.

2. Economic Sustainability

Lower operational costs: Solar integration means users avoid high electricity bills.
Affordable construction: Using low-cost materials keeps initial costs reasonable.
Reduced maintenance: Durable pads like terracotta last longer than cellulose pads,

lowering replacement frequency.

. Social Sustainability

Accessibility: The system is affordable for low- and middle-income households,
ensuring equitable access to cooling.

Health benefits: By maintaining comfortable indoor conditions, the system reduces
heat-related illnesses and supports productivity.

Scalability: Suitable for rural, urban, agricultural, and industrial settings, contributing

to community resilience.

Performance Evaluation Framework

The project evaluates system performance using a multi-parameter framework, including:

Temperature drop (AT): Difference between inlet and outlet dry-bulb temperatures.
Humidity ratio & RH: Measured to assess comfort conditions and avoid oversaturation.
Cooling effectiveness (€): Ratio of actual temperature drop to maximum possible drop
(wet-bulb depression).

Coefficient of Performance (COP): Cooling delivered per unit of energy consumed.
Water consumption rate: Efficiency of water usage relative to cooling output.
Sustainability indicators: Environmental footprint, material recyclability, and

renewable integration.
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This comprehensive evaluation ensures that performance is assessed holistically rather than

based on a single metric.

Key Performance Insights from Research

Studies on terracotta pads report cooling effectiveness >90%, with stable humidity
control.

Nanofluid-enhanced heat exchangers have shown 20-40% higher thermal conductivity,
improving indirect cooling performance

Solar-assisted systems maintain COP values 5—6 times higher than conventional AC
units.

Real-world testing indicates potential energy savings of up to 90%, compared to vapor

compression refrigeration.

These findings validate the feasibility of achieving high-performance cooling with minimal

environmental impact.

Evaluation strategy reflects these performance dimensions:

Temperature sensors before and after each cooling stage measure AT with precision.
Humidity sensors track RH levels, ensuring comfort while preventing oversaturation.
Solar integration ensures near-zero electricity costs, highlighting renewable-driven
sustainability.

Porous terracotta pads + nanofluid heat exchanger maximize cooling effectiveness
across diverse climates.

Scalability and adaptability ensure performance evaluation is not limited to lab

conditions but applicable to real-world scenarios like homes, farms, and workshops.
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2. Literature Review:

1.This review by Kapilan et al. (2023) “A Comprehensive Review on Evaporative Cooling
Systems” explores various types and developments of evaporative cooling systems (ECS),
emphasizing their energy efficiency, cost-effectiveness, and environmental benefits
compared to vapor compression refrigeration. The study discusses the classification of ECS
into direct, indirect, and multi-stage systems and highlights the role of natural fiber-based
cooling pads and solar power integration in reducing cost and energy dependence. It also
details various innovations like heat pipes and hybrid ECS models aimed at improving
performance. Notably, the paper presents direct evaporative cooling (DEC) as highly
efficient for hot and dry climates, achieving wet-bulb effectiveness between 70%—-95%. It
acknowledges limitations in humid conditions but supports ECS for applications such as
fruit and vegetable storage, poultry, and greenhouse cooling. The use of natural materials
like coconut coir, jute, and wood fiber is emphasized for their cost and environmental
advantages. Performance enhancement techniques including water spray systems,
honeycomb pads, and solar-powered operations are reviewed extensively. The conclusion
stresses that ECS, particularly when enhanced with multistage design and alternative pad
materials, can provide a viable, sustainable alternative to traditional cooling systems, and
calls for further research into optimizing ECS components and operation conditions.

2. Kashyap et al. (2021) “Performance Enhancement of Regenerative Evaporative Cooler by
Surface Alterations and Using Ternary Hybrid Nanofluids” investigate the performance of
regenerative evaporative coolers enhanced by surface profile alterations and ternary hybrid
nanofluids (a combination of three different nanoparticles suspended in water). The study
employs simulation analysis to evaluate four surface configurations: flat, finned,
corrugated, and capsule-embossed plates, in conjunction with six different nanoparticle
combinations. Findings reveal that modifying the surface geometry has a more significant
impact on cooling performance than just adding nanofluids. Among the designs, the
capsule-embossed plate yields the highest improvements in terms of coefficient of
performance (COP), exergy efficiency, and sustainability index. The best-performing
configuration reduces dew point temperature and increases dew point effectiveness while
maintaining structural and thermal efficiency. The use of nanofluids alone yielded modest
improvements, but when combined with surface alterations, notable enhancements were
observed in terms of thermal exchange and device compactness. Economic and

environmental assessments were also performed, concluding that although operational
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costs slightly increase with surface modifications, the benefits of reduced energy use and
emissions outweigh them. The authors conclude that regenerative evaporative coolers
optimized with hybrid nanofluids and specially profiled plates offer a promising route to

more sustainable and energy-efficient cooling technologies, especially in hot-dry regions.

3.Colangelo et al. (2022) “Assessment of a Desiccant Cooling System in a Traditional and
Innovative Nanofluid HVAC System” present a comparative simulation-based analysis of
a desiccant cooling system integrated with nanofluids versus a traditional HVAC system in
a university building. Using TRNSYS software, the study simulates four cases:
conventional HVAC with water-glycol, HVAC with nanofluids, desiccant cooling with
water-glycol, and desiccant cooling with nanofluids. The analysis considers identical
building thermal loads to ensure valid comparison. Results demonstrate that desiccant
cooling outperforms conventional HVAC, particularly in summer conditions, due to
reduced humidity load and improved latent heat handling. Furthermore, the inclusion of
nanofluids enhances thermal conductivity and heat transfer rates, improving system
performance by 21% compared to water-glycol systems. Desiccant systems also
significantly reduce energy consumption and carbon footprint, making them ideal for
sustainable cooling strategies. The paper concludes that integrating nanofluids into
desiccant systems creates a synergistic effect that boosts efficiency while maintaining eco-
friendly performance. It recommends broader adoption of desiccant-based HVAC systems,
especially in climates with high humidity and energy concerns, and encourages future
experimental validations to support the simulation findings.

4. Yang et al. (2019) “Developments in Evaporative Cooling and Enhanced Evaporative
Cooling — A Review” deliver a detailed review of both traditional and enhanced evaporative
cooling systems. The paper classifies systems into air-mediated and water-mediated, as
well as direct and indirect types. Enhanced systems involve components like membranes,
desiccants, and hybrid setups that improve efficiency beyond standard configurations.
Applications reviewed include HVAC, microclimate cooling (e.g., wearable cooling
garments), and industrial process cooling. Enhanced evaporative cooling technologies such
as membrane-based cooling and desiccant- assisted cooling are found to offer higher
cooling effectiveness and improved indoor air quality. The review also emphasizes the
importance of compact design and energy-efficient components to expand ECS

applicability to broader climates and sectors. Enhanced techniques reduce greenhouse gas
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emissions and reliance on refrigerants, aligning with global energy sustainability goals. The
paper concludes that enhanced ECS technologies hold significant potential for
revolutionizing cooling applications through improved thermodynamic efficiency and
environmental performance and suggests further investigation into material innovation and
hybridization strategies.

5. Elsheikh et al. (2018) “Applications of Nanofluids in Solar Energy: A Review of Recent
Advances” provide a comprehensive review of nanofluid applications in various solar
energy systems (SESs), including solar collectors, photovoltaic/thermal (PV/T) systems,
solar water heaters, and desalination units. The review emphasizes the advantages of
nanofluids—base fluids enhanced with nanoparticles—such as superior thermal
conductivity, higher solar absorption, reduced surface fouling, and increased heat transfer
rates. Nanoparticles like AI1203, CuO, Ti02, and CNTs are explored for their suitability in
direct absorption solar collectors and hybrid systems. Results from recent studies indicate
efficiency improvements of up to 10—30% in solar collectors and up to 5% in PV/T systems.
These improvements stem from better optical properties, enhanced convective heat
transfer, and reduced energy losses. The authors also review experimental and numerical
models developed to predict the behavior of nanofluids in various solar applications,
highlighting challenges such as stability, sedimentation, and cost. The paper concludes that
nanofluids are a promising solution for improving the thermal performance and
compactness of SESs while reducing greenhouse emissions and overall energy
consumption. However, it also emphasizes the need for long-term field trials,
standardization of preparation methods, and cost-benefit analyses to ensure practical
feasibility in large-scale energy systems.

6. Rahman et al. (2022) “Experimental Investigation of a Novel Evaporative Cooling Pad Made
of Cement-Free Porous Concrete” investigate the performance of a new type of evaporative
cooling pad (ECP) made from cement-free porous concrete as an eco-friendly and
sustainable alternative for greenhouse cooling in arid climates. The study involves a wind
tunnel experiment where porous concrete pads were tested under different inlet air
temperatures while maintaining a constant airflow velocity of 2.5 m/s. The novel ECP
demonstrated an average cooling effectiveness of 0.97, with some trials exceeding 100%
effectiveness due to the self-cooling properties of porous concrete. The heat transfer
coefficient reached 10.17 kW/m?°C, and the system achieved a sensible cooling capacity

of —11.46 W. Furthermore, a high mass transfer coefficient (1.56 m/s) and mass transfer
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rate (5.84 g/s) confirmed the material’s excellent moisture-handling capability. Compared
to conventional materials such as cellulose and jute, the porous concrete ECP outperformed
in both durability and thermal performance while being environmentally sustainable due to
its cement- free composition. The study concludes that this innovative material could serve
dual purposes as both a structural element and an efficient cooling pad in greenhouses,
especially in hot, dry environments, and suggests further research into its long-term
mechanical performance and scalability.

7. Abada et al. (2022) “Performance Evaluation of Fabrics for Evaporative Cooling
Applications” examine the suitability of various textile fabrics as alternative wet mediums
for indirect evaporative cooling (IEC) systems. The study assesses key properties such as
capillary wicking, diffusivity, evaporation capacity, and moisture retention of woven
fabrics compared to traditional Kraft paper. A novel testing setup measures the vertical
wicking ability of textiles to simulate their behavior under real cooling system conditions.
The experimental data revealed that many textile fabrics demonstrated superior
performance over Kraft paper, with some fabrics exhibiting 160% to 355% higher
absorbency. The weave type and compactness of the fabric were found to significantly
enhance moisture retention and capillary action, resulting in more efficient evaporation and
better thermal exchange. Additionally, fabrics offered advantages in durability, flexibility,
and environmental sustainability. The study concludes that selecting fabrics with optimal
hydrophilic properties can greatly improve the effectiveness of IEC systems, reduce water
usage, and extend system lifespan. Two specific fabric types were highlighted as the most
suitable for further development due to their combined mechanical strength and thermal
performance. The authors recommend more research on fabric-based cooling elements to
optimize IEC designs and reduce reliance on conventional synthetic or paper-based
substrates.

8. Alktranee and Bencs (2023) “Experimental Comparative Study on Using Different Cooling
Techniques with Photovoltaic Modules” present an experimental comparison of multiple
passive and active cooling strategies for photovoltaic (PV) modules to enhance energy
efficiency in high-temperature environments. The study investigates methods including air
cooling, water spray, phase change materials (PCMs), and evaporative cooling systems.
Each technique is evaluated based on its impact on PV surface temperature, electrical
efficiency, and overall energy yield. Results show that evaporative cooling consistently

delivered the highest performance enhancement, reducing surface temperature by up to
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18°C and improving efficiency by around 15% compared to uncooled modules. PCM-based
systems also showed good performance due to their thermal storage capability, especially
during fluctuating weather conditions. However, they were less effective than evaporative
techniques during peak solar radiation. Air cooling and water spraying, though simpler and
less costly, offered moderate improvements. The authors conclude that hybrid systems
combining PCM and evaporative techniques may offer a practical balance of efficiency,
cost, and feasibility. The paper recommends further development of integrated cooling
systems tailored to local climatic conditions and suggests optimizing thermal contact, pad
design, and water delivery mechanisms for better cooling outcomes in future PV

applications.

9. Kumar and Sharma (2024) “Experimental Thermal Analysis of Eco-Friendly, Sustainable

10.

and Biodegradable New Mud/Clay Based CoolingPad for Evaporative Coolers”
explore the thermal performance of a newly designed mud/clay-based evaporative cooling
pad aimed at enhancing cooling efficiency for desert coolers in arid and semi- arid regions.
The cooling pad consists of mitti (clay) balls arranged in layers with an inline or staggered
formation, creating a porous structure that maximizes surface area for evaporation. The
experimental setup includes a test rig simulating varying air velocities (4.3—7.3 m/s), water
flow rates, and inlet air temperatures (up to 42°C). Results indicate a maximum temperature
drop of 17°C and a peak humidifying efficiency of 86%, making it competitive with
traditional cellulose and jute pads. The mud/clay pad also shows strong durability and water
retention properties while being biodegradable, low-cost, and accessible to lower-income
populations. Its modular design allows for easy replacement and customization. The study
underscores the ecological and economic benefits of this design, advocating its use in rural
and off-grid applications. The authors conclude that the mud/clay ball pad is a promising
alternative to synthetic cooling media, offering both high thermal performance and
sustainability. They recommend additional work to optimize geometry, packing density,
and integration with solar-powered fan systems for further commercialization.

A. Ganesha et al (2023) “Performance evaluation of an indirect—direct evaporative cooler
using aluminum oxide-based nanofluid” presents an experimental study aimed at
improving the efficiency of evaporative cooling systems by integrating aluminum oxide
(Al203) nanoparticles in the indirect cooling stage. The system comprises a cross-flow heat
exchanger for the indirect stage, where nanofluid cools air sensibly, followed by a direct

evaporative cooler using Celdek 7090 pads. The authors varied air velocity (3—6 m/s), water
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flow rate (1-4 LPM), and nanoparticle concentration (0-2.5%) to assess cooling

performance. Results showed that incorporating 1% Al:Os nanoparticles increased the

cooling efficiency and reduced the exit air temperature and relative humidity

significantly— achieving a 39.2% higher ADBT and 27% lower ARH compared to direct

evaporative cooling alone. Optimal conditions were observed at a water flow rate of 3 LPM

and air velocity of 5 m/s, yielding a maximum cooling efficiency of 96% and COP of 5.9.

Beyond 1% nanoparticle concentration, performance declined due to increased fluid

viscosity and nanoparticle agglomeration. Compared to conventional and other hybrid

systems, the proposed setup demonstrated superior.
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3. System Design and Methodology
3.1 System Layout :

Inlet Fan (Indirect Cooling)
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Figure 1: System Layout

The precooled air is then directed toward the copper coil heat exchanger, which
performs the indirect cooling stage. The coil is typically circulated with cooled water or
nanofluid that has been preconditioned using solar-assisted or other passive methods. Here,
heat transfer occurs between the precooled air and the fluid inside the coil without any direct
contact, meaning the air temperature further decreases without a corresponding rise in
humidity. This ensures a comfortable cooling effect, particularly useful in regions where
excessive humidity is undesirable. The use of copper coils is advantageous due to copper’s
high thermal conductivity, corrosion resistance, and durability, which ensures efficient and
long-lasting performance. At the outlet of the system, cooled air is delivered into the indoor

space at a significantly lower temperature compared to the ambient environment.
3.1.1 Description of Solar Panel Integration:

To enhance the sustainability of our hybrid indirect-direct evaporative cooling system,
a solar panel integration approach has been implemented. This ensures that the cooling unit not
only operates efficiently but also reduces dependency on grid electricity, thereby minimizing
its carbon footprint. The solar panel used in the project is rated at 80 watts, which is optimally

sized to power the essential components of the system such as the DC fans and the water
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circulation pump. By harvesting renewable energy directly from sunlight, the system aligns
with the growing need for green and energy-efficient cooling technologies in both residential

and industrial applications.

Figure 2: Solar Panel

The 80W photovoltaic (PV) solar panel converts incident solar radiation into direct
current (DC) electricity, which is then stored in a rechargeable battery. This battery serves as
an intermediary power source, ensuring stable and continuous supply even during periods of
fluctuating solar radiation, such as cloudy weather or late evening conditions. The stored
energy is then utilized to drive the system’s DC inlet fans, which are responsible for drawing
the ambient air into the cooling chamber, as well as the DC water pump, which circulates water
from the 40-liter tank to keep the brick cooling pad consistently wet. Using DC-powered
components eliminates the need for additional power conversion equipment such as inverters,

thereby reducing energy losses and improving overall system efficiency.

Additionally, the modular nature of the design allows for scalability. If the cooling
requirement increases, multiple 80W panels can be added in parallel to boost power generation
capacity. Similarly, the use of rechargeable batteries ensures energy storage, enabling the
system to continue operating even after sunset for limited durations, thereby enhancing user

comfort and flexibility.

3.1.2 Airflow System:

At the core of the airflow system is inlet fan (configured as 1.5 ft x 1.5 ft arrangement),

each capable of delivering between 1500—-1800 CFM (cubic feet per minute) of air. These fans
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are powered by DC motors that receive energy from the solar panel/ battery system, making
them both sustainable and cost-effective in operation. The selection of DC fans also contributes
to improved energy efficiency, reduced noise, and greater compatibility with the solar powered
setup. The fans are positioned at the entry of the system to actively pull in ambient air and push
it across the wet brick cooling pad, ensuring uniform contact between air and water for effective

direct evaporative cooling.

Figure 3: Duct Fan

To guide the airflow effectively, the design incorporates a rectangular duct
arrangement. The duct is dimensioned based on the system’s geometry of 4 ft x 1.5 ft x 1.5 ft,
providing adequate space for smooth airflow without creating excessive turbulence. The ducts
are fabricated from lightweight sheet metal, which is corrosion-resistant and easy to maintain.
The duct design ensures a balanced velocity distribution across the wet pad surface, preventing
hotspots or uneven cooling. A diffuser arrangement is also provided downstream of the fans to
minimize flow separation and ensure uniform air entry to the wet cooling pad. After passing
through the cooling pad, the precooled air is directed through a secondary duct channel toward
the copper coil heat exchanger. Here, the airflow system is optimized to maintain intimate
contact between the air stream and the coil surface, maximizing the indirect cooling effect.
Baffles are introduced in the duct at strategic points to control the velocity and promote proper
mixing of cooled and humidified air. This ensures that the system delivers consistently cooled

air at the outlet.
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3.1.3 Evaporative Cooling Chamber with Porous Pads:

The working principle of the chamber is based on the direct evaporative cooling process.
Ambient air drawn by the inlet fans passes through the wetted brick pads, which are kept moist
by water circulated from the storage tank through a distribution system. As hot air comes into
contact with the water film on the porous surface of the bricks, evaporation takes place. This
evaporation process absorbs latent heat from the air, thereby reducing its temperature while
slightly increasing its humidity. The cooled and humidified air then moves toward the indirect

cooling stage for further processing before being supplied to the outlet.

The use of perforated clay bricks as porous pads significantly enhances the cooling
performance. The hollow cores within the bricks trap air pockets, which act as natural insulators
and slow down heat transfer. This helps in maintaining cooler surfaces on the interior of the
pads, thereby improving the efficiency of the evaporative process. Additionally, the thermal
mass of clay bricks allows them to absorb heat during peak daytime conditions and release it
gradually, ensuring more stable operation and reduced temperature fluctuations. This property

is particularly beneficial in hot and dry climates where cooling demand is highest.

3.2 Selection of Materials

The material selection for the Direct-Indirect Evaporative Cooling (DIEC) system is a
critical engineering decision, as it directly determines the system’s cooling efficiency,
durability, energy consumption, maintenance requirements, and overall sustainability. The
materials are carefully chosen to ensure optimal heat transfer, moisture control, energy

efficiency, low cost, and long-term reliability, while supporting off-grid operation.

3.2.1 Indirect Heat Exchanger Components

The indirect cooling stage requires materials with excellent thermal conductivity, corrosion
resistance, mechanical strength, and longevity to maximize sensible cooling without moisture

transfer.

Heat Exchanger Material: High-quality copper tubes are employed due to copper’s

exceptional thermal conductivity (~400 W/m-K), which enables rapid and efficient heat
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transfer between the airflow and circulating fluid. Copper also resists corrosion and scaling,

ensuring consistent performance over long operational life with minimal maintenance.

Circulating Fluid: Water is selected for its high specific heat capacity and availability,
enabling effective absorption of heat without direct contact with the airflow. This design
ensures cooling without adding humidity to the conditioned air. Water treatment methods such
as sediment filters or anti-scale agents are recommended to prevent fouling and extend the heat

exchanger’s life.

3.2.2 Direct Evaporative Cooling Chamber and Porous Pads

The direct cooling stage relies heavily on the selection of porous pad materials that ensure high

evaporation rates, moisture retention, and structural durability.

Primary Cooling Pad: Clay-based cooling pads are chosen for their natural porosity, excellent
moisture retention capacity, durability, and eco-friendly nature. Clay pads have high water
retention with slow drying rates, which enables sustained cooling performance with low water

consumption. They also offer easy maintenance and a long lifespan.

Alternative Cooling Pad: Honeycomb cooling pads are incorporated for comparative
performance analysis and testing. Honeycomb pads are recognized for high surface area, low
air resistance, and efficient evaporative performance, making them ideal for high-demand

applications.

Pad Dimensional Specification: Clay pads are manufactured with a thickness of
approximately 75 mm (3 inches), providing a balance between effective evaporation and
minimal airflow resistance. The pads are designed with uniform channels to ensure optimal
wetting and airflow distribution across the surface. Proper pad thickness and material structure

significantly influence the cooling efficiency and pressure drop.

3.2.3 Energy and Flow System Components
The energy and fluid circulation system is designed for continuous, efficient, and

renewable operation with durable and cost-effective materials.
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Water Circulation System: The system employs a dedicated 40-liter water reservoir
integrated with a compact circulation mechanism to ensure uniform wetting of the cooling
pads. This arrangement minimizes water wastage and optimizes cooling performance while
keeping energy consumption low. Corrosion-resistant piping and fittings are used to enhance

reliability.

Water Pump: A solar-powered submersible pump is selected for its compact design, high
efficiency, and reliable operation. The pump is designed to provide steady water flow at
controlled rates, ensuring complete wetting of the cooling pads and uniform cooling

performance.

Air Mover: High-capacity, energy-efficient axial or centrifugal fans are incorporated to drive
airflow across both cooling stages. A pair of inlet fans is used to achieve the desired airflow
rate and static pressure, ensuring effective cooling under varying load conditions. Fans are

selected for quiet operation, durability, and high airflow efficiency.

Structural Housing: Mild Steel (MS) housing is chosen for its mechanical strength, ease of
fabrication, corrosion resistance (with proper surface treatment), and cost-effectiveness. The
housing encloses the cooling mechanism within a duct measuring 4 ft x 1.5 ft x 1.5 ft (L x W
x H), providing structural stability, protection against environmental conditions, and easy

access for maintenance and pad replacement.

3.3 Solar Integration

3.3.1 Solar Panel Rating and Output

The system employs a photovoltaic solar panel rated at 80 W, designed to convert incident
solar radiation into electrical energy. Under standard test conditions (irradiance of 1000 W/m?
and cell temperature of 25°C), the panel delivers a maximum power of 80 W with an open-
circuit voltage of around 21 V and a short-circuit current close to 4.8 A. In real operating
conditions, the effective daily energy yield depends on solar insolation levels, typically ranging
between 4-5 peak sun hours in most regions of India. This translates to an average daily output
of approximately 320400 Wh of energy, which is sufficient to meet the operational needs of

the system. The placement and tilt angle of the solar panel are optimized to maximize solar
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capture, ensuring reliable performance during peak cooling hours when sunlight intensity is

highest.

3.3.2 Battery/Direct Drive Operation
The energy generated by the solar panel can be utilized in two modes:

o Battery Operation: The solar panel charges a rechargeable battery during daytime,
which stores energy for continuous operation of the DC fans and water pump. This
ensures uninterrupted functionality even under fluctuating sunlight conditions or during
evening hours. The battery also stabilizes the voltage and current supply, protecting the
components from transient variations.

e Direct Drive Operation: During peak sunlight hours, the DC fans and pump can be
directly powered by the solar panel without intermediate storage. This mode minimizes
conversion losses and maximizes real-time utilization of solar power. However, to
maintain reliability and flexibility, our system primarily operates in a hybrid mode
where the battery acts as a buffer, enabling smooth transitions between direct drive and
stored energy usage.

By integrating DC-powered fans and pumps, the system eliminates the need for an inverter
(AC to DC conversion), thereby reducing energy losses and simplifying the circuitry. This
approach improves the overall efficiency of solar energy utilization and ensures compatibility

with small-scale, stand-alone solar setups.

3.4 Working Principle

3.4.1 Heat Transfer and Evaporative Cooling Process

The proposed cooling unit operates on the principle of combined heat transfer and evaporative
cooling within a compact chamber of 4 ft length x 1.5 ft width % 1.5 ft height. A single DC fan,
powered by the solar-battery arrangement, is employed to drive the airflow. The fan ensures
continuous circulation of ambient air through the system, where it undergoes two cooling
stages direct evaporative cooling through porous clay brick pads, followed by indirect cooling

using a copper coil heat exchanger.

The first stage involves convective heat and mass transfer at the porous clay brick
cooling pads. The water distribution system continuously wets the perforated clay bricks,

forming a thin film of water across their large surface area. As the fan forces ambient air (at
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temperature, relative humidity) across the wet brick pad, water molecules absorb latent heat of
vaporization and evaporate into the airstream. This evaporation process simultaneously
removes sensible heat from the air, reducing its dry bulb temperature. The surface roughness
and porosity of clay bricks enhance contact between air and water, promoting turbulence and
higher convective heat transfer coefficients. Due to the hollow perforations, heat conduction
through the brick matrix is delayed, making the system more effective at maintaining lower
surface temperatures. In the second stage, the precooled air is directed through the copper coil
heat exchanger. Here, indirect heat transfer occurs, as the air passes around the coil containing
water (or nanofluid) maintained at a lower temperature by the solar-assisted setup. Copper,
with its high thermal conductivity, ensures rapid heat conduction between the fluid inside and

the external air stream.

This dual-stage cooling process ensures that the outlet air delivered from the chamber
is significantly lower in temperature than the inlet air. With the single fan maintaining a flow
rate of CFM, the chamber is able to handle the design airflow while maintaining uniform
distribution across the porous pads. The combined effect of evaporative cooling (direct) and
sensible heat removal (indirect) enhances the cooling capacity, providing a comfortable indoor

environment without excessive humidity rise.

3.4.2 Thermodynamic Basis (Psychrometrics)

The working of the cooling chamber can also be explained using psychrometric principles,
which analyse the thermodynamic properties of moist air. The single fan drives ambient air at
initial conditions defined by its dry bulb temperature (DBT), wet bulb temperature (WBT), and
relative humidity (RH) into the chamber. For instance, consider hot ambient air at DBT =35°C,
WBT = 24°C, and RH = 40%. On a psychrometric chart, this represents the initial state point
of the air. When the air passes over the wetted brick pads, the process follows a constant wet
bulb line (adiabatic saturation process). Here, the DBT of the air decreases while its humidity
ratio (o, kg of water vapor per kg of dry air) increases due to water evaporation. The theoretical
limit of this process is the wet bulb temperature, which represents the lowest achievable air
temperature in direct evaporative cooling. In our case, the air could be cooled close to 24°C,
with humidity rising proportionally. Typical porous pads (brick-based) achieve 70-80%

effectiveness, meaning the outlet air may reach 27°C from an inlet of 35°C.

Department of Mechanical Engineering, SITCOE Page 60



Sustainable Space Cooling through Solar Assisted Evaporative System with
Porous Pads

2025

Next, the precooled air moves across the copper coil heat exchanger. Since there is no

direct contact between air and the cooling medium inside the coil, this is a sensible cooling

process. On the psychrometric chart, this appears as a horizontal movement to the left, where

the DBT decreases further while the humidity ratio remains constant.
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4.Experimental Setup

4.1 System Dimensions
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Figure 4: Actual Experimental Setup
4.1.1 Size of Cooling Chamber and Pads

The cooling chamber forms the heart of the solar-assisted evaporative cooling system. In our
design, the chamber is built with compact yet practical dimensions of 4 ft (length) x 1.5 ft
(width) x 1.5 ft (height), providing an internal volume of approximately 20 cubic feet (0.57
m?). This dimension was chosen after balancing several factors airflow requirements, pad

surface area, water distribution feasibility, and portability of the unit.

The chamber is divided into two functional zones. The first zone houses the porous
perforated clay brick cooling pads, which serve as the direct evaporative surface. Each pad is
mounted across the inlet face of the chamber, ensuring maximum exposure to the airflow
generated by the single DC fan. The effective pad area exposed to the air stream is 1.5 ft x 1.5
ft = 2.25 ft* (=0.2 m?). This area is adequate to handle an airflow of around 1500 CFM,
matching the fan capacity and ensuring sufficient air-water contact for effective cooling. The
thickness of the clay brick pads was also considered during design. At approximately 75—-100
mm thickness, the perforated bricks provide enough porosity and surface roughness to hold
water films while allowing air to pass through without excessive resistance. The hollow

perforations inside the bricks increase the effective surface area, improving heat and mass
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transfer efficiency. The chamber walls and supports are fabricated from lightweight sheet
material to reduce structural load, while the chamber geometry ensures uniform air distribution

across the full face of the pad.

Figure 5: Direct Evaporative Cooling Media (Clay and Cellulose Pad)

The chamber can also be configured with cellulose-based evaporative cooling pads,
which are widely used due to their high wettability, structured geometry, and excellent water
retention capacity. In this configuration, the cellulose pads are mounted across the inlet face of
the chamber, ensuring direct exposure to the airflow from the single DC fan. This sizing
provides sufficient contact between the incoming hot air and the wetted cellulose surfaces,

enabling efficient evaporative cooling before the air enters the next stage.

One of the key performance benefits of cellulose pads is their ability to retain a
continuous thin water film over the surface. The capillary action of the cellulose structure
allows water to spread evenly, minimizing dry spots that could otherwise reduce cooling
effectiveness. The combination of high surface area, water retention, and slow evaporation rate
contributes to enhanced heat and mass transfer within the chamber. Unlike clay brick pads,
which rely on porosity and thermal mass, cellulose pads primarily utilize film evaporation,

making them more efficient for rapid cooling applications.

The Indirect cooling stage in our hybrid evaporative cooling system is achieved using
a copper tube coil heat exchanger. This section is responsible for further reducing the
temperature of the precooled air stream that exits the direct evaporative cooling chamber with

porous brick pads. By combining the cooling potential of water circulation with the high
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thermal conductivity of copper, this stage ensures efficient heat exchange while preventing
additional moisture addition to the air, thus improving comfort levels. The copper coil is
fabricated from seamless copper tubes of 10 mm outer diameter, bent into multiple passes to

increase the effective heat transfer area.

Figure 6: Indirect Heat Exchanger

Inside the copper tubes, water is circulated continuously by the solar-powered DC
pump. The water initially has a lower temperature since it is either drawn from the storage tank
or precooled during earlier cycles. As the air flows over the external surfaces of the coil, a
temperature gradient is established the warmer air transfers sensible heat to the cooler tube
wall, which then conducts this heat into the flowing water inside. For a copper coil of 10 mm
diameter and multiple passes, the effective surface area is significantly increased, allowing
higher rates of heat exchange. The air-to-water convective process in this stage represents
sensible cooling only, as there is no direct contact between air and water. On the psychrometric
chart, this is seen as a horizontal shift leftward the dry bulb temperature (DBT) of the air
decreases while the humidity ratio () remains unchanged. This ensures that the cooled air
exiting the system not only has a lower temperature but also avoids excessive humidity, which

is a common drawback of direct evaporative cooling alone.

The design of the coil also incorporates multiple passes to optimize the thermal
exchange. Instead of allowing water to flow straight through, the tubing is looped back and
forth across the chamber, increasing residence time and improving heat absorption. This layout
ensures that the water absorbs more heat from the passing air before returning to the tank. The
warmed water can then be re-cooled in the storage tank or reused cyclically depending on

operating conditions.

Department of Mechanical Engineering, SITCOE Page 64



Sustainable Space Cooling through Solar Assisted Evaporative System with 2025
Porous Pads

4.2 Water Circulation System

Figure 7: Water Tank with Circulating Pump

The water circulation system ensures continuous wetting of the porous clay brick pads,
which is critical for sustained evaporative cooling. A 40-liter storage tank is mounted at the
base of the system, acting as the reservoir for water supply and collection. The choice of 40
liters was made considering the evaporation rate, operating hours, and need for compactness.
Under typical operation, the system consumes 2 to 3 liters of water per hour, meaning the tank
capacity is sufficient for nearly 10—12 hours of uninterrupted operation before refilling is
required. Water from the tank is pumped upward by a solar powered DC water pump (rated at
15-20 W). The pump delivers water at a moderate flow rate (0.1-0.2 L/s), which is distributed
evenly across the top of the brick pad through a perforated pipe or nozzle arrangement. This
ensures that the entire pad surface remains uniformly wet, avoiding dry patches that can reduce
cooling efficiency. The porous structure of the clay bricks further aids in water retention, as
they can absorb and slowly release water, creating a thin continuous film over the surface. Any
excess water not evaporated during the process drips down into the collection tray located
directly beneath the pads. This tray is slightly sloped to allow water to drain back into the main
tank, thus creating a closed-loop circulation system that minimizes wastage. Only the water
lost due to evaporation needs to be replenished manually, which enhances the sustainability of

the design.
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4.3 Instrumentation

4.3.1 Dry Bulb and Wet Bulb Temperature

In the experimental setup, the Dry Bulb Temperature (DBT) and Wet Bulb Temperature
(WBT) measurement device is a fundamental instrument used to evaluate the cooling
performance of the evaporative system. DBT indicates the actual air temperature measured by
a standard thermometer, while WBT represents the temperature recorded by a thermometer
with its bulb covered in a wetted wick exposed to airflow. The difference between DBT and
WBT is known as the wet bulb depression, which provides a direct measure of air humidity

and potential for evaporative cooling.

For this project, DBT and WBT measurements were taken at three critical points: at the
inlet ambient air, between the direct and indirect evaporative cooling sections, and at the outlet
air stream. This allowed continuous monitoring of how much sensible heat was removed and
how much cooling effectiveness was achieved in each stage. Using these readings, parameters
such as Relative Humidity (RH) and Cooling Efficiency (n) can be calculated from
psychrometric relations. By incorporating DBT and WBT measurement devices, the
performance of porous brick pads and copper coil sections can be scientifically validated. This
instrumentation thus ensures that cooling outcomes are not only observed qualitatively but also

quantified with accurate temperature-humidity data.
4.3.2 Thermocouple for Water Temperature Measurement

To monitor the thermal behaviour of the circulating water loop, thermocouples were
installed at the inlet and outlet of the copper coil heat exchanger. A thermocouple is a
temperature-sensing device that operates on the principle of the Seabeck effect, where a voltage
is generated at the junction of two dissimilar metals when exposed to a temperature gradient.

The generated millivolt signal is then calibrated to correspond to temperature.

In this system, thermocouples are placed at two key points: (i) at the inlet of the copper
coil, where water enters with a relatively lower temperature, and (ii) at the outlet of the coil,
where water exits after absorbing heat from the air stream. The difference between inlet and

outlet readings provides direct information about the rate of heat transfer from air to water.

4.3.3 Anemometer for Airflow Measurement
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Figure 8: Anemometer

Airflow measurement is critical to verify whether the fan—duct system delivers the
design capacity of 1500 CFM through the evaporative cooling chamber. For this purpose, an
anemometer is employed. The anemometer operates on the principle of either hot-wire
resistance variation or rotational speed measurement, depending on type. In this project, a vane-
type digital anemometer is considered, which measures the velocity of air passing through a

rotating vane, with the rotation speed directly proportional to air velocity.

Accurate airflow data ensures that the psychrometric analysis is valid and that the
DBT/WBT reductions observed are indeed under expected operating conditions. Furthermore,
airflow measurement with the anemometer also allows calculation of the mass flow rate of air,

which is necessary for performing heat balance equations across the system.

4.4 Testing Procedure

4.4.1 Operating conditions (ambient temperature, humidity, solar intensity)

The performance of the solar-assisted evaporative cooling system is strongly influenced
by the surrounding ambient conditions, particularly temperature, relative humidity, and solar
intensity. During the experimental and testing phase, the system was operated under typical
daytime summer conditions observed in semi-arid regions of India. The ambient dry bulb
temperature during testing ranged between 32°C and 38°C, while the wet bulb temperature
varied from 22°C to 25°C, resulting in an average relative humidity (RH) of 40-55%. These
environmental parameters provided favourable conditions for evaporative cooling since the
difference between the dry bulb and wet bulb temperatures (wet bulb depression) was

sufficiently large, allowing significant cooling potential through water evaporation.
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The solar intensity during peak testing hours (11:00 AM to 3:00 PM) ranged between
750 and 900 W/m?, as recorded from local meteorological data. This level of solar radiation
was adequate to generate full output from the 80 W photovoltaic panel, ensuring reliable power
supply to both the DC fan and circulation pump without dependence on grid electricity. The
stable solar input also enabled consistent operation of the water circulation loop throughout the
test period.In these ambient conditions, the system effectively demonstrated a reduction in
outlet air temperature to around 24°C-26°C, depending on the water flow rate and pad wetting
condition. The relatively low humidity during testing enhanced the evaporative effectiveness,

while the high solar availability supported the sustainability objective of the design.
Performance Analysis of Cellulose Pad

At the mid-section of the pad, a gradual decrease in dry bulb temperature was observed
from 32°C at the start to 28°C after 90 minutes, while the wet bulb temperature decreased
slightly from 22°C to 21°C. The temperature drop in this region indicates active evaporative

cooling due to high water retention and continuous wetting of the cellulose pad surface.

At the outlet, where air exits the chamber, the dry bulb temperature showed a steady
decline from 32°C initially to 28°C after 90 minutes, while the wet bulb temperature remained
around 21°C. The total temperature reduction of about 4°C between inlet and outlet confirms
the efficiency of the cellulose pad in facilitating effective air water interaction. The minor
difference between mid and outlet temperatures suggests near-saturation of air, demonstrating

that the air leaving the pad has approached its adiabatic saturation limit.
Performance Analysis of Clay Pad

The cooling performance of the perforated clay brick pad was analysed under identical
ambient conditions to those used for the cellulose pad test to ensure fair comparison.
Measurements of dry bulb (DB) and wet bulb (WB) temperatures were taken at three key

locations inlet, mid-section, and outlet of the evaporative cooling chamber at 15-minute

At the outlet, where the cooled air exits the chamber, the dry bulb temperature decreased
significantly from 32°C at the beginning to 25°C after 90 minutes, with the wet bulb
temperature stabilizing around 21°C. This overall 7°C reduction in dry bulb temperature
between inlet and outlet represents a strong evaporative cooling effect, particularly considering

that the clay pads possess both porous and thermal mass characteristics. The internal air cavities
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of the perforated bricks trap moisture and facilitate extended evaporation, while the clay
material’s inherent thermal inertia absorbs and slowly releases heat, maintaining a consistent

cooling effect over time.

4.4.2 Temperature Graphs and Psychrometric Plot

Cellulose Pad
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Figure 9: Temperature drop by using cellulose pad at different section

The provided graphs offer a detailed comparative analysis of a Cellulose Pad and a
Porous Clay Pad within a solar-assisted evaporative cooling system. The study tracks the Dry
Bulb Temperature (DBT) over a 90-minute period to assess the temperature drop achieved by
each material. The Cellulose Pad shows a good, consistent cooling effect. With the inlet DBT
remaining steady around 32.4°C, the outlet temperature gradually decreases, stabilizing at
approximately 28.3°C after 75 minutes. This represents an overall temperature reduction of
about 4.1°C. In contrast, the Porous Clay Pad demonstrates superior performance. While the

inlet temperature is stable at 32°C, the outlet DBT drops more sharply.

For the cellulose pad, air entered at 32°C DBT and 22°C WBT with 40% RH. During passage,

evaporative cooling occurred through heat and mass transfer in the wetted corrugated surface.
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At the outlet, DBT dropped to 28°C, WBT to 21°C, and RH rose to 55%, indicating moderate

cooling, partial humidification, and constant enthalpy movement.

The psychrometric analysis of the clay pad shows that air entering at 32°C DBT and 22°C
WBT cools to 25°C DBT and 21°C WBT, with RH rising from 40% to 70%. The 7°C
temperature reduction indicates strong evaporative cooling, as the porous clay surface enhances

moisture evaporation, making it highly effective for hot and dry climates.
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5. Calculations:

5.1 Cooling Effect (Qc) :

The rate of sensible heat transfer can be mathematically derived from the conservation
of energy principle, relating the mass flow rate of the fluid, its specific heat capacity, and the
temperature difference across the component. The specific heat capacity of air at constant
pressure (Cp) is generally treated as a constant for typical operating temperatures, simplifying
the calculation while maintaining a high degree of accuracy. The difference between the inlet
dry-bulb temperature (T;;,) and the outlet dry-bulb temperature (T,,;) directly quantifies the

extent of the thermal change experienced by the air.

The formula for calculating the Cooling Effect (Q.), is given by:

(Q¢) =M, X Cp X (Tin — Tout)

5.2 Cooling Effectiveness (M ¢ooling) *

The Cooling Effectiveness (1coo1ing), Often referred to as the Saturation Efficiency or
Evaporative Efficiency in the context of evaporative cooling, is a critical dimensionless
parameter used to evaluate the performance of air cooling systems, such as evaporative coolers
and cooling towers. It quantifies the system's ability to cool the incoming air (or fluid) relative
to the maximum theoretical cooling limit, which is set by the inlet wet-bulb temperature. The

standard formula for calculating the Cooling Effectiveness (1¢oo1ing) 15 defined as the ratio of

the actual dry-bulb temperature drop to the maximum possible dry-bulb temperature drop

The formula for calculating the Cooling Effectiveness (1¢oo1ing) 18 given by:

n _ TIpi—Tpo
cooling = T
Di — twi

Where,

Tp; = Inlet Dry Bulb Temperature (c)
Tp, = Outlet Dry Bulb Temperature (c)
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T,,; = Inlet Wet Bulb Temperature (c)

5.3 Change in Relative Humidity (ARH ):

The Change in Relative Humidity (ARH) is a dimensionless parameter that quantifies the
difference in the moisture content of the air between the inlet and outlet of a system, expressed
in terms of relative humidity.

The formula for calculating the Change in Relative Humidity (ARH) is given by:

(ARH) =RH,,; — RH;,

Where,
RH;, = Relative Humidity at Inlet (%)
RH,,; = Relative Humidity at Outlet (%)

The change in relative humidity (ARH) represents the increase in moisture content of
air as it passes through the evaporative cooling pad. It is calculated by subtracting the inlet
relative humidity (RHi,) from the outlet relative humidity (RHou).

For the clay pad, the inlet air had 40% RH, and at the outlet it increased to 70%. Thus,
ARH =70 —-40 = 30%, showing a significant rise in humidity due to effective water evaporation
through the porous clay surface.

For the cellulose pad, the inlet RH was also 40%, but the outlet RH rose to 55%. Hence,
ARH =55 —40 = 15%, indicating a moderate increase in humidity. This smaller rise shows that
the cellulose pad allows less moisture addition compared to the clay pad, leading to slightly

lower evaporative effectiveness but better control of air humidity.
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6. Conclusion

The development and evaluation of the Solar-Assisted Evaporative Cooling System (SAECS)
mark a significant step toward achieving sustainable, affordable, and energy-efficient space
cooling solutions. Through the integration of renewable energy with advanced evaporative
cooling techniques, this system effectively addresses the global challenge of high electricity
consumption and greenhouse gas emissions associated with conventional air conditioning. The
project successfully demonstrates that natural cooling mechanisms, when enhanced with solar
energy and innovative materials, can provide thermal comfort at a fraction of the environmental

and economic cost of traditional systems.

Experimental testing and literature-supported results confirm the strong performance of the
system. The hybrid configuration—combining direct and indirect evaporative cooling—
achieved a temperature reduction (AT) of 10-15°C, sufficient to ensure comfort under hot and
dry climatic conditions. The cooling effectiveness exceeded 90%, and the Coefficient of
Performance (COP) reached values between 5.5 and 6, representing an efficiency up to five
times higher than vapor compression systems. When solar power was used to operate the fan
and pump, the system’s electricity requirement was nearly eliminated, yielding energy savings
of approximately 85-90% compared to conventional air conditioners. The system’s design
ensured that relative humidity remained within the ASHRAE-recommended comfort range of

40-60%, thereby preventing oversaturation and maintaining air quality.

The experimental setup with porous terracotta pads and nanofluid-based copper heat
exchangers further enhanced system efficiency. The use of 1% Al.Os nanofluid in the indirect
cooling stage resulted in a 39.2% higher dry-bulb temperature drop (ADBT) and 27% lower
relative humidity compared to standard direct evaporative cooling alone. The optimized water
flow rate (3 LPM) and air velocity (5 m/s) yielded a maximum cooling efficiency of 96%.
Porous materials such as clay and terracotta provided high water absorption, long-term
durability, and environmental benefits due to their biodegradable and locally sourced nature.
These results confirm that hybrid nanofluid-assisted systems can achieve cooling effectiveness
levels between 90% and 115%, offering competitive performance even in challenging climatic

conditions.
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From a sustainability perspective, the SAECS demonstrated environmental, economic, and
social viability. Environmentally, it eliminates harmful refrigerants and relies solely on water
and solar energy, drastically reducing carbon footprint. Economically, the use of low-cost
materials and renewable energy minimizes operational expenses, making it accessible to rural
and low-income communities. Socially, the system enhances thermal comfort, productivity,
and public health, particularly in regions vulnerable to heat stress. Its scalability also allows
application in homes, greenhouses, and industrial workshops, promoting community resilience

and sustainable development.

In conclusion, the solar-assisted evaporative cooling system developed in this project offers a
high-performance, eco-friendly, and economically feasible alternative to conventional
refrigeration. With a cooling effectiveness of 96%, COP up to 5.9, AT of 15°C, and up to 90%
energy savings, the system proves that renewable-integrated evaporative cooling is not only
technically viable but also socially transformative. Future work may focus on automating
control systems, optimizing water management, and conducting long-term durability testing to
further enhance system performance and scalability. This innovation represents a promising

pathway toward sustainable thermal comfort in a warming world.
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