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Abstract

Increasingly stringent energy directives of the European Union, combined with rising
cooling demands due to climate change, urge the investigation of energy-efficient cooling
solutions. Free cooling offers a viable approach to reducing energy consumption. How-
ever, its effectiveness and applicability across different building types remain insuffi-
ciently established. This study aims to minimise mechanical cooling energy demand
through the implementation of enhanced free cooling (EFC) as an operational control
strategy in office, residential, and small commercial buildings. The introduction of the ef-
ficiency of EFC (n«) supports this analysis by quantifying how effectively EFC exploits
free cooling potential in defined thermal and mechanical conditions based on an analytical
approach supported by simplified simulations (in Microsoft Excel). The case study indi-
cates that the east-oriented office building with a 40% glazing ratio achieves the highest
cooling energy savings (49.63%) on the target summer day. For the residential building,
savings are lower (37.78%) but more stable across the hot and the extremely hot days. The
results further show that the influence of building orientation diminishes as external tem-
perature increases, while higher glazing ratios stabilise 1« across the examined thermal
conditions. Analysis of the connection between air exchange rate and mechanical cooling
energy savings identifies a critical resistance point (nopt), defined as the ventilation rate
beyond which no further cooling energy savings occur. The results enable practical appli-
cations in building operation and support both improved energy efficiency and the ad-
vancement of sustainable HVAC design.

Keywords: free cooling; energy saving; free cooling resistance point

1. Introduction
1.1. Literature Review

The 2010/30/EU directive [1] has exerted significant influence on the energy-related
development of buildings. It emphasises passive design strategies [2], such as enhanced
thermal insulation [3] and increased glazed surface areas [4]. These methods primarily
aim to reduce heating energy demand and heating degree-day (‘'DDH’) values. As a re-
sult, the thermal characteristics of both new and retrofitted buildings have improved sig-
nificantly [5]. This design approach, however, introduces secondary effects that received
limited attention from regulators. Improved insulation and increased airtightness contrib-
ute to substantial heat accumulation within buildings in summer periods [6]. Cooling
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degree-day (‘DDC’) values rise across the European Union [7,8], driven by climate change
and intensified indoor heat accumulation. In Hungary, this tendency is particularly pro-
nounced: DDH values decline while DDC values increase significantly, as illustrated in

Figure 1.
3200
3000
2800
2600 - .
< 2400 [ S . * BU27 0 pegree ey
= . .| =~ -Trend EU27Cuohng Degree Day
= 2200 + * Hungaryc o oeoee ooy
= 2000k = = = Trend HUNGaMY oy pegree oay
g * BU27, 005 vegree Dy
> 50 = = = Trend BU27, ..10; oegee 0ay
2 200} : * HUNGAIY, g pegree coy
% 150 = =~ Trend HUNGarY, .0, pegree bay
a T D - ey N
100 [---F-ozZIIEIIIIIie R — T
50 [+ : :
Data source: Eurostat
1 1 1 n 1 L 1 n 1 i 1 L 1 n 1 L 1

0 1 L
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Year

Figure 1. Trends in annual Cooling Degree Days (DDC) and Heating Degree Days (DDH) in the EU
and Hungary, 2014-2023 (Source: Eurostat; data processed and visualised by authors).

These shifts present new challenges for building HVAC systems, as cooling demand
rises and access to higher comfort categories becomes more affordable —accelerating the
proliferation of mechanical cooling solutions. The increasing prevalence of mechanical
cooling contributes to the rising share of cooling systems within the energy balance of
buildings [9]. This trend is particularly significant given that buildings account for over
60% of total energy consumption globally [10]. However, these mechanical cooling sys-
tems place considerable strain on the electricity grid, especially when peak-load condi-
tions prevail. This strain contributes to increased energy production costs and destabilises
the overall energy balance. Potential solutions to this issue can be explored at multiple
levels (without claiming exhaustiveness):

e  Country level: construction of new power generation facilities (e.g., nuclear power
plants) [11];

e  Urban level: Development of district cooling networks [12,13];

e  Building level: Deployment of non-electric cooling technologies (e.g., absorption
chillers) [14] or advanced energy storage systems (e.g., phase change material-based
storage) [15,16];

e  Operational level: Thermal insulation of HVAC systems [17] or adoption of opti-
mised operational strategies [18]. This category also includes retrofitted passive and
semi-active solutions, typically introduced as supplementary interventions beyond
the original HVAC design.

The present study focuses on the latter group of interventions, as these typically re-
quire neither substantial financial investment nor extensive community coordination. Ret-
rofitted passive solutions are also consistent with the principles of Directive 2010/30/EU
[1]. This group incorporates the careful design and renovation of building envelopes [19],
improved heat dissipation to the external environment [20], and the limitation of internal
heat gains [21]. Free cooling systems are also considered part of this category. Free cooling
refers to an energy-efficient heat removal technique that utilises natural heat transfer
based on the temperature difference between an environmental resource and a condi-
tioned indoor space [22-24]. In essence, free cooling involves the passive removal of heat from
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indoor spaces using environmental temperature differences, without the need for a mechanical cool-
ing system, provided that Te < Ti [25,26].

Free cooling systems are commonly divided into air-side and water-side categories,
based on the fluid phase [27]. While the technology is primarily applied in the IT sector—
particularly in data centres (DCs) and server rooms [28] —its adoption has been expanding
across other building types as well [29,30]. Several studies have examined the applicability
of free cooling systems across diverse climatic conditions.

Numerous studies have examined the operational feasibility of free cooling systems
across various climatic conditions. Amado et al. [31] conducted a study in Brazil, encom-
passing 14 member states. Their results indicate that in several major cities (including Bra-
silia, Porto Alegre, Curitiba, and Sao Paulo), free cooling enables over 3000 h of annual
operation, assuming restrictive temperature thresholds typical of data centre environ-
ments. Cho et al. [32] investigated temperate climate and subtropical zones, reporting that
water-side free cooling systems achieve a 16.6% improvement in energy efficiency, while
air-side systems can achieve up to 42.4% compared to conventional cooling methods.
Kwon and Jeong [33], focusing on hot and humid climates, observed cooling load reduc-
tions of 10.2-13.1% for water-side systems and 8.5-11.2% for air-side alternatives. Their
study also highlighted a critical consideration: appropriate sizing of fluid-moving equip-
ment is essential to ensure actual energy savings.

Water-side free cooling systems are not subject to specific requirements regarding
external air parameters [34]. The primary requirement is the availability of a suitable wa-
ter source, which offers particular advantages in cold climate regions [35]. Desideri et al.
[36] conducted a comparative analysis in a two-family residential building in Italy, con-
trasting free cooling with a reversible geothermal heat pump (GSHP). Over a 25-year ob-
servation period, ground temperature decreased by 1.09 °C with free cooling and by 1.63
°C with the GSHP, a difference attributed to the distinct operational mechanisms of the
two systems. Although water-side free cooling offers considerable energy-saving poten-
tial, the limited availability of free water resources restricts its implementation in the ex-
amined Hungarian region. Battery manufacturing facilities, which support the green tran-
sition, exhibit significant demand for cooling water and are expected to compete for the
limited remaining resources.

Two primary factors influence the applicability of air-side free cooling: clear outdoor
air quality and cooler climatic conditions [35]. In regions such as Central Europe, the tech-
nology operates effectively during transitional seasons and nighttime periods [37]. Air-
side systems include two types based on their heat transfer mechanism: passive and active
configurations [38]. Passive systems operate with natural ventilation, while active systems
function via forced airflow, such as mechanical ventilation, to boost heat and air exchange
[39]. Active air-side free cooling systems are divided further into direct and indirect cate-
gories. In direct systems, outdoor air enters the conditioned space directly, enabling both
material and energy transfer [35]. Indirect systems, by contrast, utilise a transfer fluid,
enabling energy exchange only. This separation drives indirect solutions suitable for en-
vironments with high air quality requirements, although their efficiency is generally lower
due to additional transfer stages [40].

Depoorter et al. [41] found that direct air-side free cooling is applicable across diverse
regions, with energy savings ranging from 5.4% to 7.9%. Ham et al. [42,43] investigated
modular data centres and reported that various air-side free cooling systems reduced
cooling coil loads by 76-99%, with total energy savings reaching 47.5-67.2%. They also
identified an optimal air supply temperature range of 18-23 °C [44].
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1.2. Research Gaps and Paper Structure

Free cooling proves to be an efficient and adaptable technology. However, based on
this literature review, the following key research gaps are identified:

e  Previous studies primarily focus on buildings with high cooling demand (data cen-
tres, large-scale commercial facilities), whilst smaller and low-demand facilities (res-
idential, office, and small commercial buildings) remain underrepresented in the lit-
erature.

e  Earlier research typically examined single building or system configurations, with
limited systematic parametric investigation (orientation, glazing ratio, minimum air
change rate, diverse meteorological day types), which restricted the generalisability
of findings.

e  The interaction between free cooling and conventional mechanical systems (particu-
larly in the context of real-time control and hybrid operation modes) remains insuf-
ficiently explored in the literature [25,45].

e Few studies examine how the free cooling optimum and energy-saving potential
change at high air change rates (n > 10 h) in highly glazed buildings (modern com-
mercial/office buildings with substantial heat gains), despite particular relevance to
contemporary building designs.

e Investigation of free cooling operation extension frequently appears as mechanical
chiller operation reduction, without sufficiently comprehensive impact assessment
(e.g., increased air change versus increased fan energy consumption; effect of in-
creased heat gains in highly glazed configurations).

e  Few preceding studies explicitly detail how individual input parameters (minimum
air change rate, orientation, glazing ratio) influence the optimal air change value and
anticipated energy savings.

Addressing these gaps requires an appropriate modelling approach. Various meth-
ods exist for modelling free cooling fan-coil systems, differing substantially in accuracy,
data requirements, and practical applicability. Entire numerical simulation tools (e.g.,
TRNSYS, EnergyPlus, CFD) allow detailed system descriptions yet require extensive data
input and prolonged calibration, which restricts their application [46]. Rabczak and
Nowak [47] developed a building-scale numerical model to assess the feasibility of adapt-
ing free-cooling systems in operated commercial buildings. Their EnergyPlus-based sim-
ulations demonstrated significant seasonal energy savings but also highlighted the strong
sensitivity of performance to building function, internal gains, and climatic boundary con-
ditions. Similarly, Wenzel et al. [24] performed a comprehensive technical-market analysis
combining analytical assessment and statistical evaluation of European installations. They
identified operational and climatic limitations of conventional systems and proposed pa-
rameter ranges for feasible free-cooling operation. In contrast to these data-intensive ap-
proaches, classical empirical and statistical methods reduce computational demands [48]
while offering limited insight into general thermodynamic relationships. [49]. The present
work, therefore, applies a low-data analytical model, validated against representative op-
erational measurements. [50]. This approach ensures a precise thermodynamic descrip-
tion while maintaining transparency and suitability for subsequent optimisation [51], un-
like opaque numerical or machine-learning-based solutions that provoke scepticism in
classical engineering practice. [52]. Hence, the study relies on analytical modelling and
simulation rather than experimental measurements.

Therefore, this present study examines the applicability of direct active free cooling
in residential, office, and small commercial buildings. The analysis covers the potential for
combining free cooling with mechanical cooling systems. The control strategy applied in
this study resembles the approach proposed by Kim et al. [53]. (When the external
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temperature falls below a defined threshold, the system increases the airflow rate to maximise free
cooling, while the chiller remains inactive. As external temperatures rise, the control logic activates
mechanical cooling and restores the airflow rate to its original level.) Cooling energy demand is
estimated using the degree-hour method, which provides a foundation for future system
optimisation. The results provide a solid foundation for the development of building au-
tomation and facilitate the implementation of more sustainable and efficient cooling solu-
tions.

2. Theoretical Background and Description
2.1. Degree-Day Curve, Degree-Day, Energy Demand

The temperature-frequency curve is obtained by arranging the days of a selected
year according to their daily average external temperatures and determining, for each
temperature value, the number of days with lower temperatures. Based on this curve, and
using the balance point temperature and the indoor design temperature, the degree-day
values are determined (Figure 2a). In this figure, the x-axis presents both days and hours
to support the application of DDH and DDC calculations. DDH values are typically cal-
culated using daily intervals due to the continuous operation of heating systems, while
DDC calculations use hourly intervals to reflect the intermittent nature of cooling system
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Figure 2. Interpretation basis for (a) the degree days; (b) the utilisation efficiency for the buildings.

The following equation defines the balance point temperature [54]:

Qraa + Qi
Ty =T, — = ; [K] @
Her ¢ 0V 3600

where ‘T7 is the internal temperature, in [K]. ‘Qrad’ is the solar heat gain, and Q) repre-

sents internal heat gains, both in [W]. ‘Hx" is the transmission heat loss coefficient, in

[W-K]. ‘¢’ is the specific heat capacity of air, in [J-kg"K™], “p’ is the air density in [kg-m™],

‘V’ is the volume of the examined room, in [m?®], and ‘n’ is the air exchange rate, in [h].
Equation (2) calculates the cooling degree-day value (DDc) [55]:

8760

DD, = f (T, = Tp)-dt ; [hK] 2)

j=Ncuoling

where ‘T¢’ is the external temperature, in [K].

To estimate the energy demand of the building, it is advantageous to incorporate the
weekly utilisation efficiency (nu.c), which reflects the functional attributes of the building
(Figure 2b) [55]:
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where ‘Ac’ is the number of active hours per week from a human usage perspective, in
hours. ‘¢’ is the passivity operating ratio during inactive periods compared to active pe-
riods, [-].

These parameters determine the energy demand (Ec) using the following expression
[55]:

Ec—nu—’c-(Htr+c-p-V

= :DD¢ 5 [Wh] @

n
'3500)

Although typically applied on an annual scale, these equations are also applicable to
daily-scale analysis. In such cases, the temperature-frequency curve and the balance
point-temperature curve exhibit greater segmentation due to the smaller number of avail-
able data points (e.g., hourly temperature records), which reduces numerical precision but
remains suitable for comparative analyses and trends evaluation.

2.2. Conditions and Constraints for Equivalent Free Cooling Replacement

As previously established, free cooling occurs when the external temperature is
lower than the desired indoor temperature. Section 2.1 defines the balance point temper-
ature, which refines the condition for free cooling as Ts < T < Ti. To assess free cooling
potential, the daily scale provides the most appropriate resolution. Accordingly, a repre-
sentative day with suitable external conditions is selected. The hourly temperature values
of this day are arranged to form a temperature—frequency curve, analogous to the annual
curve introduced earlier, but applied at the daily resolution.

This curve also includes the design indoor temperature and the balance point tem-
perature, both represented as guide linear segments. Equation (1) defines how the balance
point temperature varies over the course of a day. In periods without solar radiation, the
balance point temperature remains constant as a horizontal segment. However, in sunlit
hours, it gradually decreases with minor fluctuations due to varying radiative gains. To
maintain clarity, Figure 3 excludes these hourly fluctuations.

Requires Requires
heating equipment cooling equipment

Potential
g

External temperature [K]

Zone | Zone Il. L Zone lIl.

Cooling period

Heating period

Number of hours 24

Figure 3. Stylised temperature—frequency curve of a typical early summer day.

The driving factor of free cooling is the temperature difference between indoor and
outdoor conditions. Figure 3 also displays the part of the DDc that represents potential
free cooling on the (hourly) temperature—frequency curve. This zone consists of the area
bounded by the balance point temperature line, the external temperature line, and an aux-
iliary curve. Subtracting the hourly temperature difference between indoor and outdoor
air from the external temperature constructs this auxiliary curve. This auxiliary curve
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separates the DDc into three distinct zones at a selected air exchange rate. These zones
reflect the varying feasibility of replacing mechanical cooling with free cooling. Zone I
represents the range where mechanical cooling is completely replaceable by an equivalent
free cooling solution, while Zone III excludes the possibility of such replacement. Zone II
spans the intermediate range, where mechanical cooling is only partially replaceable by
free cooling.

Industrial and comfort-sector users aim to minimise mechanical cooling demand.
Based on Figure 3, two distinct strategies are identified to achieve this target. One strategy
involves fully exploiting the potential of free cooling, a concept already reflected in the
literature. The other focuses on reducing the Ti — Ts temperature difference, as lower val-
ues directly reduce mechanical cooling demand. Adjusting Ti is generally impractical, as
it directly affects thermal comfort [56] and is prescribed by design standards and legisla-
tion. Deviations from standard values are only considered when specific design require-
ments justify the adjustment. Therefore, Ti remains constant in the present analysis.

The alternative is to modify Ts. According to Equation (1), Ts increases with higher
air exchange rates. If the air exchange rate approaches infinity, Ts equals Ti, and mechan-
ical cooling demand reaches its theoretical minimum. However, an upper technological
limit and an economic threshold [25,30] constrain this approach. Regulations specify no
values above 20 [h] [57,58]. This study adopts this value as the upper technological limit.
However, the 20 [h™'] air exchange rate also serves as a threshold, as typical systems reach
this value only by accepting oversized ductwork, excessive airflow volumes, or elevated
noise levels. The economic threshold marks the point where the electricity demand of me-
chanical ventilation exceeds that of the cooling equipment. In other words, beyond this
threshold, a free cooling system operates less cost-effectively than a mechanical cooling
system. The air exchange rate at the economic threshold, denoted as nmax, is a central focus
of this study. More precisely, the analysis examines the additional air change rate (An)
that raises the minimum fresh air requirement defined by the building function (nmin) to
nmax, thereby enhancing the significance of free cooling.

3. Results

The following analysis examines the impact of increasing the minimum air change
rate (Nmin) by An on the avoided mechanical cooling energy (AEc). In other words, the fresh
air requirement defined by the building function is satisfied (nmin), and enhanced free cool-
ing (EFC) operates beyond this minimum (nmin + An).

The analysis builds on the concept of the economic threshold, as defined in Section
2.2, and incorporates practical aspects. These aspects include system inertia, control hys-
teresis, the alternation between mechanical and free cooling modes, or the advantages of
a less complex technological implementation. A mechanical correction factor, denoted as
‘z’, represents their combined effect. Thus, the EFC is economically viable when the addi-
tional ventilation work (AWve) remains below the avoided electrical work of mechanical
cooling (AWcu) corrected by factor ‘z”:

86,400 s 86,400 s
z: f |dWey] drye f (dW,e) dye 5)
0 0

where ‘z" is the HVAC system correction factor, [-]. Furthermore ‘Atve’ is the operating
period of EFC, in [s].

Equation (1) also reveals that the Ts approaches T: as the air change rate increases.
Figure 3 indicates that this reduces the potential free cooling zone, thereby decreasing
Attve.
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In the next step, specific expressions replace the two work terms in Equation (5). The
AWCcu is the ratio of the AEc and the SCOPr. The AEc represents a saved energy; therefore,
the sign is negative. As a result, Equation (6) applies the reversed direction of the inequal-
ity. The AWve equals the product of the total pressure difference created by the fan (Ap),
the room volume (V), the An, and the reciprocal of the fan efficiency (1/nve):

86,400 s 86,400 s

Ap, -V An
| wroan, <= [ @, ©
ve

0 0

Z
SCOP,

where ‘SCOPr’ is the Seasonal Coefficient of Performance of the cooling unit, [-]; ‘Apt’ is
the total pressure increase created by the fan, in [Pa]; ‘nv.’ is the overall efficiency of the
fan, [-].

The rearrangement of Equation (6) determines AEc, and also reveals its upper limit
(AEcmax):

86,400 s 86,400 s

SCOPg Ap.-V An
AE, = J. (dE; )dTye < R. ni;e ' 3600 ' f (ATy,) dTye = AE(:,max (7)
0 0

Equation (7) indicates that the AEcmax depends on mechanical (SCOPr, Apy, 1ve), geo-
metrical (V), and operational (z, Atve, An) parameters. Dividing AEc by AEcmax defines the
efficiency of enhanced free cooling:

AE,
n =
re AE, C,max

+100 < 100% ®)

The precise determination of this efficiency is difficult because operational parame-
ters have complex interdependencies. However, a case study provides a practical frame-
work for further analysis. Before proceeding, the development process of the analytical
model is briefly summarised (Figure 4).

Anomaly
detected

No anomaly detected

Anomaly detected

No anomaly detected

Figure 4. Logical structure of the analytical modelling development.
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The subsequent case study corresponds to a “simple simulation implementation”.

4. Case Study and Discussion
4.1. The Analysed Room and the Changed Parameter

The case study considers a room (Figure 5) located on the third floor of a four-story
building. This room has two external walls (Uwan = 0.24 W-m2-K™) with partial glazing
(Ugtass = 1.1 W-m2-K). These thermal transmittance values comply with the requirements
of the Hungarian EKM Decree 9/2023 [57]. The floor area is 61.45 m? and the air volume
is 174.35 m3. Due to a partially suspended ceiling, the ceiling height varies, measuring 3
m near the glazed surface and 2.5 m near the door. Figure 5 highlights the area below the
suspended ceiling in green. The transmission heat loss coefficient of the room envelope
(Hrr) is 16.49 W-K-1.

1.40
145

280
145

Figure 5. The design of the analysed room. Orange —External wall, Yellow —Internal wall facing the
room, Purple —Internal wall facing the corridor, Blue— Ceiling height of 3 m, Green —Ceiling height

of 2.5 m, Red —Built-in area.

The numerical analysis applies Microsoft Excel LTSC Professional Plus 2021, pro-
vided under a university licence. The design of simple simulation scenarios considers that
the glazing ratio and orientation significantly influence the Qrd value and, consequently,
the cooling energy demand (based on Equations (1)—(4)). The outdoor environment is also
represented by the external temperature, which justifies the inclusion of individual mete-
orological days in the analysis. Furthermore, the internal conditions are represented by
two operational categories (buildings with continuous use, such as residential units, and
buildings with intermittent occupancy, such as office and small commercial facilities).
Therefore, this analysis addresses three functional categories: commercial (e.g., retail
space), office, and residential (e.g., living room), which are commonly represented in the
Hungarian building stock [59]. Figure 5 illustrates the interior layout of the office function,
while Table 1 summarises the parameters varied in the analysis.

Table 1. Parameters varied in the analysis.

Pa‘i:;eectler Applied Values
Orientation North East West South
Glazed ratio 0-100% (40%)
Function Office Commercial Residential
Meteorological Summer day Hot day Extremely hot day

parameters (8 September 2016) (15 August 2010) (8 April 2017)
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According to ISO 7730 [60], the Ti is 24.5 °C. Three meteorological day types (sum-
mer, hot, and extremely hot days (Summer/Hot/Extremely Hot Day: On a given day, the
hourly average temperature is at least 25 °C, 30 °C, or 35 °C, respectively [4])) characterise
periods relevant for free cooling. Selection relies on the Debrecen meteorological dataset
from the period 2009 to 2019. For each year, the classification categorises all meteorologi-
cal days into the three target types. Within each year, the procedure identifies the day with
the maximum daily temperature fluctuation for each category. The selection process as-
signs, for each category, the year with the minimum daily temperature fluctuation in the
final step. The second step selects days with high energy-saving potential, while the third
excludes days with rapid weather changes (e.g., sunny morning followed by a rainy af-
ternoon). Figure 6 demonstrates the selected days.
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Figure 6. The selected target days: (a) the summer day: 9 August 2016; (b) the hot day: 15 August
2010; (c) the extremely hot day: 4 August 2017.
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Internal heat gains (from occupants, equipment, etc.) are defined according to EN
ISO 13790 [61]. Energy demand calculations include the air exchange rate (nmin) assigned
to each functional category. This rate is determined based on the number of occupants
and the fresh air requirement per person. For mechanical ventilation and cooling systems,
the applied mechanical parameters follow the recommendations of EKM Decree 9/2023
[57]. Table 2 summarises these values.

Table 2. Data considered for HVAC systems.

Office Commercial Residential
Nve; [%] 80%
Apy; [Pa] 500 Pa
SCOPx; [-] 4
Nmin; [h1] 1.0324 4.3017 0.6883
Ac; [h] 7:00-17:00 (10 h) 7:00-19:00 (12 h) 0:00-24:00 (24 h)
@; [%] 30% 0% 0%

A glazing ratio of 40% is applied based on Goia’s results [62], which identified this
value as representative for typical building applications.

4.2. Savings Analysis with the Application of Enhanced Free Cooling

The following analysis applies Equation (7) to quantify the avoided mechanical cool-
ing energy (AEc) via enhanced free cooling (EFC). For this calculation, the HVAC system
correction factor (z) requires an exact value. Determinant of the value of z involves expert
input from HVAC system designers. According to professional consensus, accurate esti-
mation requires detailed system design. Accurate value requires consideration of multiple
factors, including the building function, the response time of the HVAC system (fast or
slow), and the degree of system separability (lower z values for well-separated systems,
higher z values for complex systems with limited modulation). These factors are interde-
pendent and scenario-dependent. After consultation with HVAC system designers, a
fixed increment of 10% is applied (z = 1.1) in this article. The applied value reflects stand-
ard engineering practice in Hungary, as validated by consultation with practising HVAC
designers. Applicability in international contexts appears likely; however, precise adjust-
ment requires coordination with local HVAC professionals.

The first analysis examines AEc (as a proportion of the original mechanical cooling
demand, Ec) across different glazing ratios and orientations (EFC applied). Figure 7 pre-
sents the results (case notations as defined in Table 4):
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Figure 7. Change in mechanical cooling energy savings with varying glazing ratios. (a) North ori-

entation, (b) east orientation, (c) south orientation, and (d) west orientation.

Result interpretation considers a 10% cooling energy saving as a reasonable minimum
threshold for a 10% increase in electrical work (z =1.1). North orientation (Figure 7a) achieves
this threshold for the residential building on all target days and for the office building on the
summer day, while the commercial building remains below this level. East orientation (Figure
7b) adds further threshold achievements, including the office building on the hot day and the
commercial building on the summer day. South orientation (Figure 7c) meets the threshold
for the residential building on both the hot and extremely hot days, with the office and resi-
dential buildings approaching this level on the summer day. West orientation (Figure 7d)
again results in a distinct pattern, where the residential building reaches the threshold, and
the office building on the summer day remains slightly below this level.

The highest cooling energy savings occur with an east orientation and high glazing
ratios (above 60%) as observed on a summer day. Values range from 37.62% to 40.12% for
the residential building, 49.63% to 57.81% for the office, and 26.45% to 45.22% for the com-
mercial facility, depending on the type of glazing. The lowest savings occur with south
orientation and high glazing ratios. The residential building reaches 7.59-8.54% on the
summer day. However, values reach 0.85-0.80% for the commercial facility and 2.01-
1.62% for the office, on a hot day. Greater glazing ratios correspond to more pronounced
variability, as both maximum and minimum values relate to high glazing.

Before drawing further conclusions, Table 3 presents the mechanical cooling energy
savings at a fixed glazing ratio (40%). For clarity, in comparison with Figure 7, the table
expresses the values as percentages.

Table 3. Mechanical cooling energy savings with a 40% glazing ratio and z = 1.1 (EFC applied).

North East South West
AEc  AEc/Ec AEc AEc/Ec AEc AEc/Ec AEc AEc/Ec
inkWh in% inkWh in% inkWh in% inkWh in%
Summer day 1.090 1635 7979 49.63 1.207 9.83 0.726 8.62

éﬂ Hotday 0742 622 2525 1271 0386 233 038  3.04
© EXtreg;e;y hot o551 407 0727 381 0504 275 0504 333
. Summerday 0381 331 5111 2645 0947 539 0425 301
£ — Hotday 0636 236 2419 693 0281 089 0281 101
£ g
G T Bxmemelyhot oo 147 0706 17 0484 118 0484 1.8
day

= Summerday 2094 1985 7539 3778 160 999 1543 1211
£  Hotday 4799 2846 4847 1955 4831 2246 4809 27.26
e

g EXtreg:;}yhOt 3332 1579 3427 12.86 3417 1316 3464 1461
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Table 3 and Figure 7 indicate that east orientation supports EFC more effectively,
while south orientation provides minimal advantage. The highest cooling energy savings
occur in the residential building, among the examined building types. Increasing daily
maximum external temperature generally reduces savings. However, within the residen-
tial building type, this effect remains least pronounced. In several cases (particularly with
north, south, and west orientations), higher temperatures correspond to increased sav-
ings. The analysis results corroborate initial hypotheses based on informal case reviews,
suggesting broader applicability of the observed trends to comparable cases. However,
these results derive from a single building model; therefore, generalisation requires cau-
tion. EFC achieves the highest savings when the temperature difference between indoor
and outdoor air peaks, typically in the early morning. At this time, east-facing orientations
receive the strongest solar gains, which reduce the required Ts value (Equation (1)), in-
crease DDc (Equation (2)), and raise cooling demand (Equation (4)). EFC offsets this incre-
ment effectively, resulting in greater relative energy savings.

The following section evaluates the variation in the efficiency of enhanced free cool-
ing (1) across different orientations, target days, and glazing ratios. Figure 8 presents
these results (case notations as in Figure 7, defined in Table 4).
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Figure 8. The variation in the efficiency of enhanced free cooling (nx«): (a) north orientation; (b) east

orientation; (c) south orientation; (d) west orientation.

Based on Figure 8, the 1« values indicate significant variability. This variability war-
rants a detailed examination of n« by orientation, target day, and building type, evaluated
as a function of glazing ratio. Generally, higher glazing ratios reduce n variability, re-
gardless of building function. The residential building exhibits the highest fluctuation
(74.11%), independent of each orientation. By contrast, the office building exhibits the low-
est fluctuation, with values depending on orientation (north: 42.87% in Figure 8a; east:
5.72% in Figure 8b; south: 9.27% in Figure 8c; and west: 26.14% in Figure 8d).

In HVAC system design, minimising efficiency fluctuation represents a general de-
sign objective. Stable ns values improve the predictability of cooling energy demand,
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which supports accurate equipment sizing and control calibration. Near constant 1« value
simplifies commissioning, verification, and long-term assessment. In EFC control, re-
duced fluctuation enables demand-driven operation and also supports the applicability
of robust automation strategies. This overall effect supports reliable and cost-efficient
HVAC system design. From this perspective, east-facing buildings with high glazing ra-
tios offer the most stable 1 values. The results also emphasise the need to account for
building orientation and glazing ratio in HVAC system design, particularly when apply-
ing EFC.

4.3. Air Exchange Rate Thresholds and EFC Resistance Points

This section evaluates the available range of operational air exchange rates and their
impact on mechanical cooling energy savings. As previously defined, nmin represents the
minimum fresh air requirement based on building function, while nmax denotes the eco-
nomic threshold (applied at z = 1.1) beyond which enhanced free cooling (EFC) becomes
less cost-effective. The values of nmax, as presented in Table 4, vary with orientation, glaz-
ing ratio, and external temperature. Values exceeding the previously established techno-
logical limit of 20 [h'] are highlighted in red, as such rates are likely to encounter feasibil-
ity constraints. This limit reflects current regulatory principles, as noted earlier.

Table 4. The nmax values at z=1.1, in h™..

Sort Name 0% 20% 40% 60% 80% 100%
5 OSN 3.48 3.44 4.66 5.77 6.89 8.00
g > OSE 3.48 11.63 20.83 30.03 39.23 48.43
Ug) o 0SS 3.48 5.61 7.73 9.86 11.98 14.10

OSW 3.48 4.42 5.35 6.28 7.21 7.21
OHN 11.68 14.35 17.02 19.68 22.35 25.01
OHE 11.68 24.99 38.29 51.60 64.90 78.21
OHS 11.68 14.80 17.91 21.03 24.14 27.25
OHW 11.68 13.20 14.71 16.22 17.73 19.25
OTN 13.33 15.05 16.76 18.48 9.63 10.36
OTE 13.33 18.07 22.81 27.54 15.57 17.79
OTS 13.33 16.85 20.37 23.89 14.25 16.06
OTW 13.33 15.51 17.69 19.87 11.33 12.49

Office
Hot day

Extremely
hot day

CSN 9.03 9.83 10.63 11.43 12.23 13.03

-
qé > CSE 9.03 13.09 18.85 28.49 37.92 47.16
g o CSS 9.03 12.25 15.48 18.71 21.93 25.16
95

CSW 9.03 10.46 11.90 13.33 14.77 16.21
CHN 26.45 29.13 31.82 34.51 37.19 39.88
CHE 26.45 39.77 53.10 66.42 79.74 93.07
CHS 26.45 29.58 32.72 35.85 38.99 4212
CHW 26.45 27.99 29.52 31.06 32.60 34.13
CIN 34.69 36.55 38.40 40.26 4211 43.97
CTE 34.69 39.57 44.45 49.33 54.21 59.09
CTS 34.69 38.37 42.05 42.05 49.41 53.09
CTW 34.69 37.16 39.62 42.08 44.54 47.00

Commercial
Hot day

Extremely
hot day

RSN 2.80 3.37 3.94 4.05 4.62 5.18
RSE 2.80 6.67 10.53 12.09 15.23 18.37
RSS 2.80 341 4.01 4.15 475 5.34
RSW 2.80 3.20 3.60 3.60 4.02 4.44
RHN 429 4.40 451 4.62 473 4.83
RHE 4.29 4.66 5.01 5.36 5.71 6.06

Summer
day

Residential

Hot
day
mZSuomZSuomZSomZSuomZSomZSumZsSom?Z



Buildings 2025, 15, 3929

15 of 22

S RHS 4.29 4.56 4.81 5.06 5.31 5.55
\4 RHW 4.29 4.43 4.57 4.70 4.83 4.95
AN N RTN 4.82 5.01 5.18 5.35 5.51 5.67
fég E RTE 4.82 5.27 5.72 6.17 6.61 7.05
%E S RTS 4.82 5.24 5.66 6.07 6.49 6.90
M \l RTW 4.82 5.10 5.38 5.66 5.93 6.20

In most cases, increasing the glazing ratio enhances the available range of air ex-

change rates. However, several cases (Table 4: OSE, OTN, OTE, OTS, OTW) exhibit a non-
monotonic trend. In these cases, nmax initially increases with glazing ratio up to a certain

threshold, then undergoes a sharp decline before resuming steady growth at higher glaz-

ing ratios. This behaviour suggests the existence of an optimal glazing ratio that maxim-

ises the achievable air exchange rate range for a given technological limit (e.g., 20 h™!). This

aspect lies beyond the scope of the present study, and future research investigates it as a

defined objective.

In the remainder of the analysis, calculations apply the upper limit of 20 [h-'] wher-

ever the value of nmax exceeds it. The range defined by nmin and nmax varies considerably.

Hence, for comparative clarity, the evaluation considers only values corresponding to a

40% glazing ratio. Figure 9 illustrates the results for each functional category.
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Figure 9. Mechanical cooling energy savings as a function of air exchange rate between nmin and
nmax; (a,b) office building; (c,d) commercial building; (e, f) residential building.

The available range of air exchange rate adjustment is highest in the office function
type, followed by the commercial, and lowest in the residential building function. Within
each functional category, east-facing orientations allow the broadest range of air exchange
rate adjustment. The effect of orientation is the largest on the summer target day, and
becomes weaker on the hot day, and is the least on the extremely hot day. In several cases
of the office and the commercial building types, increasing the air exchange rate fails to
reduce cooling energy demand. The values of these cases are examined separately and
complemented by their corresponding n values. Figure 10 displays the results.
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Figure 10. Determination of the nopt value. (a) Office building: cooling energy savings as a function
of air exchange rate; (b) commercial building: cooling energy savings as a function of air exchange
rate; (c) office building: 1« as a function of air exchange rate; (d) commercial building: 1 as a func-

tion of air exchange rate.
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Figure 10 identifies cases where increasing the air exchange rate fails to improve me-
chanical cooling energy savings. This threshold defines the resistance point of EFC, where
the corresponding air exchange rate represents the optimal value (nopt). This resistance
point corresponds to the point of diminishing savings, as well. Beyond this, further in-
creases in air exchange rate result in negligible cooling energy savings while continuously
increasing fan electricity demand. As shown in Figure 10c,d, 1t reaches its maximum at
this point and subsequently decreases. Table 5 demonstrates the nopt values and their im-
pact on cooling energy savings for the separated cases, at a glazing ratio of 40%.

Table 5. Achievable mechanical cooling energy savings and 1 values at nopt.

Nmin Nmax Nopt Nopt/Nmax T AEc

Sort Name hat ha ot i % KWh
OHS 1.0324 17.91 5.79 0.3233 67.84 0.386
CHS 4.3017 20 7.76 0.3880 67.37 0.281
CHW 4.3017 20 7.76 0.3880 67.41 0.281
OHW 1.0324 14.71 5.79 0.3936 68.08 0.386
OTS 1.0324 20 10.18 0.5090 47.03 0.504
OTW 1.0324 17.69 10.18 0.5755 47.35 0.504
OHN 1.0324 17.02 10.17 0.5975 69.12 0.742
CHN 4.3017 20 12.14 0.6070 67.85 0.636
CTS 4.3017 20 13.08 0.6540 46.18 0.484
CTW 4.3017 20 13.08 0.6540 46.23 0.484
OTN 1.0324 16.76 11.02 0.6575 47.75 0.551
CTN 4.3017 20 13.92 0.6960 46.34 0.53
OTE 1.0324 20 14.22 0.7110 47.61 0.727
CTE 4.3017 20 17.12 0.8560 46.46 0.706

In the 14 examined cases, selecting nopt (Nopt < Nmax) as the operational air exchange
rate in the EFC system maintains the maximum cooling energy savings (AEc). Table 5 lists
the 14 separated cases in decreasing order of the nopt/nmax ratio. A lower value corresponds
to a greater reduction in fan electricity demand in EFC operation. The maximum differ-
ence appears in case OHS (nopt/nmax = 0.3233), while the minimum occurs in case CTE
(Nopt/nmax = 0.8560). Table 5 lists hot-day cases first, followed by extremely-hot-day cases.
On the hot day, the nopt/nmax ratio remains lower (0.3233-0.3936) than on the extremely hot
day (0.5090-0.8560). On the hot day, this results in a greater potential reduction in fan
electricity demand in EFC operation.

The resistance analysis extends to the remaining cases. Preliminary results indicate a
more complex connection between nopt and the extreme values of ne. Clarification of these
connections requires additional target days, and the next phase of the research addresses
this need.

5. Conclusions

Significant reduction in mechanical cooling energy demand is the focus of this article.
The efficient exploitation of free cooling potential supports this objective. One applicable
method is enhanced free cooling (EFC), which increases the air exchange rate to free cool-
ing. The manuscript demonstrates the practical potential of EFC across multiple building
functions and orientations. The introduced metric, the efficiency of enhanced free cooling
(Nk), quantifies how effectively EFC exploits available outdoor cooling potential for the
reduction in mechanical cooling energy demand (that is, for increasing the avoided me-
chanical cooling energy, AEc). The findings offer operational guidance for retrofits and
low-cost control strategies that reduce mechanical cooling demand while maintaining
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occupant comfort. The case study developed for this purpose provides quantifiable data
for evaluating the EFC applied.

Demonstrated results confirm that the highest specific mechanical cooling energy
savings (49.63%) occur in the east-facing office building with a 40% glazing ratio on the
summer day. For the residential building, savings are lower on this summer day (37.78%)
but remain more stable on the hot and extremely hot days (19.54% and 12.86%, respec-
tively) compared to the office building (12.71% and 3.81%). The impact of building orien-
tation diminishes with increasing external temperature. Additionally, increasing the glaz-
ing ratio stabilises the ni value across the examined temperature conditions. The analysis
of air exchange rate and mechanical cooling energy savings identifies the resistance point
of free cooling in 14 cases. This point defines the optimal air exchange rate (nopt), beyond
which further increases result in no additional mechanical cooling energy savings. In all
14 cases, N« reaches its maximum at nopt. Determining nept is therefore essential for efficient
utilisation of free cooling potential. However, generalisation requires further investiga-
tion, as the results are specific to the parameters of the present case study. These additional
investigations include measurements performed under real operating conditions and in
controlled laboratory environments. Both measurement types are in progress, with initial
findings indicating promise.

Gradual extension of the present results offers several directions for further research,
each of which represents a potential study. One avenue is the seasonal analysis extended
across the complete cooling season. Another lies in the detailed investigation of HVAC
systems that integrate the free and the mechanical cooling. Further opportunities include
the inclusion of alternative cooling technologies, such as absorption chillers, as well as the
systematic evaluation of the interaction between air exchange rates and glazing ratios. The
relationship between nopt and the extreme values of 1 also merits closer examination.
Advancing along these lines supports the optimisation of free cooling strategies across
diverse building types and contributes to sustainable building operation and HVAC de-
sign development.
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Nomenclature
“Ts’ is the balance point temperature, in [K].
“Orad’ is the solar heat gains, in [W].
0y is the internal heat gains, in [W].
“Tv is the internal temperature, in [K].
‘Te is the environmental temperature, in [K].
‘He’ is the transmission heat loss coefficient [W-K-].
' is the specific heat capacity of air, in [J-kg-K™].
‘0 is the air density, in [kg-m~].
n’ is the air change rate, in [h™].
v’ is the volume of the examined room, in [m?].
‘DD¢’ is the cooling degree-day value, in [h-K].
‘DDw’ is heating degree-day value, in [h-K].
‘Te is the external temperature, in [K].
Muc is the weekly utilisation efficiency for the building (cooling mode), in [%].
‘Ac is the number of active hours per week from a human usage perspective, in [h].
, is the passivity operating ratio during inactive periods compared to active peri-
¢ ods, in [-].
‘Ec’ is the cooling energy demand, in [Wh].
"Nmin” is the air change rate based on the human fresh air requirement, in [h™].
“Nmax’ is the air change rate at the economic threshold and z = 1.1, in [h™].
‘An’ is the additional air change rate required to reach nmax, in [h?]
‘AEC is the avoided mechanical cooling energy demand, in [kWHh].
“Ecmax’ is the avoided mechanical cooling energy demand upper limit, in [Wh].
4 is the HVAC system correction factor, in [-].
‘AWvVE is the additional ventilation electric work, in [kWh)].
‘AWcu' is the avoided electrical work of mechanical cooling, in [kWh].
‘Atve’ is the operating period of EFC, in [s]
‘SCOPr’ is the Seasonal Coefficient of Performance of the cooling unit, in [-].
‘Ap¢ is the total pressure increase created by the fan, in [Pa]
MNve’ is the overall efficiency of the fan, in [-].
e’ is the efficiency of enhanced free cooling, in [%]
Nopt’ is the optimal air change rate, in [h™].
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