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Sveobuhvatno poznavanje lokalnih klimatskih karakteristika predstavlja osnovu za smanjenje
potrosnje energije u sektoru zgradarstva, kao i izbegavanje skupih troskova rekonstrukcije objekata.
Imajuci to u vidu, integracija pasivnih strategija, poput ventilacije, zahteva detaljnu analizu
klimatskog potencijala lokacije. Ova studija ispituje mogucnost primene prirodne i prinudne venti-
lacije kao pasivne strategije hladenja u 18 razlicitih gradova Srbije. Softver Climate Consultant
koriséen je za bioklimasku analizu u psihrometriskom dijagramu. Bioklimatski grafikoni su gene-
risani projekcijom podataka o tipicnoj meteoroloskoj godini (TMY) u psihrometrijski dijagram, uz
integraciju komfornog opsega definisanog odabranim modelom termickog komfora coveka. Rezultati
dobijeni ovom studijom pokazuju da klima u 18 razlicitih gradova pruza prirodan komfor od 7.1%
do 15.7% vremena tokom godine, dok primena prirodne i prinudne ventilacije moze povecati broj
sati komfora na 12% do 25% ukupnog vremena. Zakljucuje se da pridodna i prinudna ventilacija
predstavljaju efikasne pasivne strategije hladenja sa znacajnim potencijalom primene u razlicitim
klimatskim uslovima Srbije. Ovo moze imati znacajne implikacije za inzenjere pri izboru kombinacije
strategija hladenja koje su odgovarajuce za odredenu lokaciju.

A comprehensive understanding of local climatic characteristics is essential for reducing en-
ergy consumption in the building sector and avoiding costly building renovations. With this in mind,
the integration of passive strategies, such as ventilation, requires a detailed analysis of the climatic
potential of a given location. This study evaluates the potential of natural and fan-forced ventilation
as a passive cooling strategy in 18 different cities across Serbia. The software Climate Consultant
was used for bioclimatic analysis in the psychrometric chart. Bioclimatic charts were generated by
projecting data from a Typical Meteorological Year (TMY) onto a psychrometric charts, incorporat-
ing the comfort range defined by the selected human thermal comfort model. The results obtained
from this study show that the climate in 18 different cities provides natural comfort from 7.1% to
15.7% of the time during the year, while the application of natural and fan-forced ventilation can
increase the number of comfort hours to 12-25%. In conclusion, it has been shown that natural and
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fan-forced ventilation are effective passive cooling strategies, offering significant potential for appli-
cation in different climatic conditions of Serbia. This has important implications for engineers select-
ing suitable cooling strategies tailored to specific local conditions.

1. Introduction

The construction sector is the largest single consumer of primary energy and the biggest emitter
of greenhouse gases on a global level. According to recent studies, the construction sector accounts
for approximately 32% of global final energy consumption and 36% of greenhouse gas emissions [1].
In Serbia, approximately 50% of final energy is consumed within the construction sector, of which
65% is attributed to the residential sector [2]. Due to the long lifespan of buildings, their impact on
the environment is both long-term and continuous, and therefore cannot be ignored. Furthermore,
estimates indicate that energy consumption and greenhouse gas emissions from the building sector
are expected to increase in the future as a result of global warming, particularly in developing coun-
tries [3].

In response to these challenges, numerous researchers and experts are focusing their attention
on design of energy-efficient buildings. Energy-efficient buildings aim to achieve a sustainable envi-
ronment through design solutions tailored to local climatic conditions, by applying passive design
strategies and low-energy consumption systems. This approach seeks to improve thermal comfort for
users while maintaining low energy consumption, utilizing natural resources to achieve efficiency
through passive means. Passive cooling is one of the key passive strategies, attracting increasing in-
terest due to its potential for energy savings and environmental protection. However, its applicability
varies significantly depending on climatic conditions. Therefore, a thorough understanding of local
climate conditions is essential, enabling the designer to explore and implement a wide range of pas-
sive strategies adapted to the specific characteristics of the building’s location.

In the design of buildings that apply passive cooling strategies, a bioclimatic approach is com-
monly used. This approach allows the assessment of the potential of various passive cooling methods
with the aim of improving thermal comfort for occupants. In short, the bioclimatic approach involves
designing buildings in harmony with local climatic conditions to achieve optimal comfort and en-
hance the energy efficiency of buildings.

As part of this research, an analysis of the bioclimatic potential was conducted for 18 different
urban locations across Serbia. A modern tool for bioclimatic analysis was used to quantify the effec-
tiveness of passive cooling strategies under various seasonal conditions, using detailed multi-year
hourly climate data. This tool includes an analysis based on the Psychrometric chart, aiming to iden-
tify the potential for improving thermal comfort through strategies such as natural ventilation, fan-
forced ventilation, sun shading of windows and dehumidification in the climatic conditions of Serbia.

1. Bioclimatic charts, thermal comfort and climate analysis

1.1.Bioclimatic charts

Bioclimatology is a scientific discipline that studies the interrelationships between climatic fac-
tors and living organisms, including humans. It focuses on the impact of weather and climatic condi-
tions on the health, behaviour, distribution, and functioning of plant, animal and human systems [4].
The bioclimatic design principle involves shaping buildings in accordance with local climatic condi-
tions, aiming to maximize thermal comfort and minimize energy consumption in buildings [5]. Bio-
climatic tools are primarily Psychrometric charts used to examine whether the local climate of a cer-
tain location can provide human thermal comfort, i.e., to what extent and during which part of the
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year [6]. Olgyay was the first researcher to establish a bioclimatic diagram. In his bioclimatic dia-
gram, he defined the human thermal comfort zone using two variables: dry-bulb temperature and
relative humidity. His diagram is primarily applicable to temperate and cold climates [7]. Later, Giv-
oni [8] introduced his own building bioclimatic chart (BBCC). In these diagrams, in addition to de-
fining the comfort zone, other passive design strategies are also presented. These passive strategies
were useful for achieving thermal comfort inside buildings when climatic conditions were not aligned
with human comfort [9]. Milne and Givoni [10] modified and expanded the building bioclimatic di-
agram and added more zones to achieve thermal comfort. Sokolay [11] further modified Givoni’s
work by developing a systematic procedure for climate analysis, modifying the bioclimatic diagram.
He defined potential control zones for passive cooling strategies using the ASHRAE Standard Effec-
tive Temperature to determine the human comfort zone. He emphasized the importance of a compre-
hensive analysis of local climatic characteristics, rather than relying solely on general climate zoning,
as a key factor for the effective development and implementation of passive building design strategy.
Based on this, he proposed a three-phase methodology for passive building design, which includes:
analysis of the local climate, building response and user response [6]. In general, the selection of
appropriate passive thermal design strategies for buildings largely depends on specific local climatic
conditions. Identifying the most suitable strategies for a specific location can be achieved by applying
bioclimatic diagrams, which enable analysis of the relationship between climatic parameters and the
potential to achieve thermal comfort.

1.2. Thermal comfort

International standards such as ASHRAE Standard 55-2010 [12] and ISO 7730:2005 [13] are
used to evaluate indoor thermal environments in buildings. The standard is intended for use in the
design, commissioning and testing of buildings and other occupied spaces, as well as their HVAC
systems, and also in the evaluation of the thermal environment. Standard 55 was first published in
1966, and later updated in 1974, 1981 and 1992. Since 2004, the standard has been regularly updated
through a so-called continuous maintenance process conducted by ASHRAE [12].

ASHRAE Standard 55 from 2010 [12] defines the standard comfort zone on a Psychrometric
chart Figure 3. This comfort zone is based on the Predicted Mean Vote—Predicted Percentage of Dis-
satisfied (PMV-PPD) model. Thermal comfort represents a set of conditions that is thermally ac-
ceptable to 80% of people, where there is broad satisfaction with the thermal environment and most
occupants do not feel either too warm or too cold [14]. This standard includes six parameters that
define thermal comfort: air temperature, radiant temperature, relative humidity, the level of metabolic
activity and the clothing of the occupants. The thermal comfort zone is defined as a specific combi-
nation of these six parameters. Two comfort zones are recognized, aligned with different clothing
types in summer and winter, with slightly sloped temperature boundaries indicating that individuals
in drier climates feel more comfortable at somewhat higher temperatures [15]. The graphical method
of the comfort zone is used as an overlay on a Psychrometric chart to show the operative temperatures
and humidity levels at which thermal comfort is achieved during winter and summer. If these condi-
tions are met and the environmental conditions within the building fall within the designated bound-
aries, it is considered that compliance with the standard has been achieved [12]. Thermal comfort
models are defined based on human responses to environmental conditions. One of the most used
bases for the construction of bioclimatic diagrams is the ASHRAE comfort zone [16]. The thermal
comfort zone in these diagrams shows the boundaries of acceptable temperature conditions for a given
location, enabling the identification of the most suitable passive strategies for improving indoor com-
fort. However, it is important to emphasize that such a comfort zone is not universal; its boundaries
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depend on climatic conditions as well as the adaptive tendencies of users in a given region. Never-
theless, in most cases, it is not possible to achieve satisfactory thermal comfort throughout the year
relying solely on passive and bioclimatic strategies. In conditions of more pronounced temperature
deviations, ensuring optimal comfort requires the use of active thermal systems.

1.3. Climate analysis

Within the process of designing energy-efficient buildings, the analysis of climate data involves
presenting the annual patterns of key climatic factors that affect human comfort and the thermal per-
formance of buildings. Based on climate analyses, it is possible to develop architectural approaches
tailored to the specific context of the location, thereby reducing the need for mechanical heating and
cooling systems and consequently the total energy consumption throughout the building's life cycle.
The Koppen climate classification is one of the most widely used climate classification systems. It is
based on the concept that native vegetation is the best expression of climate, which can be used as a
framework for defining climatic indicators [17]. It was developed at the end of the 19" and the be-
ginning of the 20™ century by the German climatologist Wladimir Képpen and was later further re-
vised by Koppen himself and his collaborator Rudolf Geiger, thus often referred to as the Képpen—
Geiger classification. This classification still faces criticism when defining climate zones [18], as in
reality there is an infinite diversity of climatic conditions. However, the Koppen classification is eas-
ier to apply and remains a useful tool for assessing the ability of climate models to reproduce the
current climate, as well as to indicate the impact of climate change on the biosphere [18].

According to the Kdppen classification, there are three climate types in Serbia (with several
subtypes). Currently, the larger part of Serbia has a moderately warm and humid climate; at higher
altitudes, a moderately cold and humid climate is present, while only in the areas with the highest
mountains is a cold and humid climate represented [19]. The Koppen-Geiger climate classification
map for Serbia from 1980 to 2016 [20] is shown in Figure 1. The rise in temperature, especially when
combined with the redistribution of annual precipitation toward prolonged dry periods, will signifi-
cantly affect energy consumption in the Republic of Serbia. This will directly lead to changes in the
current energy consumption balance; due to higher temperatures in the winter period, the demand for
heating will decrease, but during the summer period, electricity consumption for cooling will increase
[21].

As analyses of future changes indicate an accelerated rise in temperature by the end of the 21°
century, it is necessary when designing new buildings to include risk assessments for overheating
using climate data for 2050 or even 2100, as well as to improve passive solutions to reduce resource
and energy waste [21]. The Kdppen-Geiger climate classification map for Serbia from 2071 to 2100
[20] is shown in Figure 2.



56. MEDUNARODNT KONGRES 1 IZLOZBA 0 KGH 147

Belgrade
.

b ,
" C/‘ . - p—— : v
4 A
Figure 1. Koppen-Geiger climate Figure 2. Koppen-Geiger climate
classification map for Serbia (1980-2016) classification map for Serbia (2071-2100)

2. Results and discussion

The design and revitalization of buildings that are truly climate-sensitive primarily depend on
acquiring a detailed and accurate understanding of the local climate, as well as the intended use of
the building itself. Within this research, energy design software called Climate Consultant 6.0 [24]
was applied to analyse the potential for natural and forced ventilation in significant urban areas, cov-
ering a total of 18 cities across Serbia. Climate Consultant was developed at the School of Architec-
ture, University of California, Los Angeles (UCLA). The software is based on a graphical interface
that allows for the visualization of the energy implications of the climate on buildings [22]. Climate
Consultant uses climatic data for all 8,760 hours in a year, in this case obtained from TMY (Typical
Meteorological Year) files, which represent typical weather conditions based on multi-year measure-
ments. Based on the selected location, the software generates dozens of different graphical represen-
tations of meteorological parameters and proposes building design strategies that correspond to the
unique characteristics of that climate.

Special emphasis is placed on the interpretation of Psychrometric chart and bioclimatic charts
with the aim of improving a sustainable architectural approach. Psychrometric chart show the rela-
tionship between relative humidity (expressed as the humidity ratio) and the dry-bulb temperature in
the outdoor atmosphere [23] for all 8,760 hours throughout the year, where each point corresponds to
one hour Figure 3.

Climate Consultant allows the selection of four different thermal comfort models. For the pur-
poses of this study, the ASHRAE Standard 55 [12] was selected, which defines the thermal comfort
of users. This model has proven to be suitable for the climatic conditions of Serbia, as it defines two
thermal comfort zones - one referring to the winter period, assuming heavier clothing, and the other
for the summer season, considering lighter clothing.

The diagram presents 16 different design strategies, each shown as a separate zone, along with
the relative percentage of hours throughout the year during which the given strategy can contribute
to achieving thermal comfort. The definition of each of these zones is explained in detail in the liter-
ature [24]. In this study, six zones were observed: Comfort Zone, Sun Shading of Windows, Natural
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Ventilation Cooling, Fan-Forced Ventilation Cooling, Dehumidification Only and Cooling, add De-

humidification if needed Figure 3.
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Figure 3. Psychrometric chart indicating cooling and/or
dehumidification hours for Belgrade

For the sake of brevity, only the Psychrometric chart illustrating the hours throughout the year
when cooling and/or dehumidification strategies are required for the climate conditions of Belgrade
is shown in Figure 3. The stated values may vary depending on the building design or the application
of assumed criteria. Hours covered by the selected strategies are marked in green, while hours outside
this range are shown in red.

Figures 4-8 show the annual potential values (in %) within six selected zones for a total of 18
urban locations in Serbia. These values depend on the choice of comfort models and other input pa-
rameters, and as such, they are subject to change due to modifications of these criteria. Worth noting
that many of these strategies can be applied simultaneously; for example, window shading is com-
patible with all cooling strategies. Some strategies may be mutually incompatible, for instance: natu-
ral ventilation requires a construction with low thermal mass and large openings during the day,
whereas the use of High Thermal Mass during the day requires ventilation openings to remain closed
to prevent the entry of warm air and to preserve accumulated coolness.

Figure 4 shows the annual thermal comfort potential (expressed in percentages) for a total of
18 analysed locations, with the data presented in descending order based on the identified level of
comfort. These values represent the portion of time intervals during the year in which comfort con-
ditions are met without the use of additional passive or active measures. Based on Figure 4, it can be
concluded that the climate in Kikinda is characterized by the greatest number of hours within comfort
limits (15.7%). This location has a longer period of thermal comfort compared to other locations in
Serbia. In contrast, the annual comfort potential for Sjenica is about 8%. It is noticeable that locations
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at higher altitudes generally achieve a smaller number of comfort hours, which is consistent with
climatic expectations.
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Figure 4. Annual base comfort potential (in %)

The analysis shows that Sun Shading of Windows represents the most effective passive strategy
for improving thermal comfort, ranging from 2.4% to 8.1% Figure 5. The Psychrometric chart shows
the number of hours when it is assumed that sun shading is provided, but these hours are not added
to the total number of comfortable hours because shading alone cannot guarantee comfort.
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Figure 5. Annual comfort improvement by Sun Shading of Windows (in %)
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The houses designed without the provision of shades results an increase of 3°C in room tem-
perature [25]. The Sun Shading Zone is defined by an outdoor dry-bulb temperature and a minimum
total horizontal radiation level, above which all windows should be shaded to prevent indoor dry-bulb
temperatures from rising above the ambient temperature [26]. The minimum global horizontal radia-
tion when sun shading is desirable depends on climates, where as the default value is 315.4 (Wh/m?
)[15].

Natural Ventilation Cooling (the natural movement of air within enclosed spaces) has a signif-
icant impact on achieving a dual objective: thermal comfort for occupants and energy efficiency. The
most important function of air movement is to enhance convective and evaporative heat loss. Con-
vective heat loss is effective when the air temperature is lower than skin temperature, while evapora-
tive heat loss is most efficient at moderate relative humidity levels, between 40% and 50% [6]. In
Climate Consultant, for still air conditions up to 0.2 (m/s), the existing thermal comfort zone accord-
ing to ASHRAE Standard 55 extends from 20 °C in winter to 27 °C in summer, with a relative hu-
midity range of 20% to 80%, though with certain humidity limitations at higher temperatures [29]. If
outdoor air speeds fall below this minimum threshold, it is assumed that natural ventilation cooling
is not effective. A maximum comfortable indoor air velocity is also defined above this velocity peo-
ple begin to feel discomfort. Using natural ventilation, air movement can create a sensation of comfort
equivalent to a perceived temperature reduction of approximately 2.5°C to 3.7°C.

The annual natural ventilation potential (in %) calculated for various locations is shown in Fig-
ure 6. The highest potential for increasing comfort hours through natural ventilation was recorded in
the cities of Sombor and Zrenjanin (around 3%). In contrast, Sjenica and Pe¢ have the lowest values
(less than 1%).
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Figure 6. Annual comfort improvement by Natural Ventilation (in %)

Fan-Forced Ventilation refers to the use of mechanical systems, such as fans or exhaust systems,
to enhance air movement within indoor spaces. This strategy is particularly useful in areas with weak
natural airflows, where natural ventilation is limited due to physical (natural or anthropogenic) ob-
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structions such as tall buildings or dense urban fabric [25]. It can be argued that fan-assisted ventila-
tion should be considered a passive cooling strategy, like natural ventilation, due to its very high
coefficient of performance (COP). This means that although it uses electrical energy to operate fans,
the amount of energy consumed in relation to the cooling effect produced is significantly more effi-
cient than air conditioning. It is important to emphasize that fans by accelerating air movement en-
hance the evaporation of moisture from the skin's surface, creating a subjective feeling of cooling.

According to ASHRAE Standard 55, at airspeeds of around 0.82 (m/s), users experience an
effective temperature approximately 2.5°C lower than the recorded dry-bulb temperature. This level
of air movement is just enough to barely move a piece of paper. The minimum airspeed required to
achieve comfort is 0.2 (m/s); below this threshold, fan-assisted cooling is assumed to be ineffective.
The greatest potential for increasing the number of thermally comfortable hours annually through the
use of forced ventilation has been identified in the cities of Sombor, Prizren, Ni§ and Zrenjanin, with
approximately 1.8% additional hours of comfort Figure 7. In contrast, cities such as Sjenica, Uzice
and Pe¢ show minimal contribution from this passive strategy, indicating its limited effectiveness
under those climatic conditions.
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Figure 7. Annual comfort improvement by Fan-Forced Ventilation (in %)

Dehumidification Only zone encompasses conditions in which the dry-bulb air temperature
falls within the acceptable thermal comfort range, but the relative humidity is elevated, making it
necessary to remove excess moisture to maintain comfort. On any hour when the outdoor temperature
is above the comfort range and does not fall into any other cooling strategy zone, by default that hour
falls into the zone where some type of artificial cooling is necessary [26]. In cases where relative
humidity remains elevated, the application of additional dehumidification is required, as provided by
the strategy Cooling, add Dehumidification if needed. During this process, the air is cooled while
simultaneously removing moisture, with the dry-bulb temperature dropping below the dew point at
the given temperature [25]. The total annual percentage potential for cooling and dehumidification
across all 18 locations is shown in Figure 8. The highest potential for applying these two strategies is
found in cities in the central part of the country (Kraljevo, KruSevac, Belgrade), where it can account
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for up to 10.6% of the annual hours. Locations in the southwestern and southern parts of the country,
such as Sjenica and Pristina, require little to no use of dehumidification strategies due to lower relative
humidity for most of the year.
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Figure 8. Annual comfort improvement by combining
Cooling and Dehumidication (in %)

The results show that natural and mechanical ventilation, as passive cooling strategies, have
made a relatively limited contribution to increasing the number of thermal comfort hours annually at
most of the analysed locations. The greatest contribution of natural ventilation (3%) and mechanical
ventilation (1.8%) was recorded in cities such as Sombor, Zrenjanin, Prizren and Ni§, which together
account for approximately 5%, or 418 hours per year (calculated in relation to 8,760 hours in a year).
Although these estimates may seem low, it is important to emphasize that passive strategies are never
applied continuously throughout the entire year, but rather selectively during periods when climatic
conditions allow. In this context, a contribution of 3-5% of comfort hours can have a significant effect,
especially during transitional seasons (spring and autumn), where the use of ventilation can delay the
need for active cooling, thus achieving energy and environmental savings. Conversely, the results
indicate that for locations in Serbia situated at altitudes above 500 meters, such as Sjenica, Uzice and
Pe¢, the application of some passive cooling strategies, particularly mechanical ventilation, is not
justified, given that the conditions in those regions do not allow for a significant contribution to ther-
mal comfort. Through a comprehensive approach to passive design, based on the strategies shown in
Figure 3, which include natural and mechanical ventilation, shading and dehumidification, a signifi-
cant increase in the number of hours with achieved thermal comfort conditions on an annual basis
was realized. These strategies, when carefully aligned with the specifics of the local climate, contrib-
ute to an improvement in comfort ranging from 12% to 25% annually, thus confirming the effective-
ness of integrated passive cooling in the building design process.
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2.1.Design guidelines

The Climate Consultant software provides a set of recommended design guidelines tailored to
the specifics of the local climate. These guidelines are derived by assigning weighting factors to se-
lected passive strategies, where the resulting values are multiplied by the percentage of hours in a
year during which those strategies are applicable within the Psychrometric chart. In this way, the
formulated recommendations represent both a theoretical and practically applicable assessment of the
potential of the analysed climate for implementing various passive strategies. It is important to note
that the recommended design guidelines for all analysed locations in Serbia differ only slightly, de-
spite variations in climate conditions and altitude.

The most effective passive cooling strategies adapted to the climatic conditions of Serbia in-
clude:

- Minimizing or totally eliminating west-facing glass surfaces in order to reduce heat gain dur-
ing summer and autumn afternoon hours;

- Efficient natural ventilation, combined with proper window shading and orientation towards
prevailing wind directions, can significantly reduce the need for air conditioning in warm conditions;

- Spaces such as porches and screened terraces serve as effective passive cooling methods in
warm conditions, while simultaneously eliminating insect-related issues; These spaces allow for nat-
ural ventilation, contributing to thermal comfort without additional energy consumption, while the
screens effectively prevent insect intrusion, enhancing the comfort of outdoor living;

- The climate conditions in Serbia occasionally require the use of air conditioning, but the need
for it can be significantly reduced through proper building design, which prevents overheating. Rec-
ommended guidelines:

- Design the space for natural cross-ventilation;

- Keep windows closed while the air conditioner is running;

- Use French doors or sliding doors with shutters and insect screens;

- Use ceiling fans to circulate air during the day. All windows should be shaded with porches
that have large overhangs.

- Shaded exterior buffer zones (such as porches, terraces, or lanai spaces), carefully oriented
toward prevailing wind directions, can significantly contribute to extending functional living and
working areas during warm and/or humid periods.

3. Conclusion

Energy-efficient building design represents a conceptually and methodologically more ad-
vanced approach compared to traditional design models, as it allows architects with the support of
modern software tools for climate data analysis to accurately assess the specifics of the local climate.
The analysis conducted using the Climate Consultant software for 18 urban locations indicates a sig-
nificant potential of passive cooling strategies for improving the energy efficiency of buildings in
urban areas of Serbia, while simultaneously preserving users' thermal comfort. The individual contri-
bution of natural and mechanical ventilation to increase comfort hours is relatively moderate (up to
5% annually). However, during transitional periods, these strategies reduce the need for active cool-
ing systems. The results further confirm that the application of ventilation strategies is not universal,
but depends on local climate conditions, with higher mountain regions showing lower potential for
their use. By integrating ventilation with additional passive strategies, such as shading and dehumid-
ification, significant improvements have been achieved, ranging from 12% to 25% more annual ther-
mal comfort hours. It can be concluded that bioclimatic diagrams illustrating the potential of passive
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cooling strategies can be useful in the conceptual phase of climate-adapted building design and serve
as a guide for designers, architects, and researchers working on energy-efficient buildings in Serbia.
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