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Abstract

The article discusses the urgent task of improving the energy and environmental perfor-
mance of industrial facilities through the optimization of adiabatic cooling systems. It analyzes
the basic principles of adiabatic system operation and their advantages over traditional com-
pressor units. The focus is on the development and analysis of optimization techniques aimed
at achieving a balance between maximum cooling capacity, minimal water consumption, and,
consequently, reduced electricity usage. The paper presents mathematical models and control
algorithms that allow the system to adapt to changing climate conditions and thermal loads
in real-time. It also justifies the direct link between reduced energy consumption and reduced
indirect carbon dioxide (CO,) emissions associated with electricity generation. The results of
the study show that the introduction of intelligent adiabatic cooling systems can significantly
reduce the operating costs and carbon footprint of industrial facilities and data centers.
Keywords: adiabatic cooling, energy efficiency, optimization, reduction of CO2 emissions,
industrial cooling, energy saving, evaporative cooling, control algorithms, carbon footprint,
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The relevance of research

Modern industrial enterprises are striving
to reduce the energy intensity and environ-
mental impact of their production processes.
Adiabatic cooling systems, used for air condi-
tioning in process rooms and equipment, rep-
resent an energy-efficient alternative to tradi-
tional compression systems. However, the use
of these systems can sometimes lead to the
irrational use of water and energy resources.

Optimizing these systems can significant-
ly reduce electricity consumption and direct

and indirect CO, emissions, in line with global
trends towards sustainable development and
international energy efficiency standards.

The purpose of the study

The main goal of the research is to devel-
op and scientifically justify a methodology
for optimizing industrial adiabatic cooling
systems, aiming to simultaneously reduce
electricity consumption and indirect carbon
dioxide emissions while maintaining the nec-
essary cooling capacity.
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To achieve this goal, a number of tasks
must be completed. First, existing systems
must be analyzed to identify key performance
indicators. Then, a mathematical model must
be developed to describe the thermodynam-
ic, energy, and water processes within the
system. Based on this model, a multi-criteria
optimization algorithm must be created that
can find the best balance between cooling
efficiency, water use, and energy use in real
time. Finally, the system’s performance must
be simulated numerically for various condi-
tions, and the potential for energy savings
and CO, reductions compared to traditional
or unoptimized systems must be quantified.

Materials and methods of research

The current industrial adiabatic cooling
systems used in the food, chemical, and metal-
lurgical industries are the focus of this research.
During the study, methods of thermodynamic
analysis, energy and exergy balances, math-
ematical modeling of mass and heat transfer
processes, as well as computer simulation tools
such as CFD modeling, are employed.

The experimental component involves
collecting data on actual operating conditions
of the equipment, measuring temperatures,
humidity, airflow, and water flow. To evaluate
the environmental impact, a method for cal-
culating the carbon footprint is used, based
on CO2 emission factors calculated from
electricity consumption. Based on the col-
lected data, recommendations are developed

Section 6. Technical sciences in general

for technological and design improvements
aimed at enhancing the energy efficiency of
these systems.

The results of the study

The idea of adiabatic cooling, which is
based on using water evaporation to reduce
air temperature, dates back to ancient times.
In ancient Egypt and Persia, simple evapo-
ration devices such as vessels with a porous
surface were used, through which air passed
and was cooled by the evaporation of mois-
ture. This principle was also applied in archi-
tecture, with wind towers and fountain sys-
tems creating natural cooling for rooms.

Since the early XX century, as industry
developed and the need for air conditioning
increased, adiabatic systems began to receive
engineering attention. The first industrial
installations, used in textile and food manu-
facturing, employed direct water evaporation
in air streams. However, these systems were
limited by climate conditions, so further de-
velopment focused on improving control
over heat and mass transfer processes.

In the second half of the XX century,
new indirect adiabatic cooling systems were
developed, which did not require water to
enter the working airflow. Instead, cooling
occurred through heat exchange surfaces,
making it possible to use these systems over
a wider range of temperatures and humidi-
ties, including areas with high relative hu-
midity (Fig. 1).

Figure 1. Indirect adiabatic cooling scheme
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Indirect adiabatic cooler

Since the 1980s and 1990s, computer
technology has played a significant role in
the design of more efficient adiabatic systems
using computational fluid dynamics (CFD)

techniques. During this time, combined sys-
tems that combine adiabatic cooling with
mechanical cooling or heat recovery have
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emerged, increasing their overall energy effi-
ciency (Tarabarin L.I., 2023).

In the XXI century, researchers and in-
dustry have focused on increasing environ-
mental sustainability and reducing energy
consumption. This has led to the introduc-
tion of intelligent control systems and auto-
matic water and air flow optimization, which
have significantly reduced operating costs
and the carbon footprint.

Section 6. Technical sciences in general

Modern adiabatic systems, such as those
used in data centers and logistics complex-
es, are an integral part of the “smart” and
energy-efficient industry. These systems have
evolved from simple evaporative technolo-
gies to more complex, integrated solutions
that meet today’s environmental and energy-
saving standards (Tab. 1).

Table 1. Evolution of adiabatic cooling systems

No. Name

Characteristic

1. Traditional technol- In the early days, simple methods such as fans and natural con-

ogies

vection were used to cool the air. However, these systems were

not very effective and consumed a significant amount of energy.

2. Use of water

The introduction of water-cooling, where water is evaporated

to lower air temperature, has significantly increased efficiency.
However, this process requires a significant amount of water.

3. Adiabatic coolers

The development of adiabatic coolers, which use the principle

of evaporative cooling, has led to a reduction in energy con-
sumption and an increase in efficiency.

4. Modern technolo-
gies

The introduction of microcontrollers and sensors has allowed
us to automate cooling processes and make them more adapt-

able to environmental conditions.

5. New materials

The use of modern thermal insulation and water-resistant ma-

terials to enhance the efficiency of systems.

6. Integration with
sustainable energy
sources

7. Smart technologies

Modern adiabatic systems are often combined with solar
panels and other renewable energy sources, which makes them
more environmentally friendly.

Implementation of the IoT (Internet of Things) for monitoring

and control of cooling systems, which allows optimizing their
operation in real time.

It should be noted that, in recent decades,
the development of industrial adiabatic cool-
ing systems has focused on improving energy
efficiency and reducing environmental im-
pact. Modern solutions incorporate automat-
ed control systems, innovative heat exchange
materials, and a comprehensive analysis of
air and moisture flow (Dolgov A.I., 2012).

One of the key areas of focus is the use of
intelligent control systems. These systems al-
low for real-time monitoring and control of
water flow, fan speed, and incoming air tem-
perature. By taking into account weather data,
heat load, and indoor conditions, these sys-
tems can optimize water and energy consump-
tion. Thanks to adaptive algorithms, electric-
ity consumption can be reduced by 20—40%,

compared to traditional systems. In addition,
water consumption can also be optimized.

Another significant area is the develop-
ment of hybrid adiabatic systems. These sys-
tems combine evaporative cooling with either
mechanical (compressor) cooling or regener-
ative heat exchange, ensuring stable air pa-
rameters and minimal energy consumption.
These hybrid schemes are particularly useful
in data centers, where equipment tempera-
ture directly affects work efficiency. In some
European data centers, the use of adiabatic
cooling has resulted in a 30—50% reduction
in carbon footprint compared to traditional
air conditioning systems.

Innovative materials also play a signifi-
cant role in this process. Modern evaporation
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units, made from cellulosic, nanostructured,
or ceramic materials, offer a higher evapo-
ration rate and reduce the risk of bacterial
growth. This not only reduces maintenance
costs but also increases the longevity of the
equipment (Yang Yu., Chen S.-S., 2010).

An important aspect of aerodynamics is
digital modeling and optimization, which al-
lows for the design of systems with minimal
pressure loss and even airflow distribution.
The use of computational fluid dynamics
(CFD) models helps adjust the geometry of
channels and nozzle placement, improving
heat and mass transfer efficiency.

One promising solution is the recovery of
moisture and energy through two-stage cool-
ing systems and exhaust air recycling. These
systems can reduce energy consumption by up
to 60%, compared to traditional air condition-
ing units. These technologies are actively being
implemented in logistics facilities, the food in-
dustry, and large-scale ventilation systems.

Optimization of industrial adiabatic cool-
ing systems relies on digital technologies,
intelligent controls, hybridization, and new
high-performance materials. These technol-
ogies not only significantly reduce energy
consumption but also contribute to reducing
CO2 emissions, promoting the development
of a more sustainable and environmentally
friendly industry.

Despite their energy efficiency and en-
vironmental advantages, modern industrial
cooling systems face several challenges that
limit their potential for optimization. The main
challenge is the instability of performance de-
pending on climatic conditions. During high
humidity, water evaporation intensity de-
creases, leading to a reduction in cooling ef-
ficiency and a need for additional mechanical
cooling. This increase in energy consumption
indirectly increases carbon emissions.

Another significant issue is the high water
consumption. Intense evaporation requires
a substantial amount of liquid, particular-
ly with high system efficiency. An inefficient
water circuit and lack of a closed water loop
increase resource scarcity and impact opera-
tional sustainability. Additionally, when salts
and contaminants accumulate in the water,
heat transfer decreases, and frequent clean-
ing or replacement of the evaporation panels
becomes necessary.

Section 6. Technical sciences in general

The correct configuration of automated
control systems can be difficult. To achieve
maximum energy efficiency, a precise inter-
action between temperature, humidity, pres-
sure sensors, and fan and pump controllers is
necessary. Even small errors in the algorithms
can lead to energy wastage or unstable micro-
climate parameters. Additionally, the intro-
duction of intelligent systems requires capital
investment and staff training, which can hin-
der the widespread adoption of innovation.

The reliability and durability of the com-
ponents remain a significant challenge. Adi-
abatic cooling, while effective, is associated
with high humidity, which can lead to corro-
sion of metal elements and reduce the service
life of fans, pumps, and panels. This requires
the use of expensive anti-corrosive materials
and regular maintenance, which adds to the
cost of the system.

Another issue is the lack of advanced dig-
ital modeling tools. Despite the availability of
CFD (computational fluid dynamics) analysis
systems, detailed simulations of evaporation
and turbulent flow are not commonly used in
practical applications. This can lead to design
errors and unnecessary energy losses, as well
as increased maintenance costs.

The main challenges in optimizing adi-
abatic cooling systems include climate-
dependent efficiency, water scarcity, complex
control, technical reliability, and insufficient
digitalization in design. Addressing these
issues requires an integrated approach that
includes implementing intelligent monitor-
ing systems, utilizing sustainable materials,
establishing closed water supply cycles, and
adapting technologies to regional climate
conditions.

We believe that optimizing industrial
adiabatic cooling systems requires a multi-
layered process aimed at enhancing energy
efficiency, minimizing water consumption,
and ensuring reliable operation of equipment
across diverse climates.

The basis of the modern approach is
the integration of engineering solutions,
automation, and digital control technolo-
gies. This involves adapting the operating
modes of a system to changes in tempera-
ture and humidity using intelligent control
algorithms. These algorithms regulate the
speed of fan rotation, water spray intensity,
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and pump performance, based on machine
learning principles. This allows the system to
learn and predict future climate conditions,
optimizing resource allocation for maximum
efficiency.

A significant role is played by reducing
water consumption with closed water circu-
lation systems, filtration, and recirculation,
which prevent excessive moisture loss. The
building uses materials with increased cor-
rosion resistance and hydrophilic coatings,
which promote uniform evaporation and the
durability of the building’s elements.

CFD models and digital twins are used to
improve the efficiency of airflow, allowing for
the prediction of temperature and humidity
distribution at all stages of design and oper-
ation. Automated monitoring systems con-
nected to cloud platforms collect real-time
data from temperature, humidity, and vibra-
tion sensors, enabling proactive maintenance
and emergency prevention.

Energy saving is achieved through the in-
troduction of frequency-controlled engines,
optimization of duct aerodynamics, and the
use of renewable energy sources. In the fu-
ture, the development of these systems will
involve the use of neural networks for in-
tegrated climate management, intelligent
equipment diagnostics, and the complete
digitalization of design and operational pro-
cesses.

The detailed optimization of industri-
al adiabatic cooling systems ensures a high
level of energy efficiency, environmental sus-

Section 6. Technical sciences in general

tainability, and reliability at minimal operat-
ing costs.

Conclusion

Optimization of industrial adiabatic cool-
ing systems is a crucial aspect in the devel-
opment of modern energy-efficient technolo-
gies and the enhancement of environmental
sustainability in production processes.

The use of intelligent control algorithms,
digital twins, and automated monitoring en-
sures the flexibility and accuracy of equip-
ment operation, while minimizing energy
and water consumption. Increased efficiency
is achieved through an integrated approach
that includes engineering improvements to
the design, optimization of aerodynamics,
and the introduction of adjustable drives and
recirculation systems.

Digitalization of the design and operation
processes is essential, as it enhances trans-
parency, predictability, and reliability of inte-
grated systems. The development of adiabat-
ic cooling helps reduce the carbon footprint
by minimizing the impact on urban energy
systems, while also increasing the competi-
tiveness of businesses.

In the future, the integration of artificial
intelligence, the Internet of Things, and sus-
tainable engineering solutions will form the
basis for establishing new standards in the
field of industrial climate systems. These sys-
tems will ensure a balance between produc-
tion efficiency and conservation of natural re-
sources, leading to a more sustainable future.
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