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Abstract

Climate change and rising temperatures in cities as a result of the Urban Heat Island (UHI) are
increasing heat stress and forcing the development of efficient, sustainable outdoor cooling systems.
The aim of this article was to analyse the integration of adiabatic air cooling systems with
photovoltaic (PV) installations in the context of improving thermal comfort and energy autonomy.
The study was carried out on the example of a bus station in Rzeszéw (Poland), considering two
variants of systems: indirect evaporative cooling (PKW/PV-CP-KW) and direct evaporative cooling
(BKW/PV-CP-KW). Four levels of the upper limit of thermal comfort (TEmax = 22°C, 22.9°C, 24°C,
25°C) were considered to assess the impact of comfort parameters on the number of hours of system
operation, energy consumption and operating costs. The results indicate that raising the TEmax
reduces system uptime and significantly reduces the need for cooling — for example, increasing the
TEmax from 22.9°C to 24°C reduces usable energy by 41%. At TEmax = 25°C, the BKW system
achieves full energy autonomy, it is fully powered by PV. A Life Cycle Analysis (LCA) and Operating
Cost of Ownership (LCC) confirmed the environmental and economic benefits of using higher TEmax
values. The study highlights the potential of adiabatic cooling systems, in cooperation with a local
PV installation, as an adaptive solution, improving thermal comfort in urban space with minimal
grid energy consumption.

Keywords: adiabatic cooling; photovoltaics; outdoor thermal comfort; urban heat island (UHI);
energy autonomy; LCA; LCC; sustainability

1. Introduction

The urban heat island (UHI) phenomenon poses a significant public health challenge,
particularly in cities with intensive development, limited vegetation and high population density.
High temperatures in urban areas are associated with increased morbidity due to cardiac and
respiratory causes, as well as mental and social problems. For instance, a study of participants in the
UK Biobank revealed that an increase in UHI intensity during the summer was linked to a higher risk
of mental health issues, such as depression and anxiety [1,2].

In recent years, the issue of human thermal comfort has also received increasing attention. So
far, this concept has mainly been analysed in relation to enclosed spaces. However, the dynamic
development of cities and the increased use of public spaces (e.g. transport hubs, promenades and
recreational areas) means that there are growing expectations regarding microclimatic conditions in
outdoor environments too [3,4]. Therefore, thermal comfort in open spaces is not only a matter of
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subjective comfort, but also affects mobility and the attractiveness of urban spaces, as well as the
psychophysical well-being of residents [5].

In addition, technological and design advances mean that an increasing proportion of the
population, particularly in developed countries, expects the same level of microclimate regulation
outdoors as indoors. This is due to growing health awareness and socio-cultural processes that
contribute to higher quality of life standards in cities. Furthermore, the observed increase in
heatwaves means that ensuring thermal comfort in public spaces is not only an element of urban
attractiveness, but also a requirement for adapting to climate change [6-9].

Therefore, literature increasingly emphasises the need to design cooling systems for outdoor
spaces. In addition to health functions, these systems would respond to growing social expectations
regarding urban environment quality [10]. These solutions include natural and artificial methods,
and the choice depends on local climatic and infrastructural conditions, as well as the social
preferences of users. The first group consists of solutions such as the development of green
infrastructure, the use of high-albedo materials to reduce solar absorption and proper urban design,
with an emphasis on creating shaded public spaces [11-16]. The second group includes technical
solutions related to improving energy efficiency and the use of innovative cooling systems [17,18].
The following technologies may be important in the context of outdoor space cooling:

e  classic compressor units, which, thanks to their popularity, are easily available, although their
disadvantage is high operating costs [19],

e adsorption units, allowing the use of waste heat, for example, from the municipal heating
network in the summer, although their use is limited by the low availability of equipment and
high investment cost [20,21],

e  evaporative air conditioners, environmentally friendly, but requiring a continuous supply of
water [22],

e indirect evaporative cooling systems, characterized by low operating costs and no need for
harmful refrigerants, although still rarely found on the market [23,24].

This article aims to expand existing knowledge of adiabatic cooling systems for reducing heat
loads in outdoor areas, using a local bus station in Rzeszéw, Poland, as an example [25]. The analysis
includes proposing alternative end points for the air cooling process. Selecting different end points
enables us to identify various cooling capacity demands. Changes in cooling load can significantly
impact the system's energy balance, operating costs, and environmental footprint. Another important
aspect of the study is the assessment of the synergy between the cooling system and the existing
photovoltaic installation, allowing consideration of integration within the concept of hybrid systems.
The final objective of the analysis is to identify a cooling endpoint that would ensure the tested system
has a high level of energy autonomy, thus aligning with the principles of sustainable development
and optimising the operation of building infrastructure.

2. Overview of Existing Adiabatic Cooling Solutions

Adiabatic (evaporative) cooling uses the evaporation of water to lower the temperature of the
air. These technologies are found in two main forms:

e  direct evaporative cooling (DEC),
e indirect evaporative cooling (IEC),
e  hybrid (indirect-direct, IDC),

e in the form of sprinklers/mists.

These systems are energy-efficient because they require less energy than compressor
refrigeration systems. However, their efficiency and suitability depend heavily on humidity, water
and air quality (e.g. dust and smoke), and sanitary conditions [26,27]. Table 1 summarises the
characteristics of each type of adiabatic cooling in tabular form. The technical data are range-based
and come from experimental studies and literature reviews [26-38]. Actual values may vary
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depending on climatic conditions (e.g. relative humidity and ambient temperature) and installation

parameters.
Table 1. A comparative analysis of basic adiabatic cooling systems [26-38].
Adiabatic cooling ~ Mechanism of action Cooling efficiency Advantages Constraints
type
Direct Evaporative Direct air humidification 60-95% in dry Simple design, low Increases air humidity,
Cooling (DEC) via cooling inserts conditions investment and operating  risk of microorganism
costs growth
Indirect Heat exchanger separates ~ 40-70% in humid ~ Cools without increasing Heat exchanger
Evaporative moist air from cooled air conditions humidity complexity, higher cost
Cooling (IEC)
Indirect-Direct IEC + DEC connectionina 70-110% (relative to ~ Very high efficiency, RH  Higher investment cost,
Hybrid (IDEC) cascade system DEC efficiency alone) control higher service complexity
Misting / Water Spraying fine water Local T reduction of Effective subjective cooling, Increases local humidity,
Spray Systems droplets in the user area 2-7°C low barrier to deployment requires water filtration,
sanitary risks
Regenerative IEC Regenerative heat SEER: 10-16 Very high seasonal High investment cost, the
(R-IEC) exchangers in duct systems  (experimental) efficiency need to control water

quality

The choice of technology should take into account the local climate, especially air humidity. In
humid areas, DEC is not very efficient, whereas IEC or hybrid solutions are preferable when the
humidity in the refrigerated space needs to be limited [26,33]. It is crucial to assess air and cooling
water quality, as fog and DEC systems can increase exposure to dust and pathogens in polluted air
if the systems are not properly serviced. Using systems that suck in air from the outside (in the
absence of filtration) during periods of forest fires or high air pollution can be risky for human health
[30,35]. Adiabatic systems also require well-defined maintenance plans, including regular
maintenance and water management, to minimise sanitary risks and optimise resource consumption
[37,39].

3. Synergy of Adiabatic Cooling Systems and Photovoltaics

In temperate climates (including Poland), the demand for cooling outdoor spaces peaks during
the hours of maximum solar radiation and direct heat [25]. This daily demand profile coincides with
the energy production curve of photovoltaic (PV) installations. This temporal coincidence generates
a fundamental prerequisite for integrating PV into cooling systems, including adiabatic cooling:
locally available, directly produced solar energy can power pumps and fans, as well as control
cooling systems, exactly when they are needed most. This significantly improves energy self-supply
and reduces the need for power from the grid [40,41]. The main benefit of using a PV system to power
the cooling system is that it reduces the installation's operating costs — some (or all) of the energy
needed to operate the pumps/fans comes directly from the PV system, reducing the consumption of
energy from the power grid. Secondly, cooling the PV modules (directly or indirectly by cooling the
air in their immediate vicinity) lowers the operating temperature of the cells. This counteracts the
drop in voltage and power during periods of high panel temperatures in strong sunlight. This
translates directly into higher energy production when it is most needed. Empirical and review
studies indicate improved output power and efficiency of modules following evaporative cooling or
other active PV temperature control methods [42,43].

From an economic point of view, integrating PV with adiabatic cooling systems increases capital
expenditure, but generates significant operational savings by:

e reducing electricity consumption from the grid during peak demand hours;
e reduction of costs associated with cooling using traditional devices (e.g. a compressor unit);

e  potential extension of the lifespan and increased efficiency of PV modules.

In regions with hot, dry climates, the payback period may be shortened, especially with the
additional use of smart controls and minimal energy storage [41,44].
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In practice, however, these implementations face significant limitations and challenges, such as:

e  variability of weather conditions: sudden cloudiness can limit the temporary production of
electricity by PV systems when cooling is needed,

e  momentary mismatch: although the shapes of the curves are similar, local weather anomalies
may require support systems or energy storage;

¢  heating of panels through reflected radiation - the impact of PV installations on the microclimate.
Large areas of PV installations can alter the local energy balance of the surface and affect the
ambient temperature, which should be taken into account in climate and urban analyses [45].

The following design and operational approaches may solve this limitation:

e adaptive control — prioritising the supply of energy to pumps and cooling fans from PV
production at peak generation times, using humidity/temperature thresholds and weather
algorithms to turn systems on/off [42];

e electricity storage/buffering: short-term energy storage (e.g. batteries or capacitors) with a small
capacity can smooth out momentary fluctuations in PV production and ensure critical pump
components run for several minutes during periods of obscuration [41];

e hybrid project: combining natural solutions (e.g. trees, shading and high albedo materials) with
technical adiabatic cooling systems that work with the PV installation to reduce the overall
cooling demand [44];

e  economic and climate analysis: modelling the local conjunction of electricity production from
PV and cooling demand (time profiles); estimation of investment and operating costs; and
emergency scenario modelling, taking into account the risk of smog and fires (limitations on the
use of fog in high air pollution).

The convergence of the maximum insolation and the highest demand for external cooling creates
a practical and economical basis for integrating photovoltaic (PV) installations with adiabatic cooling
systems. Such integration can significantly improve the energy self-sufficiency of cooling solutions,
reduce operating costs and boost the efficient electricity production of PV cells by lowering module
temperatures. However, intelligent control, short-term energy buffering and hybrid approaches that
combine technical technologies and environmental conditions are necessary to achieve optimal
results..

4. Object of Research
4.1. Characteristics of the Test Object

The analysis presented in this article refers to the research object characterised in detail in
publication [25]. This is the bus station platform in Rzeszéw, Poland, which is an open outdoor space
(Figure 1). Key operational and architectural parameters are summarised in Table 2. A notable feature
of the research area is its roof, which is made of photovoltaic modules and allows the cooling system
to be integrated with a local renewable energy source.

Figure 1. The object of the study — the platform of the Local Railway Station in Rzeszéw (Poland).
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Table 2. Basic data of the test object [25].
Element Symbol Unit Value
length x width x height LxSxH m 36x4x2

surface A m2 144
volume \ m3 288
number of photovoltaic modules N - 104

dimensions of photovoltaic modules - m 2.135x 0.975
unit power of photovoltaic modules Pj \ 275
number of people in reference area No - 126

4.2. Selection of Cooling System Variants

As part of this analysis, two variants of refrigeration installation were considered which received
the highest scores in the criteria of energy efficiency, economic profitability and environmental
impact, according to the results of the research [25]. Both solutions are based on adiabatic cooling
technology and have been integrated into a functioning photovoltaic installation. The cooling
mechanism can be implemented in two configurations:

e  PKW/PV-CP-KW variant: indirect cooling using the evaporation effect without affecting air
humidity. This process involves a central device generating cooled air, which is transported via
a ventilation duct system and distributed to occupied areas via air supply grilles (Figure 2).

e BKW/PV-CP-KW variant: direct evaporative cooling implemented using evaporative air
conditioners. In this solution, air is cooled and humidified simultaneously and supplied directly
to the usable space via a short channel (Figure 3).

WATER SEN PV
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Figure 3. Diagram of the air cooling system in the BKW/PV-CP-KW variant [25].

Water is the primary cooling agent for these devices, while electricity is only required to power
the fan and circulation pump. Table 3 summarises the technical parameters of the adopted devices.

Table 3. Technical parameters of the devices adopted in the analyzed variants of the cooling system.

Device Technical data

PV module power: 275 Wp.

air flow: 23 040 m3/h

nominal cooling capacity: 160 kW,

water consumption: 423 1/h,electricity consumption: 11,8 kW.

indirect evaporative air conditioner
(central unit)
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indirect evaporative air conditioners nominal cooling capacity: 18,4 kW,
(local units) water consumption: 70 1/h,electricity consumption: 13,5 kW.

5. Research Methodology

5.1. Determination of Thermal Comfort Parameters

The analysis used meteorological data on outdoor air parameters from the Rzeszéw-Jasionka
meteorological station in Poland, which is located at the geographical coordinates 50°06'N, 22°03'E.
These data, made available by the Institute of Meteorology and Water Management in Warsaw,
include daily and hourly series covering key atmospheric parameters, such as air temperature,
relative humidity and wind speed. These parameters were recorded between 2012 and 2019.

Thermal comfort assessment indicators are used to evaluate the thermal load on the human
body. Over the past few decades, a number of indicators based on human heat balance have been
developed. These differ in terms of the complexity of the calculations, the input data requirements
and the degree to which they are suited to external conditions. The following indicators are most
often used in field research and numerical simulations [47-50]:

e  PET (Physiological Equivalent Temperature);
e  UTCI (Universal Thermal Climate Index).
e PMV (Predicted Mean Vote).

Against the background of the above indicators, the effective temperature (TE) according to
Missenard could play a significant role in field studies [51]. Its main advantages are the simplicity of
the calculations and the limited input requirements. As it does not require complex data on solar
radiation or anthropometric parameters to be taken into account, this indicator is easy to use in field
research, especially where the availability of measurement equipment is limited.

Taking the above arguments into account, the range of thermal comfort outdoors for the
purposes of this analysis was determined using the effective temperature index (TE), which is based
on the Missenard formula [51]:

e forw<of03m/s:

TE =T = 04(T — 10)(1 — 1), °C (1)
e forw=o0f03m/s:
37-T RH. o
TE =37 - 0,68—0,0014RH+ 1 —0297(1 - E)’ C )

1,76+1,4w0.75

The TE index values were calculated for each hour between 1 June and 31 August from 2012 to
2019, based on real meteorological data [46]. The analysis was limited to the summer months (June,
July and August), which are characterised by the highest air temperatures. Temperature and relative
humidity data were obtained from the Rzeszow-Jasionka meteorological station, while wind speed
values recorded by the anemometer were scaled to a height of 1 m above ground level using the
following relationship [53]:

Zy
hy

Wy =Wy - (—) ,m/s 3)
hw

The reference area was defined as the space occupied by people within three bus parking spaces,
at a height of 2 metres. In this area, the wind speed was halved at a height of 1 metre above ground
level. The aerodynamic roughness coefficient was assumed to have a value of 2 (Z, = 2),
corresponding to urban areas with a medium development intensity in cities with a population of
between 100 and 500 thousand inhabitants [53].

The level of thermal comfort was determined on the basis of the calculated values of the effective
temperature index TE (according to dependencies (1) and (2)). The Mikhailov scale was used for
classification, distinguishing between categories of human thermal sensation [51]. According to the
Mikhailov scale, comfort conditions are in the TE value range of 21-22.9 °C.
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This analysis uses a multivariate approach to determine the upper limit of thermal comfort. This
allows for a more comprehensive assessment of the impact of weather conditions on cooling demand.
As part of the study, four variants of the upper comfort limit were adopted: TEmax = 22°C, TEmax =
22.9°C, TEmax = 24°C, and TEmax = 25°C. This approach enables the sensitivity of cooling systems
to the adopted comfort criteria to be analysed, and the hours when it is necessary to start up the
refrigeration system to be identified.

Taking into account the various upper comfort limits enables us to determine the point at which
the cooling capacity can be generated with the support of the existing photovoltaic system, thereby
ensuring the system's energy autonomy. This approach enables the technical parameters of the
cooling system to be optimised, ensuring user comfort with minimal energy consumption from the
power grid.

5.2. Calculation of Cooling Capacity

The cooling capacity demand was calculated on the assumption that the cold supplied to the
analyzed Qct zone should completely balance the total QZC heat gains generated in the outdoor zone.
Qzc total heat gain consists of two components:

e  variable gains (Qzcz) — calculated on the basis of instantaneous parameters of the outside air;
e fixed profits (Qzc-s) — resulting from heat emission by sources present in the examined facility.

The relationship between these quantities is expressed by the equation [25]:
Qcn = X Qzc = Qzc-z + X Qz¢-5/ kKW (4)

The variable heat gains, resulting from the amount of heat received by the flowing air stream
(Qzc-z), were calculated based on the instantaneous parameters of the outside air, using the
relationship:

Qzc—z =m-Ah = m- (h, — hy), kW @)

The supply air mass flux was calculated on the basis of the formula:
14
m=—,kg/s (6)
okl

The volume flow of supply air has been calculated on the basis of:
V=F-w,,h m3h (7)

(Assuming: F =72 m?).

The starting point of the cooling process (P1) was determined based on the actual parameters of
the outdoor air recorded during the hours when cooling was required. The end point of the cooling
process (P2) is defined by the air parameters described by T2. The T2 value was calculated by
converting dependency (2) into the TE indicator using the following formula:

TE-37+ 37

0,68—0,0014RH+W
) AWz
T2 = . “ ,°C 8)
T 0,29+0,0029RH
0,68—0,0014RH+7075
1,764+1,4wz"

This analysis is based on the assumption that the value of the T2 parameter can be one of four
different values: 22°C, 22.9°C, 24°C or 25°C. The rationale behind this selection is that 22°C
corresponds to the 'middle’ of the thermal comfort range on the Mikhailov scale [51], whereas 22.9°C
marks the upper limit of thermal comfort on the same scale. The values of 24°C and 25°C fall outside
the thermal comfort range, but have been considered to determine the point at which the cooling
system can operate autonomously using the power generated by the existing PV system.

The constant heat gains observed in the study area are due to people staying in the zone and
motor vehicles located in its immediate vicinity. The paper [25] presents a detailed methodology for
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determining this type of heat gain. The results of the constant heat gain calculations are taken from
this publication, and a summary of the values is presented in Table 4.

Table 4. Results of calculations of constant heat gains Qzcs, for the research object [25].

Type of constant heat gain Symbol Unit Value
Heat gains from people for the reference area Q. kw22
Profits from running motor engines of vehicles located directly at the reference area Qr kW 72
Constant heat gains Qzcs kW 94

5.3. Determination of Solar Radiation Potential

To determine the solar radiation potential of the facility under study, an analysis was carried out
of the actual electricity yields from the existing photovoltaic installation acting as a roof over the
external cooling zone. The technical data for this installation can be found in section 4.1 of this paper.
Energy generation by the PV installation was measured through the Energy Management System,
which enabled remote monitoring of the system's operation.

For the analysis, the daily electricity yields from June, July and August 2019 were taken into
account. Only the days on which cooling was required were selected for the analysis; these were the
days on which the effective temperature index exceeded the set limit values for the individual
comfort variants (22°C, 22.9°C, 24°C and 25°C).

5.4. Comparative Analysis of the Assumed Variants
5.4.1. Energy Effect

The energy effect of the individual cooling variants was calculated based on the demand for
primary, final and useful energy, in accordance with the guidelines set out in paper [54]. The
following formulas were used for this purpose:

e annual primary energy demand EP:

EP = %, kWh/(m? - rok) (15)
e annual final energy demand EK:

EK = %, kWh/(m? - rok) (16)
e annual usable energy demand EU:

EU = % kWh/(m? - rok) 17)

The annual primary energy demand, denoted Qy, signifies the annual non-renewable primary
energy demand for the cooling system, defined as Q0.

Qp = Qpc , kKWh/year (18)

Qp,C = Qk,C “we + Eel,pom,C *Wei, kWh/year (19)

To determine the annual final energy demand for the cooling system, the following relationship
was assumed:

Qk = Qi , kWh/year (10)

Qkc = % kWh/year (11)
Neot = SEER M5 TNea Mee » — (12)
SEER = SEER,.f - (1+X;¢), - (13)
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The values of the coefficients employed in the calculation of the energy effect, contingent on the
variant of the installation, are presented in Table 5.

Table 5. The following study will compare the coefficients that have been adopted for the calculation of the
energy effect. [54].

Symbol of the variant [S_]]EER G Nnesl-1 neal- ?_C]e we [-] VE’_]e 1
PKW/PV-CP-KW 1356 05 1 0,9 0,96 0 0/25
BKW/PV-CP-KW 12,27 0,5 1 1 1 0 0

5.4.2. Environmental Effect (LCA)

The proposed variants of the air cooling system in the outdoor zone were assessed in terms of
environmental impact using life cycle analysis (LCA) in accordance with the standards [55,56]. The
Eco-Indicator method was utilised for the assessment, delineating three categories of damage [57,58]:
human health, ecosystem quality and natural resources [60,61]. The environmental impact was
calculated on the assumption of an egalitarian cultural version and a long-term perspective of
technological development. The Eco-Indicator values were calculated for each damage category and
each installation variant, with the functional unit defined as the demand for non-renewable primary
energy and a lifetime of 25 years. The present analysis is limited to the operation phase; the
production and decommissioning of the equipment are not included. The calculations were based on
the unit coefficients of the Eco-indicator, referring to GJ of useful energy. The values of the assumed
coefficients are presented in Table 6.

Table 6. The coefficients used in the calculation of the Eco-indicators of the impact category and the category of

damage.

Impact category - Eco-indicator, EkKW, Pt/G]J Damage category - Eco-indicator, EkKW, Pt/G]J

Electricity - SEN Electricity - SEN
Carcinogenicity of the substance 49,445
PDO - Organic compounds 0,014
PDO - Inorganic compounds 51,524
Climate change 29,738 Human health 130,806
Ionizing radiation 0,039
Ozone depletion 0,045
Ecotoxicity 5,938
Acidification 1,981 Ecosystem quality 9,090
Land use 1,171
er}eral Consumptlc?n 1,365 Natural resources 83,001
Fossil fuel consumption 81,636
Amount 222,897 Amount 222,897

5.4.3. Economic Impact (LCC)

The Life Cycle Cost (LCC) method was utilised in order to conduct an economic analysis of
selected variants of the cooling installation of the research facility [59,60]. This method encompasses
all costs incurred throughout the product life cycle, thereby enabling the comparison of alternative
design options and the selection of the optimal solution in terms of total investment and operating
costs. The economic analysis in terms of LCC was conducted in this paper using the complex method,
according to the formula [59,60]:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0775.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2025 d0i:10.20944/preprints202510.0775.v1

10 of 21

t
_ Kp
LCC =Ky + E e , PLN (14)

The LCC method is predicated on the analysis of discounted cash flows and incorporates various
cost elements, including the consumption of useful energy carriers, maintenance and maintenance of
the installation, as well as price volatility over the lifetime. Therefore, for each of the analysed variants
of the cooling installation, the following were determined: investment costs, ownership costs
(including, inter alia, technical inspections, servicing, cleaning, potential repair costs, as well as
operating costs related to the consumption of electricity and water from the water supply network),
the forecasted increase in the prices of carriers and the lifetime of the investment.

6. Results
6.1. Thermal Comfort Parameters — Range

The following figure illustrates the frequency of situations in which the value of the TE indicator
exceeded the thermal comfort range under different assumptions of the upper limit of TE (TEmax).
It does so by showing the number of such hourly events that occurred between 2012 and 2019.

)
8 8 8

8

g 8

Number of hourly episodes [-]
H
3

8

2012 2013 2014 2015 2016 2017 2018 2019
YEAR

BTEmax=22°C MTEmax=22,9°C ™ TEmax=24°C TEmax =25°C

Figure 4. The frequency of episodes when the TE index exceeded the upper limit of thermal comfort in individual
years [46].

In the outdoor area under consideration, the requirement for cooling is experienced during the
summer months, specifically the period spanning from June to August. The months of June, July and
August. In the period under analysis (2012-2019), the number of hours per season in which cooling
was required, assuming the upper limit of thermal comfort according to the Mikhailov scale (TEmax
= 22.9°C), ranged from 332 to 537. This range generally corresponds to several hours per day.
However, it should be emphasised that in the coming years the number of such events may increase
significantly due to climate change, which further confirms the need to develop air cooling systems
in external areas of human habitation.

Furthermore, a substantial discrepancy exists in the requisite duration for cooling, contingent on
the established thermal comfort parameters. To illustrate this point, consider the effect of reducing
the upper limit of the comfort index from TEmax =22.9°C to TEmax =22°C. This results in an increase
in the number of cooling hours from 36% in 2014 to as much as 59% in 2018. It is evident that this will
result in a substantial augmentation of the cooling system's operational longevity. Consequently,
there will be an escalation in the associated operating expenses. The augmentation of the limit to
TEmax = 24°C has been demonstrated to result in a reduction in the duration of cooling episodes,
with a decline observed from 41% in 2014 to 109% in 2018. Consequently, there has been a substantial
decrease in the operational duration of the cooling system, which has resulted in a minor decline in
thermal comfort for human subjects.
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6.2. Cooling Capacity Demand

The determination of variable heat gains Qzc-zwas made on the basis of meteorological data for
the area of the research facility and assuming different values of thermal comfort temperature. The
calculations were executed in accordance with the methodology delineated in point 5.2 of this
document. The total demand for cooling capacity necessary to ensure thermal comfort in the analysed
outdoor zone is the sum of the variable heat gains Qzc-zand the constant heat gains Qzc-s, determined
on the basis of the heat balance and equal to 94 kW. A comprehensive analysis was conducted to
ascertain the energy requirements for cooling in each variant, with the operational hours of the air
cooling system being a pivotal factor in this analysis. The results of the calculation are displayed in
Figure 5.
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Figure 5. The usable energy required to generate cooling by the cooling system for the individual variants.

A thorough analysis of the usable energy has been conducted for the individual variants,
indicating that increasing the upper limit of thermal comfort from TEmax = 22.9°C to TEmax = 24°C
leads to a significant decline in seasonal usable energy demand, with a reduction of 41% observed
(from 48,411 kWh to 28,803 kWh). Conversely, a reduction in the thermal comfort limit by 0.9°C (up
to TEmax = 22°C) results in a 42% increase in usable energy, reaching 68,594 kWh.

6.3. Degree of Coverage of Energy Needs from PV Installations

The degree of energy demand coverage by the cooling system in relation to the different variants
of the upper limit of thermal comfort (cooling end point) is presented, based on the actual daily
electricity yields from the existing PV installation in 2019. The results are presented in Figures 6-9.
The graphs illustrate the discrepancy between the electricity produced by the PV installation
(exceeding the required threshold, indicated by positive values) and the electricity that would need
to be imported from the power grid (indicated by negative values). The analysis was conducted on
two specific adiabatic air cooling systems: the direct evaporative cooling system (BKW/PV-CP-KW)
and the indirect evaporative cooling system (PKW/PV-CP-KW).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0775.v1
http://creativecommons.org/licenses/by/4.0/

d0i:10.20944/preprints202510.0775.v1

Lo
N
o
N
@
o
e
O
@)
o
i
xo
g
(2]
o
a
o)
=
u
S
w
Lo
x
i
[
o
T
©)
Z
o
o
(2]
“
=
o
2
=
s
s
2
=
g
2
=
S
g
o

12 of 21

=

6T0C'80°0€
6T0C'80'8C
6T0C'80'9C
6T0C'80'VC
6T0C'80°CC
6T02'80°0C
6T0C'80°8T
6T0C'80'9T
6T0C'80VT
6T0C'80°CT
6T0C'80°0T
6102'80'8
6102'80'9
610280
6102'80°'C
6T0C°L0°TE
6T0C°L0'6C
6T0C°L0°LT
6T0C°L0'SC
6T0C'L0ET
6T0C°L0°'TC
6T0C°L0'6T
6T0C'LO°LT
6T0C°L0'ST
6T0C'LOET
6T0C°L0'TT
610C°L0'6
6T0C°L0°L
6T0C°L0'S
6T0C°L0°E
6T0C°L0°'T
6T0C'90'6C
6T0C90°LC
6T0C'90'SC
6T0C90°EC
6T0C90°'TC
6T0C'90'6T
6T0C'90°LT
6T0C'90'ST
6T0C'90°ET
6T0C'90°TT
6102'90'6
6T02'90°L
6102'90'S
6102'90°'E
6T02'90°'T

B PKW/PV-CP-KW

BKW/PV-CP-KW

Q m (=] Q o o
"2l (=] 2]
- - ' — -

[UMI] 3IDVLYOHS / SNT1dYNS ALIDIYLITTE

Figure 6. Excess and daily shortage of electricity produced from the existing PV installation in the case of the

=22°C.

upper limit of thermal comfort TEmax

~

-CP-KW

B PKW/PV.

BKW/PV-CP-KW

C

o

9

=22,

x
©
€
i
[

|

Q o
n n
—

[UVI] 3IDVLYOHS / SN1dYNS ALIDINLIITI

6T0C'80°0€
6T0C'80'8C
6T0C'80'9C
6T0C'80'VC
6T02'80°CC
6T0C'80°0C
6T0C'80°8T
6T0C'80'9T
6T0C'80VT
6T0C'80°CT
6T0C'80°0T
6T02'80'8
6102809
6102801
6T02'80°C
6T0C°L0°'TE
6T0C°L0'6C
6T0C°L0°LC
6T0C°L0'SC
6T0C'LO'EC
6T0C°L0°'TC
6T0C°L0'6T
6T0C'L0°LT
6T0C°L0'ST
6T0C'LOET
6T0C°L0'TT
6T0C°L0'6
6T0C°LO0°L
6T0C°L0'S
6T0C°L0'E
6T0C°L0°T
6T0C90'6C
6T0C'90°LC
6T0C'90'5C
6T0C'90°EC
6T0C90°TC
6T0C'90'6T
6T0C'90°LT
6T0C90'ST
6T0C90°ET
6T0C'90°TT
6T02'90'6
6T02'90°L
6T02'90'S
6T02'90°€
6T0C'90°T

Figure 7. Excess and daily shortage of electricity produced from the existing PV installation in the case of the

22.9°C.

upper limit of thermal comfort TEmax

-KW

CP

m PKW/PV

-CP-KW

BKW/PV-

6107'80°0€
6107'80'8C
6107'80'9¢C
6102'801¢
6107'80°C¢
6107'80°0C
6T0C'80°8T
6107'809T
6T02'80VT
6T02°'80°CT
6T0C'80°0T
6T02'80'8
6102809
6102801
6T02'80°C
6T0C°L0°TE
6T10C°L0'6C
610C°L0°LC
610C°L0'SC
6T0C'LOEC
6T0C°L0°TC
6T0C°L0'6T
6T0C'LO°LT
6T0C°L0'ST
6T0C'LOET
6T0C'L0°TT
6T0C°L0'6
6T0C°LO0°L
610C°L0'S
6T0C°L0'E
6T0C°L0'T
6T0C'90'6¢C
6T0C'90°LC
6102'90°S¢C
6T0C'90°€C
6T0C'90°TC
6T0C'90'6T
6T0C'90°LT
6T0C'90°ST
6T0C'90°ET
6T0C'90°TT
6T02'90'6
6T0290°L
6T02'90°S
6T0290°€
6T0C90°T

Figure 8. Excess and daily shortage of electricity produced from the existing PV installation in the case of the

=24°C.

upper limit of thermal comfort TEmax

@
(2]
=
9]
9
>|
m
O
O
]
=
o
£
£
o
O
o
=
=
5
)
2
O
©
<
@
S
=
=}
S
)
=
-
Q
=
0
o
—
)
D
<
S
=
=
=i
IS
@
{=
-
>
a
To)
AN
o
1Y
©)



https://doi.org/10.20944/preprints202510.0775.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2025 d0i:10.20944/preprints202510.0775.v1

13 of 21

— o
TEmax = 25°C BKW/PV-CP-KW B PKW/PV-CP-KW

“WM! !'lm‘l“lllu‘lmulllll‘”w..ll l””HIl4 Il

| |

ELECTRICITY SURPLUS / SHORTAGE [kWh]

A N
o o
(=) (=)
N N

2019
2019

il
ke
5
7
9
il
13
15
17
19
21
23
25
27
29
1l
=
5
7
9
il
13
15
il
19
21,
23
25
27
29
=il
2
4,
6
8
10.
12
14
16.
18
20.
22
24,
26.
28
30.

Figure 9. Excess and daily shortage of electricity produced from the existing PV installation in the case of the

upper limit of thermal comfort TEmax = 25°C.

The graphs (Figures 6-9) show how the proportion of electricity demand for cooling purposes
produced by a local PV installation changes. With an assumed upper limit of thermal comfort of
TEmax = 22°C, the existing photovoltaic installation can cover 81% of energy needs for the BKW/PV-
CP-KW installation and 77% for the PKW/PV-CP-KW system. Increasing the upper limit of thermal
comfort towards higher TEmax values significantly increases the degree of coverage of energy needs
for cooling. According to the Mikhailov scale (TEmax =22.9°C), the coverage is 87% for the BKW/PV-
CP-KW installation and 83% for the PKW/PV-CP-KW system. Increasing TEmax by 1.1°C results in
98% coverage of the electricity demand from PV for the BKW/PV-CP-KW installation and 91% for the
PKW/PV-CP-KW system. The existing PV installation is only able to cover 100% of the electricity
demand for the direct evaporative cooling variant (BKW/PV-CP-KW) and 97% for indirect
evaporative cooling (PKW.PV-CP-KW) when the upper limit of thermal comfort is shifted to TEmax
=25°C. This value can be considered the autonomy limit of the analysed cooling system.

6.4. Energy Effect

Based on an analysis of selected air cooling system variants in the outdoor zone and different
upper limits of thermal comfort, the seasonal demand for final (EC) and primary (EP) energy was
calculated, taking into account the energy effect. The EK and EP values are shown in Figure 10).
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Figure 10. The value of the EP, EK and EU indicators for the individual variants and the different assumptions

of the upper limit of thermal comfort of TEmax.

The EU usable energy index is the same for both proposed cooling systems because it depends
on the upper limit of the cooling range, i.e. the TEmax indicator. The lowest final, usable and primary
energy requirements were recorded for the variants with the highest upper thermal comfort limit, i.e.
TEmax =25 °C. This is evident for both analysed cooling systems. At this limit, the direct evaporative
cooling system (BKW/PV-CP-KW) achieves an EP value of 0, meaning there is no use of primary
energy from renewable sources. Regarding the individual thermal comfort limits, reducing the
TEmax value from 22.9 °C to 22 °C increases the EP index value by 91% for the BKW/PV-CP-KW
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system and by 106% for the PKW/PV-CP-KW system. Changing the TEmax target value to TEmax =
24 °C results in a 41% decrease in EU and EK for both cooling system variants, while EP decreases by
68% for BKW/PV-CP-KW and by 91% for PKW/PV-CP-KW. A similar downward trend is observed
in the final energy index (EK), which depends on the efficiency of the selected system, for both
systems with an increase in the value of the upper limit of thermal comfort (TEmax).

6.5. Environmental Effect - LCA

The Eco-indicator values were calculated for the adopted variants of air cooling system
installation in the outdoor zone and for different thermal comfort limits, in relation to individual
environmental impact categories, which were then grouped into corresponding damage categories.
Figure 11 shows the impact category indicator values for the individual installation variants, which
significantly impact the final Eco-indicator value.
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Figure 11. Comparison of Eco-indicators of individual impact categories for the analyzed variants.

The total value of the Eco-indicator for the analysed cooling installation variants is significantly
impacted by the consumption of fossil fuels and the emission of inorganic compounds and
carcinogens, as well as climate change and ecotoxicity. Studies on various cooling systems have
shown that the selected variants have a minimal environmental impact. This is because these
installations use a small amount of electricity and a natural refrigerant (water) to generate cooling.

An impact analysis of different cooling endpoint values showed that increasing the upper limit
of thermal comfort reduces the environmental impact of the cooling system. For both analysed
variants, lowering the thermal comfort limit from TEmax = 22.9 °C to TEmax = 22 °C was observed
to result in an increase in environmental impact of around 100%. Conversely, raising this value to 24
°C led to a tenfold decrease in environmental impact for the BKW/PV-CP-KW variant and a more
than threefold decrease for the PKW/PV-CP-KW system. When TEmax was set to 25°C, there were
no negative environmental impacts for direct evaporative cooling and only minimal effects for
indirect adiabatic cooling.

Figure 12 illustrates the changes in the Eco-indicator value for each category of damage in the
analysed air cooling system variants.
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Figure 12. Comparison of Eco-indicators of individual categories of damage for the analysed variants.
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In generalising the values of the eco-indicators of the individual impact categories to broader
categories of damage, it can be concluded that operating the proposed variants of air cooling systems
primarily affects human health and natural resources, with a much lesser impact on the quality of the
ecosystem. Human health is most affected by emissions of inorganic compounds and carcinogens
associated with the substances used, and to a lesser extent by climate change. With regard to natural
resources, the main environmental burden is the consumption and extraction of fossil fuels.

Impact analysis under different assumptions of the maximum thermal comfort temperature
shows a similar tendency towards decreasing impact in individual damage categories, as observed
in impact categories. Any change in the assumed target value for cooling temperature results in a
corresponding change in the level of impact on all analysed damage categories.

It should be emphasised that the presented analysis only refers to the operational stage of the
proposed installation variants, omitting the production, disassembly and final disposal stages of the
equipment. Taking the full life cycle of the installation into account would result in higher Eco-
Indicator values and a greater estimated impact on the natural environment.

6.6. Economic Effect — LCC

An economic analysis of air cooling variants in the outdoor zone was carried out using the Life
Cycle Cost (LCC) method. The calculations took into account the assumptions presented in Table 7.

Table 7. Summary of assumptions used for the calculation of the economic effect.

Element TEmax = 22°C TEmax = 22,9°C TE max = 24°C TEmax = 25°C
Qct [kWh year-1] 68688 48412 28803 18221
n [h] 667 474 286 183
A [m2] 144
© [year] 25
s [%] 5

Unit prices of utilities are presented in Table 8.

Table 8. Summary of assumptions used for the calculation of the economic effect.

Price of energy carriers
Symbol of the variant Electricity Water/ Sewage
[EUR/KWh] [EUR/m3]

PKW/PV-CP-KW
BKW/PV-CP-KW

0,27 3,53

The results of the life cycle cost analysis (LCC) showed differences between the individual
variants of the outdoor air cooling system, depending on the assumed value of the upper limit of the
cooling point (TEmax). Figure 13 shows the LCC values, which are calculated as the sum of
acquisition costs and cost of ownership.
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Figure 13. The LLC indicator's value for varying upper limits of thermal comfort (TEmax) is examined for two

cooling system variants.

Investment costs for the indirect evaporative cooling variant (PKW/PV-CP-KW) remain
unchanged regardless of the TEmax coefficient value adopted, as changes only affect the installation's
operating time and, consequently, operating costs. Operating costs decrease as the TEmax cooling
endpoint value increases. In the case of the direct evaporative cooling variant (BKW/PV-CP-KW),
however, an increase in investment costs is observed when the upper limit of thermal comfort
exceeds TEmax =24°C. This is due to a decrease in demand for cooling and, consequently, a decrease
in the required cooling capacity and number of devices (fewer evaporative air conditioners).

Operating costs are also showing a downward trend as the value of TEmax increases. The largest
decrease (98%) was recorded in the range between TEmax = 22.9°C and TEmax = 24°C for the
BKW/PV-CP-KW system. Increasing the cooling endpoint by 1.1°C significantly improves the
economic balance of the analysed system and could be a cost-effective solution while only minimally
reducing the thermal comfort quality standard..

5. Conclusion

1. The results of the research indicate that the upper limit of thermal comfort (TEmax) is one of the
key parameters that determine the length of cooling periods. Even minor adjustments to TEmax
can lead to substantial variations in the cooling system's operating hours, significantly impacting
its energy and economic efficiency.

2. The operating hours of the cooling system and the usable energy demand depend heavily on the
chosen TEmax value. For example, increasing the upper comfort limit from 22.9°C to 24°C results
in a 109% reduction in system uptime and a 41% reduction in usable energy demand.

3. An increase in the TEmax value significantly improves the degree to which energy demand is
covered by the local photovoltaic installation. Full autonomy of the system has been achieved
for TEmax = 25°C (100% for the BKW/PV-CP-KW system and 97% for the PKW/PV-CP-KW
system).

4. Operating costs decrease as TEmax increases, resulting from shorter operating times and lower
demand for cold. The BKW/PV-CP-KW system recorded the largest decrease in operating costs
(98%) in the TEmax range of 22.9-24°C. Increasing the cooling endpoint by 1.1°C significantly
improves the economic balance while only minimally reducing thermal comfort.

5. Increasing the thermal comfort range significantly reduces the environmental impact of the
cooling system. Lowering the TEmax from 22.9°C to 22°C increases the environmental impact
by around 100%, whereas increasing the TEmax to 24°C decreases it tenfold for the BKW/PV-
CP-KW system and by more than a third for the PKW/PV-CP-KW system. No negative effects
were observed for direct evaporative cooling at TEmax = 25°C, but only minimal effects were
observed for indirect cooling. It should be emphasised that the analysis only covers the
operational stage of the systems and omits the production, dismantling and disposal phases of
the equipment. Taking the full life cycle (LCA) into account could result in higher Eco Indicator
values and a greater environmental impact.

6. The results of the calculations depend heavily on local meteorological conditions. To improve
the accuracy of the analysis, local measurements of air parameters such as temperature, average
radiation temperature, relative humidity, wind speed and insolation are necessary.

7. The utilisation of alternative methodologies for the assessment of thermal comfort (e.g. PMV,
PET or UTCI indicators) has the potential to engender substantial alterations in the findings of
energy, economic and environmental analyses.

8. The degree of autonomy of the cooling system also depends on the quality and efficiency of the
photovoltaic modules used. The analysis used panels with a service life of several years.
Replacing these with more efficient modern modules could significantly boost the system's
overall efficiency.
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9. The following recommendations are proposed for future research:

e  conducting research into how the analysed systems cooperate with electricity storage
facilities in order to increase autonomy at lower TEmax values,

e  optimisation of system operation by cooling PV cells, which could increase their efficiency,

e  extension of the analysis to include the full life cycle of the installation (LCA).
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Nomenclature

A study area (m?)

ci correction factor depending on cooling system (-)

Eelpomc  annual support final energy demand for cooling system (kWh year™)
EK annual final energy demand indicator (kWh m?2 year)

EP annual primary energy demand indicator (kWh m?2 year™)

EU annual usable energy demand indicator (kWh m? year)

F horizontal airflow area (m?)

H height of study area (m)

hw height of wind meter measurement (m)

hz height under study Z (m)

Kn capital costs (euro)

Ke ownership, operating costs (euro)

L length of study area (m)

n lifetime of installation (year)

N number of photovoltaic modules (number)

No number of people staying in study area (-)

P unit power of photovoltaic cell (W)

q specific sensible heat (W person)

Qcn cooling power (kW)

Qcnd annual utility energy demand for cooling (kWh year)

Qx annual demand for non-renewable final energy supplied for technical systems (kWh year)
Qxc annual final energy demand for the cooling system (kWh year-1)

Qu heat gains from people (kWh)

Qu annual useful energy demand (kWh year™)

Qzc total heat gains for research facility (kWh)

Qzcs constant heat gains calculated on basis of heat balance (kWh)

Qzcz variable heat gains calculated on basis of heat balance (kWh)

RH relative humidity (%)

S width of study area (m)

s discount rate (%)

SEER average seasonal coefficient of energy efficiency of cooling production (-)
SEERwt  reference average coefficient of energy efficiency of cold production (-)
T air temperature (°C)

T2 real air temperature to be reached at cooling end point (°C)

TE effective temperature (°C)

TEmax  upper limit of thermal comfort according to assumptions (°C)

\Y% volume of study object (m?3)

w wind velocity (m s™)

coefficient of non-renewable primary energy input for the generation and delivery of the energy

we carrier or energy for the cooling system (-)

coefficient of input of non-renewable primary energy
Wel for the generation and supply of electricity, specific

for the annual auxiliary energy demand of the cooling system (-)
Ww wind velocity at wind meter height (m s™)
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wz wind velocity at height Z (m s1)

Zo aerodynamic roughness coefficient (-)

m mass flow rate (kg s™)

A volume flow rate (m3s)

Greek

Symbols

ncd seasonal average efficiency of cooling distribution from cooling source to cooled area (-)
NCe average seasonal efficiency of control and usage of cooling in cooled area (-)
ncs seasonal average cooling storage efficiency (-)

NCtot seasonal average total efficiency of cooling system (-)

S] length of period considered (year)

Abbreviatio

ns

BKW/PV- a cooling system consisting of indirect evaporative air conditioners (local units), short ventilation
CP-KW  ducts and air vents, combined with a photovoltaic installation

cp cool air distribution

DEC direct evaporative cooling

EC heat energy

IEC indirect evaporative cooling
KW air diffuser

LCA life cycle assessment (Pt)

LCC life cycle cost (euro)

P1 starting point of cooling process
P2 end point of cooling process

PKW/PV- a cooling system comprising an indirect evaporative air conditioner (central unit) and ventilation
CP-KW  ducts and air vents, combined with a photovoltaic installation

PV photovoltaic cells

SEN electricity grid

TRM typical meteorological year
UHI urban heat island
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