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Abstract

Air infiltration is a highly uncertain input in building energy simulation, yet its effects on
cooling-dominated educational buildings remain poorly quantified. This study quantified
infiltration sensitivity in a 34,168 m2 university building in hot-humid Jazan, Saudi Arabia,
using an EnergyPlus model developed in a companion field study. The infiltration rate of all
31 zones was varied from 0 to 1.0 air changes per hour (ACH) in annual simulations under
conditioned (Ideal Loads Air System, 22.5 ◦C, 60% relative humidity) and free-running
operation. Each 0.1 ACH increased the annual thermal cooling requirement by 1766 MWh,
72% of which was latent. At the commonly assumed rate of 0.8 ACH, infiltration accounted
for 84% of the annual requirement. With a coefficient of performance of 3.0, reducing
infiltration from 0.8 to 0.3 ACH would save about 2950 MWh of electricity, USD 251,000,
and 1670 t CO2 per year. Raising the setpoint to 24 ◦C kept the predicted mean vote within
ISO 7730 Categories I–II and reduced the cooling requirement by 10–12%, but the infiltration
penalty remained 1540 MWh per 0.1 ACH. In free-running operation, infiltration lowered
indoor air temperature by 4.2–6.6 ◦C, yet operative temperatures still exceeded adaptive
comfort limits. For educational buildings in hot-humid climates, airtightness combined
with controlled, dehumidified ventilation should therefore be treated as a primary design
and retrofit parameter.

Keywords: air infiltration; educational buildings; EnergyPlus; sensitivity analysis;
operative temperature; PMV/PPD; cooling energy; hot-humid climate

1. Introduction
1.1. Background

Buildings account for a substantial share of global energy consumption, making
the building sector a critical target for improving energy efficiency and reducing carbon
emissions [1]. In Saudi Arabia, the building sector accounted for approximately 29% of
the country’s total energy consumption in 2020, highlighting the importance of improving
building energy performance in the Kingdom’s cooling-dominated climate [2]. Among the
factors affecting building performance, air infiltration—the unintended entry of outdoor air
through cracks, gaps, and other leakage paths in the building envelope—can significantly
influence indoor air temperature (ta), thermal comfort, indoor environmental quality,
and energy consumption [3]. Building airtightness, which characterizes the resistance of
the envelope to uncontrolled air leakage, is an important parameter for evaluating and
improving building performance [4].

Buildings 2026, 16, 4229 https://doi.org/10.3390/buildings16214229

https://crossmark.crossref.org/dialog?doi=10.3390/buildings16214229&domain=pdf&date_stamp=2026-10-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-6177-194X
https://doi.org/10.3390/buildings16214229


Buildings 2026, 16, 4229 2 of 28

The effects of infiltration depend strongly on climatic conditions. Higher infiltration
rates can increase heating or cooling loads and affect the stability of indoor thermal condi-
tions [5,6]. In cold climates, infiltration is primarily associated with increased heat loss and
heating demand [4], whereas in hot-humid climates, such as Jazan in southern Saudi Arabia,
the introduction of warm and humid outdoor air can increase cooling requirements [6].
Under such conditions, infiltration may therefore affect not only energy consumption
but also indoor thermal conditions and the ability of mechanically cooled buildings to
maintain their intended indoor environment [3,7]. These effects make the representation of
infiltration an important consideration in building performance simulation, particularly for
cooling-dominated buildings in extreme climates.

In Saudi Arabia, educational facilities form a large part of the public building stock
and are a priority of the national energy-efficiency agenda under Vision 2030 [8,9]. Many
of these buildings are located in hot-humid coastal regions such as Jazan, on the southern
Red Sea coast, where high air temperature and humidity persist for most of the year and
cooling dominates energy use in every month. In such conditions, every unit of outdoor air
that enters a conditioned space adds both sensible and latent load, and the infiltration rate
assumed in design and simulation therefore directly influences predicted cooling demand,
equipment sizing, and the evaluation of retrofit measures.

1.2. State of the Art and Research Gap

Infiltration is characterized in two different ways in the literature. Airtightness is
measured under an imposed pressure difference using the fan pressurization (blower door)
method standardized in ISO 9972 [10], which reports the air change rate or air permeability
at a reference pressure, typically 50 Pa (n50, q50). Energy simulation, by contrast, requires
the natural infiltration rate under ambient driving forces (wind and stack effect), which
is lower and varies with weather. Natural rates are often approximated from n50 using
empirical divisors such as the “divide-by-20” rule [3], although this conversion depends on
climate, exposure, and building height. The distinction is important for building codes: the
airtightness target of 4 ACH at 50 Pa in the Saudi Building Code (SBC) [11] corresponds to
approximately 0.2 ACH under natural conditions using the same rule.

In Saudi Arabia, studies of infiltration rates have concentrated mostly on residential
buildings and on the commercial and industrial sectors, and few have addressed educa-
tional buildings. Susceptibility to infiltration differs widely between buildings because of
variations in design, construction materials, and the aging of envelopes. Studies show that
infiltration in older houses can range from 5 to 15 ACH, causing higher heating and cooling
loads, energy waste, and reduced thermal comfort [3,4]. Even in more modern housing,
infiltration may contribute 25–50% of total energy demand, highlighting its significance for
efficiency and comfort [3,12,13].

Methodological advances have improved infiltration modeling, with comparative
studies noting that widely used models often over- or underpredict rates [14]. New
approaches, such as the Block–Gebhart model and hybrid computational fluid dynamics
(CFD)–analytical methods, have reduced prediction errors to around 10% in complex
urban settings [14,15]. Field investigations confirm that infiltration persists even in airtight
homes, with seasonal rates of 190 m3/h observed in China [15]. Nevertheless, improved
airtightness can yield energy savings of about 15% in temperate climates [16].

In Saudi Arabia, direct measurements of infiltration in residential buildings remain
scarce. Most studies adopt a uniform baseline of 0.8 ACH across housing types [3,17–19],
despite regional and construction variations. Although the SBC prescribes an airtightness
target of 4 ACH at 50 Pa [11], empirical data on compliance are lacking. To address this gap,
Alosaimi [3] developed the first national infiltration model, applying the “divide-by-20”
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rule to housing stock data. The results show wide variation in natural infiltration rates
(0.2–1.0 ACH), highlighting that fixed assumptions may introduce substantial uncertainty
in energy modeling.

The literature emphasizes that infiltration in residential buildings is a primary driver
of energy demand, thermal comfort, indoor air quality, and carbon emissions. Contin-
ued refinement of measurement and modeling techniques is essential to support retrofit
programs and ensure that residential buildings meet national and global efficiency targets.

Air infiltration in commercial and industrial buildings varies widely depending on
building geometry, pressure dynamics, and usage patterns. Warehouses and buildings with
high ceilings are particularly prone to infiltration through loading docks and overhead
doors, often resulting in increased heating, ventilation, and air conditioning (HVAC)
demand and compromised thermal control [20]. The U.S. Department of Energy estimates
that infiltration contributes up to 6% of total energy consumption in commercial buildings,
and other analyses suggest it may account for about 13% of heating loads and 3–4% of
cooling loads in office environments [21]. These figures indicate that uncontrolled air
leakage can carry a substantial energy cost. Although specific infiltration rates for every
industrial category are not always available, energy model guidelines (e.g., DOE–PNNL
compiled methodologies) offer systematic approaches for estimating infiltration for use
in simulation tools such as EnergyPlus. The guidelines provide component-level leakage
metrics and use sensitivity analysis to ensure realistic inputs [22].

In critical facilities such as hospitals and data centers, air infiltration presents not only
an energy issue but also a serious operational concern. In hospitals, excessive infiltration
disrupts pressurization balance, undermines filtration systems, and threatens indoor air
quality and patient safety. In data centers, infiltration-induced temperature fluctuations can
increase cooling loads and impair the performance of sensitive IT equipment. To counter
this, advanced design strategies such as smart airflow management, airtight sealing, and
real-time environmental monitoring are increasingly implemented to maintain strict climate
control [23].

University buildings are complex environments for air infiltration because of their
diverse spaces, such as classrooms, laboratories, and auditoriums, each with unique infil-
tration pathways. For example, a study in Chinese universities with naturally ventilated
classrooms found that infiltration rates were typically below 0.5 ACH when windows and
doors were closed during classes, suggesting that airtightness strategies have been partially
effective in those contexts [24].

International field investigations in school settings reinforce the importance of con-
trolled ventilation; ventilation strategies in classrooms are vital for indoor air quality and
may target combined clean air exchange rates of 4–6 ACH, depending on health and comfort
requirements [25]. However, these levels are often difficult to maintain through mechanical
or natural ventilation alone, particularly without proper sealing of envelope components.

Advances in modeling have also been applied to educational environments. A 2023
framework combining CFD with classic infiltration modeling demonstrated improved
accuracy in predicting infiltration rates for complex building environments, reducing
predictive error to around 10% and highlighting the potential for enhanced HVAC system
design in institutional settings [15].

Recent research on building envelope air leakage in schools has emphasized the role
of particle infiltration. A study across Korean primary and middle schools found that
effective leakage areas and construction characteristics strongly correlate with outdoor
particle penetration, showing the need to address envelope tightness not only for energy
but also for indoor air quality [26]. Another study summarized the openings and cracks in
the envelope that contribute to infiltration [5]: reported contributions to whole-envelope
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infiltration range from 6–22% for external doors and windows [27], 3–28% for utility and
service holes [28], up to 30% for furnace openings and 2–12% for air-conditioning ducts [29],
3–30% for roof and ceiling joints [24], 1–68% for exterior walls [24,26,30] and from 8% to
more than 60% for interior partitions [27,31,32].

These studies indicate that, although infiltration rates reported for educational build-
ings are often lower than those of older residential buildings, infiltration remains important
for both energy performance and indoor environmental quality, and that improved enve-
lope sealing combined with rigorous modeling can benefit both comfort and efficiency.

Air infiltration rate is a critical parameter for both research and practice, as it un-
derpins reliable model calibration and supports retrofit decision-making. The available
measurement and modeling techniques each have distinct strengths and limitations.

Direct measurement methods include tracer gas decay (TGD), blower door testing,
infrared thermography (IRT), and the more recent pulse test. Tracer gas methods remain
the most accurate for quantifying air exchange [33], whereas blower door tests provide
standardized benchmarks of airtightness [34]. IRT is increasingly used as a noninvasive
complement to identify leakage points [3], and pulse testing offers a rapid, low-pressure
alternative that better reflects natural driving forces of infiltration, though its accuracy
decreases in very airtight buildings [34].

Simulation-based methods are essential for evaluating infiltration impacts on energy
performance. Tools such as EnergyPlus are widely used, with accuracy enhanced through
calibration against measured indoor air temperature [35]. EnergyPlus modeling methods
may be classified as bottom-up (building models from detailed physical and material
inputs), top-down (estimating performance using aggregate energy use data and statistical
correlations), or hybrid (combining physical modeling with empirical measurements to
improve both accuracy and generalizability) [36–38]. Researchers often apply one-factor-at-
a-time sensitivity analysis to isolate the influence of individual parameters on outcomes,
providing a clear rationale for observed changes [3,6,39]. CFD resolves airflow patterns at
fine scale, and hybrid methods couple EnergyPlus with CFD or machine learning [40–43].
Multizone models such as EnergyPlus, in contrast, assume well-mixed zones and cannot
resolve airflow within a zone, but they remain practical for whole-building annual simu-
lations. Commercial tools such as Integrated Environmental Solutions (IES-VE) are also
widely used in both research and practice, particularly for compliance studies and design
optimization, as they offer user-friendly interfaces and integrated comfort analysis. How-
ever, although IES is valuable in practice, its closed-source nature and limited flexibility for
custom infiltration modeling constrain its use in exploratory research. Overall, EnergyPlus
is one of the most widely used tools in building energy research, and its integration with
field measurements provides a robust framework for assessing infiltration effects in both
free-running and mechanically cooled buildings.

Integrated approaches, combining empirical data with calibrated simulations, offer
a robust framework for sensitivity analysis of infiltration impacts under real operating
conditions [44]. They capture both the physical dynamics of the building envelope and
the variability introduced by actual weather. Table A1 summarizes the major infiltration
evaluation techniques and their applications.

Although extensive research has investigated infiltration in residential and commercial
buildings, studies on educational facilities remain limited, particularly in hot and humid
climates. Existing investigations often emphasize indoor air quality or general envelope
performance rather than explicitly quantifying the impact of infiltration on indoor air
temperature and cooling loads (see Table 1). Table A2 summarizes key studies on passive
design, retrofit strategies, thermal mass, and infiltration impacts in hot and arid climates.
The dominant role of cooling in the energy demand of regions such as Jazan calls for context-
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specific analyses. This study addresses that gap: it quantifies the effects of infiltration on
indoor air temperature, cooling loads (and the associated electricity cost), and carbon
emissions in an educational building at Jazan University by combining a field-evaluated
simulation model with a systematic infiltration perturbation.

Table 1. Literature review summary and key findings.

Source Key Finding Note

[16] Infiltration causes 13–30% of heating and 4–14% of
cooling energy losses.

Provides empirical ranges of infiltration-related
energy penalties in real buildings.

[45] Cutting infiltration significantly reduces
HVAC loads.

Demonstrates the strong link between airtightness
and reduced energy demand in buildings.

[46] New correction factor method improves infiltration
load estimation in large spaces.

Proposes a calculation method better suited to
complex or large indoor environments.

[5] Infiltration can account for 30% of cooling/heating
loads.

Quantifies the significant share of infiltration in
overall energy consumption.

[20] Airtight homes still exhibit 30–50% of HVAC energy
due to infiltration.

Shows that even well-sealed homes cannot fully
eliminate infiltration-related energy use.

[15] CFD model reduces infiltration prediction error
to 10.6%.

Introduces advanced modeling techniques that
improve the accuracy of infiltration estimates.

[3] Developed the first building infiltration rate model
in Saudi Arabia.

The model was developed theoretically, and actual
measurement would have made it more practical.

[6] Increased infiltration rate lowers thermal insulation
efficiency and raises indoor air temperature.

Highlights the need for region-specific
sensitivity analysis.

[14] Predicting neutral pressure level offers simpler
infiltration load calculation.

Suggests a simplified yet effective approach for
estimating infiltration-driven loads.

Despite its importance, infiltration remains a relatively uncertain input in building per-
formance modeling, and its effects have received comparatively less attention in hot-humid,
cooling-dominated regions. Previous research has predominantly examined infiltration
in cold or temperate climates [16], while studies addressing its implications for cooling
loads [47], indoor air temperature [3,6], electricity costs [3], and carbon emissions [3] in
hot-humid environments remain more limited. Existing investigations have also adopted
different methodological approaches, including computer-based simulation [48], field
measurements [49], and, in fewer cases, the integration of empirical observations with
calibrated building simulation models [50,51]. In Saudi Arabia and the wider Gulf region,
previous research has largely focused on residential buildings and generalized envelope or
housing-stock performance, leaving comparatively limited evidence for educational buildings.

Three gaps follow from this review. First, evidence for educational buildings in hot-
humid climates is scarce, and Saudi simulation studies have generally assumed a fixed
infiltration rate (typically 0.8 ACH) inherited from residential work [3,17–19]. Second, few
studies distinguish the response of indoor temperature in free-running operation from the
cooling-energy penalty in conditioned operation, although the direction of the infiltration
effect can differ between the two modes depending on the sign of the outdoor–indoor
temperature difference. Third, infiltration studies rarely evaluate the indoor environment
with recognized comfort indicators beyond air temperature, such as operative temperature
and the PMV/PPD indices of ISO 7730 [52], although radiant exchange is significant
in hot climates and in buildings with large glazed areas. To the author’s knowledge,
no published study has combined a building model evaluated against measured indoor
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temperatures with a systematic infiltration perturbation to address these gaps for a Saudi
educational building.

1.3. Aim, Scope and Contributions

This study aims to quantify how uncertainty in the infiltration rate affects the indoor
thermal environment, the thermal cooling requirement, and the associated electricity use,
cost, and CO2 emissions of a university building in the hot-humid climate of Jazan. The
analysis uses the EnergyPlus model of the College of Engineering and Computer Science
(CECS) building at Jazan University, which was developed and evaluated against measured
indoor air temperature in a companion study [53]. Infiltration was not measured in the
field; instead, the nominal design infiltration rate was varied from 0 to 1.0 ACH while all
other inputs were held constant, so that differences between scenarios can be attributed to
infiltration within the model. The specific objectives were to:

• Quantify the response of indoor air temperature to infiltration under free-running and
conditioned operation;

• Quantify the daily, hourly, and annual thermal cooling requirements and derive
sensitivity coefficients per 0.1 ACH;

• Characterize the indoor thermal environment using operative temperature, mean radi-
ant temperature, the PMV/PPD indices of ISO 7730, and an adaptive comfort model;

• Distinguish the damping of the external walls from the effect of infiltration on the
inner surface temperature;

• Translate the thermal results into electricity, cost, and CO2 estimates under explicitly
stated efficiency, tariff, and emission-factor assumptions.

The study makes three contributions. First, it provides infiltration sensitivity coef-
ficients for a Saudi educational building, derived from a model evaluated against field
measurements. The coefficients are also normalized by floor area and infiltration flow and
include the effect on peak cooling load, extending the evidence base beyond the residential
focus of previous Saudi and Gulf studies. Second, it contrasts the opposite responses of
free-running and conditioned operation and shows, using recognized comfort criteria,
that the cooling effect of infiltration in free-running operation does not restore acceptable
comfort. Third, it reports a transparent and reproducible workflow (infiltration object
and coefficients, sensitivity and error-propagation equations, comfort assumptions, and
energy-conversion parameters) that can be applied to other buildings. Section 2 describes
the building, model, and methods; Section 3 presents the results; Section 4 discusses their
implications and limitations; and Section 5 concludes the paper.

2. Materials and Methods
2.1. Overview of the Approach

The study followed four steps. (1) The EnergyPlus model of the CECS building devel-
oped in the companion study [53] was adopted as the baseline, with the same geometry,
constructions and weather-driven boundary conditions. (2) The nominal infiltration rate
of all thermal zones was varied from 0 to 1.0 ACH in steps of 0.1 ACH under conditioned
operation and at 0, 0.5, 0.8, and 1.0 ACH under free-running operation, with all other
inputs held constant. (3) The indoor thermal environment was evaluated with operative
temperature, PMV/PPD and an adaptive comfort model, and the conditioned simulations
were repeated with cooling setpoints of 24 and 26 ◦C. (4) Thermal cooling requirements
were converted into electricity, cost, and CO2 estimates. All results presented in Section 3
are simulation outputs; field measurements were used only to evaluate the baseline model
(Section 2.3).
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2.2. Case-Study Building and Energy Model

The case-study building is a three-story multifunctional educational facility at Jazan
University, located on the Red Sea coast of south-western Saudi Arabia. It has a total floor
area of 34,168 m2 and a volume of 204,907 m3, and it accommodates classrooms, laborato-
ries, offices, and other educational spaces. The building was represented in EnergyPlus
by 31 thermal zones. Floor heights are 5.0 m for the ground and first floors and 4.5 m for
the second floor, and the main corridor rises the full height of the building (17.2 m) [53,54].
The envelope area is 14,836 m2, including 3640 m2 of glazing (window-to-wall ratio of
24.5%). The building is constructed of reinforced concrete with insulated external walls,
a reinforced-concrete roof and floors, and double-glazed windows. The thermal trans-
mittances are 0.498 W/m2K for external walls, 0.234 W/m2K for the roof, 0.531 W/m2K
for the ground floor and 1.624 W/m2K for glazing. The opaque elements perform better
than the prescriptive limits of ASHRAE Standard 90.1-2019 for Climate Zone 1 [55] (e.g.,
0.273 W/m2K for insulated roofs), whereas the U-value of the double-clear glazing exceeds
the Appendix A baseline value of 1.22 W/m2K, making glazing the weakest element of the
envelope. The main model inputs are summarized in Table 2.

Table 2. Main inputs of the EnergyPlus model.

Parameter Value

Location Jazan, Saudi Arabia (16.8◦ N, 42.5◦ E, 40 m)

Simulation program/time step EnergyPlus 23.2.0 [56] / 4 time steps per hour

Weather data Jizan AP (WMO 411400) TMYx 2011–2025, EPW format [57]

Thermal zones 31

Floor area/volume 34,168 m2/204,907 m3

Envelope area/glazing area/WWR 14,836 m2/3640 m2/24.5%

U-value: wall/roof/floor/glazing 0.498/0.234/0.531/1.624 W/m2K

External wall layers (outside to inside) Render 20 mm, block 150 mm, insulation 50 mm, block 100 mm,
plaster 15 mm

Roof layers (outside to inside) Mortar and tiles 30 mm, protection layer 5 mm, waterproofing
20 mm, insulation 70 mm, reinforced concrete 300 mm

Glazing Double clear; SHGC 0.76

HVAC representation (conditioned mode) HVACTemplate:Zone:IdealLoadsAirSystem in all 31 zones; capacity
NoLimit; supply air 13 ◦C

Cooling setpoint 22.5 ◦C (24 and 26 ◦C in Section 3.6), constant in all zones

Humidity control/heating Dehumidification to 60% RH (humidistat); no heating required

Mechanical outdoor air None

Infiltration ZoneInfiltration:DesignFlowRate in all 31 zones, AirChanges/Hour,
0–1.0 ACH (baseline 0.8 ACH), constant flow

Internal gains (people, lighting, equipment) Not modeled [53]

Run period Annual (1 January–31 December)

The model of [53] was originally created in EnergyPlus 8.7 and was converted to
EnergyPlus 23.2.0 [56] with the official version-transition utilities. The converted geometry
reproduced the floor area, envelope area, and glazing area given above. Because one
corridor zone is not geometrically closed, its volume (20,908 m3) was specified explicitly so
that the total zone volume equals the building volume.
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2.3. Field Measurements and Model Evaluation

Indoor air temperature was measured for the present study on 1, 9, and 11 April
2024 using two HOBO U12-012 data loggers [58] (accuracy ±0.5 ◦C [53]) recording at
10-min intervals; the readings were averaged to hourly values. The loggers were installed
on the second floor in a south-facing zone and a north-facing zone, 1.0 m above the
floor (within the occupied zone defined in ASHRAE Standard 55 [59]), away from direct
solar radiation, supply-air outlets, and electronic equipment. A 24 h co-location test on
7 March 2024 showed close agreement between the two loggers (R2 = 0.98; RMSE = 0.28
◦C; MBE = 0.28 ◦C). The measurement days were typical teaching weekdays with normal
building operation, without holidays, maintenance, or unusual occupancy, and with stable
weather. Their representativeness for April is examined in Section 3.4.

During the monitoring days, the two zones differed systematically (RMSE between
loggers 1.21–1.26 ◦C), reflecting differences in orientation and solar exposure. Following
common practice in the calibration of building models against measured indoor temper-
ature [60,61], the simulated indoor air temperature was compared with the hourly mean
of all logged indoor air temperatures. With the model configuration of the companion
study [53], this comparison gave a daily RMSE of 0.108, 0.087 and 0.118 ◦C for 1, 9 and
11 April (pooled RMSE 0.105 ◦C over 72 hourly values), a mean bias error of −0.08 to
−0.04 ◦C and R2 of 0.82–0.89, which is within commonly applied thresholds for hourly
temperature calibration (RMSE < 1 ◦C; MBE < ±0.5 ◦C) [62]. In the configuration used in the
present study, the ILAS holds every zone at the 22.5 ◦C setpoint (Section 2.5); compared with
the same measurements, which ranged from 22.7 to 23.6 ◦C, this gives RMSE = 0.75 ◦C and
MBE = −0.72 ◦C, i.e., within the RMSE threshold but slightly outside the MBE threshold,
because the measured air temperature was slightly above the nominal setpoint. No model
parameters were adjusted to fit the measurements: geometry, zoning, constructions, and
glazing were taken from the architectural drawings and the companion study (Section 2.2),
the 22.5 ◦C setpoint is the nominal value of the companion study, and the baseline rate of
0.8 ACH is the value commonly assumed for Saudi buildings (Section 2.6). The RMSE and
the mean bias error (MBE) were calculated as:

RMSE =

⌜⃓⃓⎷ 1
N

N

∑
i=1

(ta,sim,i − ta,meas,i)
2 (1)

where N is the number of hourly values and the measured value is the hourly mean of the
logged temperatures; the MBE is the mean of the same hourly differences without squaring.
Because the indoor air temperature of a conditioned building is strongly constrained by
the setpoint, this agreement mainly confirms the representation of the conditioned thermal
environment; it does not verify the infiltration rate, the free-running response, or the energy
outputs (Section 4.5).

2.4. Weather Boundary Conditions

External boundary conditions were defined by the TMYx weather file for Jizan airport
(WMO 411400) derived from 2011–2025 observations [57], which provides hourly outdoor
air temperature, humidity, wind, and solar radiation. Outdoor air temperature was not
measured concurrently with the indoor measurements; the outdoor temperatures shown
in Section 3 (tout) are the TMYx values for the same calendar days. Results for 1, 9, and
11 April were extracted from the annual simulations, which used the same weather file for
all scenarios.
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2.5. Operating Modes and Cooling Setpoint

Two operating modes were simulated. In the conditioned mode, every zone was
served by an EnergyPlus Ideal Loads Air System (ILAS) with unlimited cooling capacity, a
minimum supply-air temperature of 13 ◦C, and dehumidification to 60% relative humidity,
so that both the sensible and the latent loads introduced by outdoor air were removed.
The ILAS was adopted because detailed information on the installed equipment, controls,
and part-load performance was not available, and because it isolates the thermal effect
of infiltration from equipment behavior. Its output is the thermal energy required to
maintain the zone conditions (referred to here as the thermal cooling requirement), not
the electricity consumption of the installed system. The thermal cooling requirement was
obtained from the EnergyPlus output variable Zone Ideal Loads Supply Air Total Cooling
Energy (J), reported hourly for each zone, summed over all 31 zones and converted to
kWh (1 kWh = 3.6 × 106 J); its sensible and latent components were obtained from the
corresponding Zone Ideal Loads Supply Air Sensible Cooling Energy and Latent Cooling
Energy variables. Because the ILAS supplied no outdoor air, the supply-air cooling energy
equals the zone cooling load, including the infiltration load. No heating was required in
this climate. In the free-running mode, the ILAS was removed so that indoor conditions
responded freely to the weather, the envelope, and the infiltration rate.

Internal gains from occupants, lighting, and equipment were not modeled because de-
tailed operational data were not available [53]; this isolates the response of the envelope and
infiltration. No mechanical outdoor-air supply was modeled, so the 0 ACH case represents
a building without any outdoor-air exchange and serves only as an idealized reference.

The cooling setpoint of 22.5 ◦C was adopted from the companion study [53] and
reflects the observed operation of the building rather than a design recommendation. It
is at the lower end of the range recommended for classrooms in the cooling season: for
sedentary activity (1.2 met) and summer clothing (0.5 clo), ISO 7730:2025 [52], (Annex A,
Table A.5 of the standard), provides example cooling-season operative-temperature criteria
for classrooms of 24.5 ± 1.0 ◦C (Category I), 24.5 ± 1.5 ◦C (Category II) and 24.5 ± 2.5 ◦C
(Category III); comparable categories are defined in ASHRAE Standard 55 [59] and EN
16798-1 [63] and discussed in [64]. To test whether the conclusions depend on this choice,
the conditioned simulations at 0, 0.5 and 1.0 ACH were repeated with setpoints of 24 ◦C
(within the Category I range) and 26 ◦C (upper limit of Category II), and thermal comfort
was assessed with operative temperature and PMV/PPD rather than with the setpoint
alone (Section 2.7).

2.6. Infiltration Modeling and Sensitivity Design

Infiltration was modeled with one ZoneInfiltration:DesignFlowRate object applied
to a ZoneList containing all 31 zones, using the AirChanges/Hour method [56]. For each
zone, the nominal infiltration rate was converted into a design volumetric flow rate:

.
Vdesign =

ndesign Vzone

3600
(2)

where ndesign is the nominal infiltration rate (h−1), Vzone is the zone volume (m3) and
.

Vdesign is the design flow rate (m3/s). EnergyPlus calculates the instantaneous flow as:

.
V(t) =

.
Vdesign Fsch(t)

[︂
A + B|ta(t)− tout(t)|+ C v(t) + D v(t)2

]︂
(3)

where Fsch(t) is the schedule value (an always-on schedule equal to 1 was used), ta and
tout are the indoor and outdoor air temperatures, and v is the wind speed. The default
coefficients A = 1 and B = C = D = 0 were retained, so the infiltration flow was constant and

https://doi.org/10.3390/buildings16214229

https://doi.org/10.3390/buildings16214229


Buildings 2026, 16, 4229 10 of 28

equal to the nominal rate at all times. This isolates the effect of the infiltration rate from the
variability of the driving forces; weather-dependent infiltration is discussed as a limitation
(Section 4.5). At 0.1 ACH, the infiltration flow of the whole building is 5.7 m3/s.

The baseline value of 0.8 ACH is the rate most commonly adopted in Saudi build-
ing simulation studies [3,17–19] and lies near the midpoint of the range of 0.4–1.2 ACH
measured in higher-education classrooms with closed openings [7,65]. It exceeds the
ASHRAE Standard 62.1 minimum outdoor-air rate for a lecture classroom of this size
(about 0.36 ACH) [66] and is below the mechanical ventilation rates of about 2 ACH re-
ported for Saudi classrooms [67]. The range of 0–1.0 ACH spans the natural infiltration
rates estimated for the Saudi building stock (0.2–1.0 ACH) [3], the rates below 0.5 ACH
measured in classrooms with closed openings [24], and the value of approximately 0.2 ACH
implied by the SBC airtightness target [11]. A one-factor-at-a-time design was used, and
for each output Y the average sensitivity coefficient per 0.1 ACH was defined as:

SY = 0.1
Yn=1.0 − Yn=0

∆n
(4)

where ∆n = 1.0 ACH. Intermediate scenarios were used to check the linearity of the response;
figures show selected scenarios (0, 0.5, and 1.0 ACH) for readability.

2.7. Thermal Comfort Assessment

The hourly volume-weighted building averages of indoor air temperature (ta), mean
radiant temperature (tr), operative temperature (to), and relative humidity were obtained
from EnergyPlus, which calculates the operative temperature as:

to =
ta + t̄r

2
(5)

This approximation is valid when the relative air velocity is below 0.2 m/s or the dif-
ference between the mean radiant and air temperatures is below 4 ◦C [52]; both conditions
were met, because an air velocity of 0.1 m/s was assumed and the difference did not exceed
3.2 ◦C in any simulated hour. EnergyPlus calculates the mean radiant temperature of a
zone as the area- and emissivity-weighted average of its surface temperatures, without
view factors. This simplification can underestimate the mean radiant temperature near
large glazed or warm surfaces and thereby affect the operative temperature and PMV [68].
For conditioned operation, the predicted mean vote (PMV) and predicted percentage
dissatisfied (PPD) were calculated hourly according to ISO 7730 [52] from the simulated
ta, tr and relative humidity, with standard assumptions for classrooms: metabolic rate
1.2 met, clothing insulation 0.5 clo (summer clothing, with 0.6 clo as a sensitivity case)
and relative air velocity 0.1 m/s. Results were classified using the ISO 7730 categories (I:
−0.2 < PMV < +0.2, PPD < 6%; II: −0.5 < PMV < +0.5, PPD < 10%; III: −0.7 < PMV < +0.7,
PPD < 15%). The classification refers only to the whole-body thermal sensation under
building-average conditions. Local discomfort criteria (draught, radiant asymmetry, verti-
cal air temperature difference and floor temperature) and differences between zones were
not assessed, so the classification does not establish full compliance with a category.

The PMV model is not appropriate for unconditioned spaces in which occupants adapt
to the indoor climate. For free-running operation, the simulated operative temperature was
therefore compared with the adaptive comfort model of ASHRAE Standard 55 [59]:

tcmf = 0.31 tpma(out) + 17.8 (6)

where tcmf is the neutral operative temperature and tpma(out) is the prevailing mean outdoor
air temperature, calculated as the mean daily outdoor temperature of the preceding seven
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days from the weather file; the upper limit for 80% acceptability is tcmf + 3.5 ◦C. Because
the adaptive model is formally intended for occupant-controlled, naturally conditioned
spaces, it is used here as an indicative benchmark.

2.8. Electricity, Cost and Carbon Emissions

Thermal cooling requirements were converted into estimated electricity consumption
by post-processing:

Eel =
Qcool
COP

(7)

where Qcool is the simulated thermal cooling requirement and Eel the estimated electric-
ity consumption, both in kWh. A reference coefficient of performance (COP) of 3.0 was
adopted [69], within the range of 3–5 typical of conventional cooling equipment, and
values of 2.5 and 3.5 were examined as scenarios because the specifications of the in-
stalled cooling plant were not available. Electricity costs were calculated with the Saudi
Electricity Company governmental tariff of SAR 0.32/kWh (USD 0.0853/kWh at SAR
3.75/USD) [70], which applies to public educational buildings, and emissions with the
national grid emission factor of 0.568 kg CO2/kWh [71]. The conversion excludes fan and
pump electricity and variations of efficiency with outdoor temperature and part load; the
results are therefore scenario estimates, not measured operating costs.

2.9. Uncertainty Treatment

The sensitivity coefficients are deterministic differences between model scenarios
and do not constitute a probabilistic uncertainty analysis. To compare the free-running
temperature sensitivity with an indicative scale of the model’s temperature error, the pooled
RMSE of the model evaluation (Section 2.3) was propagated to the coefficient as:

uS =
0.1
∆n

√︂
r2

0 + r2
1 − 2ρ r0r1 (8)

where uS is the uncertainty of the sensitivity coefficient per 0.1 ACH that results from the
model’s temperature error, r0 and r1 are the temperature-error scales assigned to the 0 and
1.0 ACH scenarios and ρ is the correlation between their errors. With r0 = r1 = 0.105 ◦C and
uncorrelated errors (ρ = 0), uS =

√
2 × 0.105/10 ≈ 0.015 ◦C per 0.1 ACH; using the logger

accuracy (±0.5 ◦C) as the error scale instead gives about 0.07 ◦C per 0.1 ACH. Positively
correlated errors, which are likely because both scenarios share all inputs except infiltration,
would reduce this value. The RMSE was obtained in conditioned operation, so uS is an
indicative error scale rather than a confidence interval.

3. Results
All results in this section are simulation outputs (Section 2.1). Values are volume-

weighted averages (temperatures) or totals (energy) over all 31 zones.

3.1. Indoor Thermal Response

In conditioned operation, the ILAS held the air temperature of every zone at the
22.5 ◦C setpoint during all hours of the selected days. The operative temperature was
higher (23.3–23.9 ◦C; Figure 1) because the mean radiant temperature exceeded the air
temperature (Section 3.2). The distributions of the three days were similar, with most hours
between 23.4 and 23.8 ◦C.

The outdoor air temperature on the selected days ranged from about 27 to 34 ◦C and
exceeded the 22.5 ◦C setpoint at every hour (Figure 2); over the whole year, it exceeded
22.5 ◦C in 99.3% of hours. Under conditioned operation, infiltration always introduced air
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that was warmer and, in this coastal climate, more humid than the indoor air. It therefore
added both sensible and latent load.

Figure 1. Frequency distribution of simulated hourly building-average operative temperature (to)
under conditioned operation (0.8 ACH, 22.5 ◦C setpoint) on 1 April (grey), 9 April (blue), and
11 April (red).

Figure 2. Simulated operative temperature (to) under conditioned operation (0.8 ACH) and outdoor
air temperature (tout, TMYx weather file) on 1, 9, and 11 April.

Free-running operation produced much higher indoor temperatures (Figure 3). With-
out infiltration (0 ACH, an idealized reference without outdoor-air exchange), the solar
and conducted heat accumulated in the building, and the indoor air temperature reached
36.5–38.7 ◦C on the selected days. Increasing the infiltration rate to 0.5 ACH lowered it
by 3.7–5.2 ◦C, and increasing it further to 1.0 ACH lowered it by another 0.6–1.4 ◦C, to
30.0–34.0 ◦C. Over the full range, the reduction was 4.2–6.6 ◦C (mean 5.5 ◦C), corresponding
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to an average sensitivity of −0.42 to −0.66 ◦C per 0.1 ACH. The response was non-linear,
and most of the reduction occurred at low rates.

Figure 3. Simulated indoor air temperature (ta) under free-running operation at nominal infiltration
rates of 0, 0.5, and 1.0 ACH on 1, 9, and 11 April.

Figure 4 explains this response. At the baseline rate of 0.8 ACH, the free-running
indoor air temperature remained up to 3.7 ◦C above the outdoor temperature for most
hours and fell below it only around midday (hours 11–12, by up to 0.5 ◦C). Over the year,
the outdoor air was warmer than the indoor air in only 10% of hours. In the absence of
mechanical cooling, outdoor air exchange acted mainly as a heat sink that removed heat
stored in the building. This differs in direction from studies reporting higher indoor air
temperature at higher infiltration rates [3,6,39]. This difference is explained by the sign of
the outdoor–indoor temperature difference, which depends on the operating mode, the
thermal storage of the building, and the weather.

Figure 4. Simulated free-running indoor air temperature (ta) at 0.8 ACH and outdoor air temperature
(tout, TMYx weather file) on 1, 9, and 11 April.
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3.2. Indoor Thermal Environment and Thermal Comfort

Table 3 summarizes the conditioned indoor environment at the baseline infiltration rate.
The air temperature was 22.5 ◦C, and the relative humidity was 60% at all hours. The mean
radiant temperature was 24.0–25.3 ◦C, and the operative temperature was 23.3–23.9 ◦C,
0.8–1.4 ◦C above the setpoint. The warm envelope surfaces and glazing therefore con-
tributed substantially to the conditions experienced by the occupants, which cannot be
described by the setpoint alone.

Table 3. Daily means and ranges of simulated building-average operative temperature (to) and mean
radiant temperature (tr) under conditioned operation (0.8 ACH, 22.5 ◦C, 60% RH).

Date Mean to (◦C) to Range (◦C) Mean tr (◦C) tr Range (◦C)

1 April 23.6 23.3–23.9 24.6 24.0–25.3
9 April 23.6 23.3–23.9 24.7 24.1–25.3

11 April 23.6 23.3–23.9 24.7 24.1–25.3

The PMV/PPD results are given in Table 4. With 0.5 clo, PMV ranged from −0.39
to −0.22 and PPD from 6.0% to 8.1%, which lies within the Category II PMV range of
ISO 7730 at all hours. With 0.6 clo, PMV was −0.17 to −0.01 (within the Category I
range). The conditioned building was slightly cool but acceptable with summer clothing,
which is consistent with the relatively low setpoint. On the selected days, the simulated
mean radiant and operative temperatures were identical at all infiltration rates from 0.1 to
1.0 ACH (differences < 0.001 ◦C), because the ILAS held the air temperature and humidity
constant. These comfort results therefore apply to all of these rates.

Table 4. PMV and PPD (ISO 7730) for conditioned operation (0.8 ACH; 1.2 met, 0.1 m/s), calculated
from hourly simulated ta, tr, and relative humidity.

Date PMV Min/Mean/Max (0.5 clo) PPD (%) (0.5 clo) PMV Range (0.6 clo) ISO 7730 Category
(0.5/0.6 clo)

1 April −0.39/−0.31/−0.22 6.0–8.1 −0.17 to −0.01 II/I
9 April −0.38/−0.30/−0.22 6.0–8.0 −0.16 to −0.01 II/I

11 April −0.38/−0.30/−0.23 6.1–8.0 −0.16 to −0.02 II/I

In free-running operation, the prevailing mean outdoor temperature on the selected
days was 29.9–30.8 ◦C, giving an upper 80% acceptability limit of 30.6–30.8 ◦C in the
adaptive model. Without infiltration, the operative temperature exceeded this limit by
6.0–8.0 ◦C at every hour. Infiltration reduced the exceedance substantially, but even at
1.0 ACH the operative temperature exceeded the limit at every hour of the selected days,
by 0.3–3.2 ◦C (0.6–3.4 ◦C at 0.8 ACH). Over the whole year, the free-running operative
temperature at 0.8 ACH exceeded the adaptive limit in 86% of hours. In this climate, the
building cannot provide acceptable conditions without mechanical cooling, irrespective of
the infiltration rate.

3.3. Wall Surface Temperatures

Figure 5 shows the area-weighted outside surface face temperature (OSFT) and inside
surface face temperature (ISFT) of all external walls (11,095 m2 of opaque wall) under free-
running operation (cooling system switched off) at the baseline rate of 0.8 ACH. The OSFT
followed a pronounced diurnal cycle, with daily ranges of 8.0–8.5 ◦C (about 29.2–38.0 ◦C),
whereas the ISFT varied by only 0.6–0.7 ◦C (about 32.2–33.6 ◦C). The inside-to-outside
amplitude ratio was 0.08, corresponding to an amplitude attenuation of about 92%. The
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daily maximum of the ISFT occurred at hour 18, one to two hours after that of the OSFT
(hours 16–17). The ISFT exceeded the OSFT for 12–14 h per day, from the evening to the
early morning. The walls therefore released stored heat to the outside at night, and the
direction of conductive heat flow reversed during the day.

Figure 5. Simulated area-weighted outside (OSFT) and inside (ISFT) surface temperatures of the
external walls under free-running operation (0.8 ACH) on 1, 9, and 11 April.

Figure 6 shows the relationship between the two surface temperatures. Without a
time shift, the regression slopes were 0.046–0.055 and R2 = 0.45–0.51 because the delayed
response of the inner surface produces a hysteresis loop. When the ISFT was shifted by
2–3 h, R2 increased to 0.86–0.89. The slopes describe the temperature response of the inner
wall surface and do not represent the fraction of heat transmitted through the wall.

Figure 6. Relationship between simulated area-weighted outside (OSFT) and inside (ISFT) surface
temperatures of the external walls, with linear regressions without time shift, for 1, 9, and 11 April
(free-running operation, 0.8 ACH).

To distinguish the damping of the envelope from the effect of infiltration, the analysis
was repeated for the free-running cases at 0 and 1.0 ACH. Relative to 0 ACH (mean ISFT
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36.8–37.3 ◦C on the selected days), infiltration lowered the mean ISFT by 4.0–4.3 ◦C at
0.8 ACH and by 4.3–4.5 ◦C at 1.0 ACH, because the cooler indoor air exchanged heat with
the inner wall surfaces. The amplitude attenuation (93.5–93.9% at 0 ACH and 91.5–92.2%
at 1.0 ACH) and the time lag (1–2 h) were almost unchanged. The damping is thus a
property of the wall assembly, whereas infiltration shifts the level of the inner surface
temperature. Infiltration and envelope conduction act as parallel heat-transfer paths in the
zone heat balance.

3.4. Daily, Hourly and Annual Thermal Cooling Requirements

Figure 7 shows the mean daily thermal cooling requirement of the three selected days,
obtained from the hourly Zone Ideal Loads Supply Air Total Cooling Energy summed over
all zones (Section 2.5). The requirement increased linearly from 7826 kWh/day at 0 ACH
to 30,733 kWh/day at 0.5 ACH and 53,674 kWh/day at 1.0 ACH, i.e., by 4585 kWh/day
per 0.1 ACH. At 1.0 ACH, the latent component accounted for 33,030 kWh/day, or 72%
of the infiltration-related increase, while the sensible requirement increased from 7826
to 20,643 kWh/day. The linearity is expected because, with the zones held at constant
temperature and humidity, the infiltration load is proportional to the infiltration flow.

Figure 7. Mean daily simulated thermal cooling requirement for nominal infiltration rates of 0–
1.0 ACH (mean of 1, 9, and 11 April; conditioned operation).

Figure 8 shows the mean hourly profiles. At 0 ACH, the requirement ranged from
207 kWh at night to a maximum of 459 kWh at hour 17, driven by solar and conducted
gains. With infiltration, the requirement was dominated by the outdoor-air load and
peaked at hour 12 (2977 kWh at 1.0 ACH). The infiltration increment between 0 and
1.0 ACH was largest between hours 11 and 17 (2113–2585 kWh per hour) and smallest
before dawn (1461 kWh at hour 4). Infiltration therefore also increased the peak cooling
load substantially.

Figure 9 shows the monthly requirement. At 0 ACH, monthly totals ranged from
180 MWh (February) to 273 MWh (May). At 1.0 ACH, they ranged from 1073 MWh
(February) to 2262 MWh (June). The infiltration increment ranged from 886 MWh in
January to 1995 MWh in June and was largest from May to September, when outdoor
temperature and humidity are highest. The annual requirement was 2788 MWh at 0 ACH,
11,612 MWh at 0.5 ACH, 16,915 MWh at 0.8 ACH, and 20,451 MWh at 1.0 ACH. The annual
sensitivity was 1766 MWh/year per 0.1 ACH (1761–1768 MWh for each 0.1 ACH step), of
which 496 MWh was sensible and 1270 MWh latent. At the commonly assumed rate of
0.8 ACH, infiltration accounted for 84% of the annual thermal cooling requirement of this
building model.
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Figure 8. Mean hourly simulated thermal cooling requirement at 0, 0.5 and 1.0 ACH (mean of 1, 9,
and 11 April; conditioned operation).

Figure 9. Monthly simulated thermal cooling requirement at 0, 0.5 and 1.0 ACH (annual simulation;
conditioned operation).

The relative increases are large partly because internal gains and mechanical ven-
tilation were not modeled, which makes the 0 ACH requirement small. The absolute
coefficients (per 0.1 ACH) are therefore the more transferable results. The representa-
tiveness of the selected days can be assessed against the April simulation: the three-day
mean requirement at 0 ACH (7826 kWh/day) was within 3.3% of the April monthly mean
(8096 kWh/day), and the relative infiltration effect on the three days (+586% at 1.0 ACH)
was close to that for April as a whole (+591%).

3.5. Electricity, Cost and Carbon Emissions

Table 5 summarizes the annual estimates. At the reference COP of 3.0, estimated
cooling electricity increased from 929 MWh/year at 0 ACH to 6817 MWh/year at 1.0 ACH.
Over the same range, the cost increased from USD 79,293 to USD 581,715, and emissions
rose from 528 to 3872 t CO2/year. Each 0.1 ACH added about 589 MWh of electricity, USD
50,200, and 334 t CO2 per year. Across COP values of 2.5–3.5, the 0–1.0 ACH increment
ranged from 5047 to 7065 MWh/year of electricity, USD 430,600–602,900/year, and 2867–
4013 t CO2/year.
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Reducing the infiltration rate from the commonly assumed 0.8 ACH to 0.3 ACH, a
step toward the rate implied by the SBC airtightness target (about 0.2 ACH), reduced
the annual thermal cooling requirement by 8837 MWh. At COP = 3.0, this corresponds
to 2946 MWh/year of electricity, USD 251,000/year, and 1673 t CO2/year (USD 215,000–
302,000 and 1434–2008 t CO2/year for COP = 2.5–3.5).

Table 5. Estimated annual cooling electricity consumption, cost and CO2 emissions under constant
COP scenarios.

Assumed COP Infiltration (ACH) Electricity (MWh/Year) Cost (USD/Year) CO2 Emissions (t/Year)

2.5 0 1115 95,151 633
2.5 0.5 4645 396,373 2638
2.5 1.0 8180 698,058 4646
3.0 0 929 79,293 528
3.0 0.5 3871 330,311 2199
3.0 1.0 6817 581,715 3872
3.5 0 796 67,965 452
3.5 0.5 3318 283,123 1885
3.5 1.0 5843 498,613 3319

3.6. Sensitivity to the Cooling Setpoint

Table 6 shows the effect of the cooling setpoint. Raising the setpoint from 22.5 to 24 ◦C
reduced the annual requirement by 10% at 0 ACH and by 12% at 0.5 ACH, and raising
it to 26 ◦C reduced it by 24% and 29%, respectively. The infiltration penalty remained
positive and approximately linear at all setpoints, at 1540 and 1224 MWh/year per 0.1 ACH
for 24 and 26 ◦C, compared with 1766 MWh/year at 22.5 ◦C. This is because the outdoor
air temperature exceeded 24 ◦C in 97% and 26 ◦C in 91% of the hours of the year, and
the outdoor air was more humid than the indoor air. On the selected days, the operative
temperature at 24 ◦C was 24.7–25.3 ◦C and PMV was +0.05 to +0.23 (within the Category
I–II PMV range). At 26 ◦C, PMV reached +0.62 to +0.80, beyond the Category II range. The
direction and order of magnitude of the infiltration effect are independent of the setpoint
within the comfort-relevant range.

Table 6. Effect of the cooling setpoint on the annual thermal cooling requirement, the infiltration
sensitivity and thermal comfort (conditioned operation; comfort values for 0.5–1.0 ACH on the
selected days, 0.5 clo).

Setpoint (◦C) Annual Requirement 0/0.5/1.0
ACH (MWh) S per 0.1 ACH (MWh/Year) to Range (◦C) PMV Range

22.5 2788/11,612/20,451 1766 23.3–23.9 −0.39 to −0.22
24.0 2498/10,190/17,896 1540 24.7–25.3 +0.05 to +0.23
26.0 2116/8240/14,361 1224 26.6–27.2 +0.62 to +0.80

3.7. Summary of Sensitivity Coefficients

Table 7 summarizes the sensitivity coefficients at the 22.5 ◦C setpoint. The free-running
temperature coefficient (−0.42 to −0.66 ◦C per 0.1 ACH) is about 28–44 times larger than
the indicative error scale uS ≈ 0.015 ◦C per 0.1 ACH (Section 2.9) and 6–9 times larger than
the value based on the logger accuracy (about 0.07 ◦C per 0.1 ACH). Because this error
scale was derived from conditioned operation, the comparison indicates that the simulated
effect is large relative to the assumed model error, but it does not independently verify
the accuracy of the free-running predictions. The energy coefficients were not validated
against measured energy use.
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To allow comparison with other buildings, the coefficients were also normalized. Each
0.1 ACH corresponded to an infiltration flow of 20,490 m3/h and added 51.7 kWh/m2 of
thermal cooling requirement per year (17.2 kWh/m2 of electricity at COP = 3.0), or about
86 kWh per year for each m3/h of infiltration air. The annual peak hourly cooling load
increased from 527 kW at 0 ACH to 3927 kW at 0.8 ACH and 4816 kW at 1.0 ACH, an
increase of about 430 kW (12.6 W/m2) per 0.1 ACH. At 0.8 ACH, 70% of the peak load
was latent.

Table 7. Summary of infiltration sensitivity coefficients (per 0.1 ACH; 22.5 ◦C setpoint).

Output Operating Mode Change From 0 to 1.0
ACH

Sensitivity per 0.1
ACH

Per 0.1 ACH,
Relative to 0 ACH

Indoor air temperature, ta Free-running −4.2 to −6.6 ◦C −0.42 to −0.66 ◦C —

Daily thermal cooling
requirement (three-day mean) Conditioned +45,847 kWh/day +4585 kWh/day +59%

Hourly requirement at hour 12 Conditioned +2585 kWh +259 kWh —

Annual peak hourly cooling load Conditioned +4288 kW +429 kW (12.6 W/m2) +81%

Annual thermal cooling
requirement (total) Conditioned +17,663 MWh +1766 MWh +63%

Annual thermal cooling
requirement per floor area Conditioned +517 kWh/m2 +51.7 kWh/m2 +63%

Annual thermal cooling
requirement (sensible) Conditioned +4964 MWh +496 MWh +18%

Estimated electricity (COP = 3.0) Conditioned +5888 MWh +589 MWh +63%

Estimated cost (COP = 3.0) Conditioned +USD 502,400 +USD 50,200 +63%

Estimated CO2 emissions
(COP = 3.0) Conditioned +3344 t +334 t +63%

4. Discussion
4.1. Opposite Responses in Free-Running and Conditioned Operation

Infiltration affected the building in opposite directions depending on the operating
mode. In conditioned operation, the outdoor air was warmer and more humid than the
22.5 ◦C, 60% RH indoor air in almost every hour, so infiltration increased the cooling
requirement in every month and in almost every hour. In free-running operation, the
building stored solar and conducted heat, so the indoor air remained warmer than the
outdoor air in 90% of the hours of the year. Infiltration then acted as a heat sink and
lowered indoor temperature by 4.2–6.6 ◦C. This explains why the present free-running
result differs from studies that reported higher indoor air temperature at higher infiltration
rates [3,6,39] and from studies associating infiltration with reduced thermal stability [72,73].
The sign of the effect is determined by the outdoor–indoor temperature difference, not by
infiltration itself.

The comfort analysis shows that the free-running cooling effect does not provide
acceptable thermal conditions. Even at 1.0 ACH, the operative temperature exceeded the
adaptive comfort limit at every hour of the selected days and in most hours of the year.
Uncontrolled infiltration also introduces humid and unfiltered outdoor air. Relying on
envelope leakage for cooling or ventilation is not a viable strategy in this climate, and any
beneficial night-time exchange should be provided by controlled ventilation.

4.2. Magnitude of the Infiltration Penalty

Each 0.1 ACH of whole-building infiltration added 1766 MWh/year of thermal cooling
requirement, and 0.8 ACH accounted for 84% of the annual requirement of the model.
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These shares are much larger than the 3–4% of cooling loads attributed to infiltration in
office buildings [21] and the 4–14% reported in a parametric residential study [16], and are
closer to the 30–50% reported for some residential buildings [5,20]. Three factors explain
the difference. First, the outdoor air in Jazan is hot and humid throughout the year, so
most of the infiltration load is latent (72% of the increment). The sensible penalty alone
(+178% over the full range) is considerably smaller. Second, the building is large and
well insulated, so its envelope conduction load is small relative to an outdoor-air flow of
5.7 m3/s per 0.1 ACH. Third, internal gains and mechanical ventilation were not modeled,
which reduces the 0 ACH reference and inflates relative changes. The absolute coefficients
in Table 7 are the more robust and transferable result. They show that the outdoor-air load
is a primary driver of cooling demand in hot-humid climates, which is consistent with field
evidence that infiltration and ventilation govern space-conditioning energy and indoor
moisture in such climates [13].

4.3. Thermal Comfort and the Cooling Setpoint

Operative temperature in the conditioned baseline was 0.8–1.4 ◦C higher than the
setpoint because the mean radiant temperature exceeded the air temperature at every hour.
This confirms that, in hot climates and in buildings with substantial glazing, comfort cannot
be judged from the air-temperature setpoint alone. At 22.5 ◦C, building-average PMV was
within the Category II range but slightly cool (PMV −0.39 to −0.22 with summer clothing).
Raising the setpoint to 24 ◦C brought PMV close to neutral (+0.05 to +0.23) and reduced
the annual cooling requirement by 10–12%, whereas at 26 ◦C the operative temperature
and PMV exceeded the Category II range. The setpoint therefore offers an energy-saving
opportunity that is independent of, and additional to, airtightness, because the infiltration
penalty remained 1540 MWh/year per 0.1 ACH at 24 ◦C. These values are building averages
based on the zone-averaged mean radiant temperature of EnergyPlus. Because the building
has extensive glazing with a relatively high thermal transmittance, occupants near windows
are likely to experience a higher mean radiant temperature than the zone average, and the
choice of the mean radiant temperature calculation in dynamic simulation has been shown
to change PMV and the resulting comfort category [68]. The comfort classification should
therefore be regarded as indicative of building-average conditions.

4.4. Envelope Damping and Infiltration

Under free-running operation, the external walls attenuated the diurnal surface-
temperature amplitude by about 92%, which is consistent with the role of insulation
and thermal mass reported for Saudi wall constructions [74,75]. The 1–2 h shift between
the surface peaks reflects the combined influence of conduction and the indoor air on the
inner surface and should not be interpreted as the conduction time lag of the wall. Because
the attenuation and the time lag were almost the same at 0, 0.8, and 1.0 ACH, they are
properties of the wall assembly and were not caused by infiltration; infiltration instead
lowered the inner surface temperature by about 4 ◦C through its effect on the indoor air.
The damping is also not equivalent to a reduction in cooling energy. Envelope conduction
and infiltration act as parallel heat-transfer paths. Because the well-insulated envelope
keeps conductive gains small, the outdoor-air load becomes dominant once infiltration
is present.

4.5. Limitations

The study has the following limitations. (1) It considers a single educational building
in one climate, so the numerical coefficients should not be transferred directly to other
buildings. (2) Infiltration was not measured; it was prescribed as a constant nominal rate,
whereas actual infiltration varies with wind and stack effect. (3) The model was evaluated
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against indoor air temperature on three days with the model configuration of [53] and
typical rather than concurrent weather; this evaluation does not validate the free-running
response or the energy outputs, which were not compared with measured consumption.
Indoor air temperature was measured with loggers of ±0.5 ◦C accuracy, which is below the
accuracy recommended in ISO 7730 for thermal comfort measurements; the measurements
were used only to evaluate the model, and all comfort indices reported here are simulated.
(4) The ILAS and constant-COP conversion exclude equipment, distribution, and part-load
effects, and the latent load depends on the assumed dehumidification setpoint (60% RH).
(5) Internal gains and mechanical ventilation were not modeled; in occupied operation,
part of the outdoor air would be supplied by ventilation, so the infiltration penalty should
be interpreted as the load of uncontrolled outdoor air. (6) Comfort indices were calculated
from building-average conditions with assumed clothing, activity, and air velocity and with
the zone-averaged mean radiant temperature of EnergyPlus, and may conceal differences
between zones and near glazed surfaces; local thermal discomfort was not assessed. (7) The
sensitivity analysis is deterministic and does not provide confidence intervals.

4.6. Practical Implications

For conditioned educational buildings in hot-humid climates, airtightness should be
treated as a primary design and retrofit parameter. In the studied building, each 0.1 ACH
of infiltration added about 1766 MWh/year of thermal cooling requirement, or roughly
589 MWh of electricity and USD 50,200 per year at COP = 3.0. Reducing infiltration from
0.8 to 0.3 ACH would save about USD 251,000 and 1670 t CO2 per year. Airtightness
requirements such as the SBC target [11] should be verified by fan-pressurization testing
according to ISO 9972 [10] at commissioning, and leakage paths such as entrance doors, the
open lobby, window frames, and service penetrations should be included in maintenance
programs. Because most of the penalty is latent, reducing infiltration should be combined
with controlled ventilation that meets ASHRAE Standard 62.1 [66] through dehumidifying
or energy-recovery systems, rather than replacing leakage with an equal flow of untreated
outdoor air. Raising the setpoint toward 24 ◦C offers an additional, comfort-compatible
saving. These estimates can support preliminary assessments, but investment decisions
require measured airtightness, equipment performance, and intervention costs.

For illustration only, the coefficients can be related to blower-door airtightness using
the divide-by-20 rule [3], under which 0.1 ACH corresponds to approximately 2 h−1 at
50 Pa. On this basis, each unit of n50 would correspond to about 880 MWh/year of thermal
cooling requirement and 215 kW of peak load in this building model. Because the divisor
depends on climate, exposure, and building height, this value may range from about 590
to 1770 MWh/year. The commonly assumed 0.8 ACH would correspond to n50 ≈ 16 h−1,
and reducing the natural infiltration rate to about 0.2 ACH, which the same rule associates
with the 4 h−1 target cited for the SBC [11], would reduce the simulated thermal cooling
requirement by about 10,600 MWh/year and the peak cooling load by about 2600 kW.
These are conditional, order-of-magnitude estimates: the airtightness of the building was
not measured, the model used a prescribed constant infiltration rate, and the results do not
establish whether the building complies with the code.

4.7. Future Work

Future work should measure airtightness and natural infiltration in educational build-
ings (fan pressurization and tracer gas), model weather-dependent infiltration, include
occupancy, internal gains and mechanical ventilation, and compare explicit HVAC mod-
els with measured electricity use. Longer monitoring with concurrent outdoor weather,
humidity, and radiant measurements, zone-level comfort analysis, additional buildings
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and climate zones, and probabilistic uncertainty analysis would further strengthen the
transferability of the results.

5. Conclusions
This study quantified the sensitivity of indoor thermal conditions and cooling re-

quirements to air infiltration in a university building in the hot-humid climate of Jazan,
Saudi Arabia, using an EnergyPlus model of the building with infiltration varied from 0 to
1.0 ACH in all zones. The main conclusions are as follows:

• In conditioned operation, infiltration was the dominant driver of cooling demand.
Each 0.1 ACH increased the annual thermal cooling requirement by 1766 MWh
(496 MWh sensible, 1270 MWh latent), and at the commonly assumed 0.8 ACH,
infiltration accounted for 84% of the annual requirement (relative to the idealized 0
ACH reference without outdoor-air exchange). The penalty was largest in summer
and in the late-morning and afternoon hours.

• The infiltration penalty remained positive and of similar magnitude at setpoints of
24 and 26 ◦C (1540 and 1224 MWh/year per 0.1 ACH). A 24 ◦C setpoint kept PMV
within ISO 7730 Categories I–II and reduced cooling demand by 10–12%.

• In free-running operation, infiltration lowered indoor air temperature by 4.2–6.6 ◦C
because the stored heat kept the indoor air warmer than the outdoor air. However,
operative temperatures still exceeded the adaptive comfort limit at every hour of the
selected days. Infiltration cannot replace mechanical cooling or controlled ventilation
in this climate.

• In the conditioned baseline, operative temperature (23.3–23.9 ◦C) exceeded the 22.5 ◦C
setpoint because of radiant effects, and PMV (−0.39 to −0.22) was within the Category
II PMV range, slightly on the cool side.

• At COP = 3.0, each 0.1 ACH corresponded to about 589 MWh of electricity, USD 50,200,
and 334 t CO2 per year, and reducing infiltration from 0.8 to 0.3 ACH would save
about 2946 MWh, USD 251,000, and 1673 t CO2 per year.

• Normalized by floor area, each 0.1 ACH added 51.7 kWh/m2 per year of thermal
cooling requirement and about 430 kW (12.6 W/m2) to the peak cooling load. As an
illustrative estimate based on the divide-by-20 rule, reducing infiltration from 0.8 to
about 0.2 ACH would lower the simulated peak cooling load by about 2600 kW.

These coefficients are specific to the investigated building, weather data, and modeling
assumptions, but they show that airtightness, combined with controlled and dehumidified
ventilation, should be a priority in the design, retrofit, and code compliance of educational
buildings in hot-humid regions. The indoor air temperature was measured with loggers
of ±0.5 ◦C accuracy, which is below the accuracy recommended in ISO 7730 for comfort
measurements; because the measurements were used only to evaluate the model, the simu-
lated comfort indices should be regarded as indicative, whereas the infiltration coefficients,
which are differences between scenarios, are less affected. Measured airtightness, longer
monitoring, and explicit HVAC models are recommended to confirm the magnitude of
the effects.
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Abbreviations
The following abbreviations are used in this manuscript:

ACH Air changes per hour
CECS College of Engineering and Computer Science
COP Coefficient of performance
HVAC Heating, ventilation and air conditioning
ILAS Ideal Loads Air System
ISFT Inside surface face temperature
MBE Mean bias error
MRT Mean radiant temperature
OSFT Outside surface face temperature
PMV Predicted mean vote
PPD Predicted percentage of dissatisfied
R2 Coefficient of determination
RMSE Root-mean-square error
SBC Saudi Building Code
SEC Saudi Electricity Company
TGD Tracer gas decay
TMYx Typical meteorological year (extended), as compiled by OneBuilding
WWR Window-to-wall ratio
ta Indoor air temperature (◦C)
tout Outdoor air temperature (◦C)
to Operative temperature (◦C)
tr Mean radiant temperature (◦C)
SY Sensitivity coefficient of output Y per 0.1 ACH
uS Indicative uncertainty of SY due to model temperature error (◦C per 0.1 ACH)

Appendix A

Table A1. Summary of air infiltration evaluation techniques.

Category Tool Description Observation Ref.

Measurement
methods

TGD
Introduces a known concentration
of inert gas; monitors decay over

time to determine ACH.

Highly accurate, enables localized
infiltration quantification; widely

used in research.
[33]

IRT Detects thermal anomalies that
indicate infiltration points.

Noninvasive and complementary;
useful for retrofit diagnostics

when combined with other tests.
[3]

Blower door test

Pressurizes or depressurizes the
building with a fan and measures
the airflow at a reference pressure
difference (e.g., 50 Pa, ISO 9972) to

determine airtightness.

Standardized benchmark for
airtightness; effective in

identifying leakage paths.
[34]

Pulse test
Applies low-pressure pulses closer

to natural driving forces of
infiltration.

Unlike blower door test, it does
not require complex installation
and closing the building entre.

[34]
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Table A1. Cont.

Category Tool Description Observation Ref.

Simulation methods

EnergyPlus
Dynamic whole-building

simulation integrating measured
infiltration data.

Widely validated; enables
scenario testing; accuracy

improved by calibration with
indoor air temperature.

[35]

CFD Simulates airflow and infiltration at
detailed spatial resolution.

Resolves local airflow patterns;
hybrid methods reduce
prediction error (<10%).

[41]

IES-VE

EnergyPlus and IES were compared
using a free-floating model, ideal

loads air system, and detailed
models to evaluate their capability

in simulating a LEED Silver
university building.

High consistency in aggregated
energy predictions, with about 2%

difference.
[76]

Hybrid simulation
approach

EnergyPlus and
CFD

Integrates physical building and
operational data to improve the

predictive accuracy of digitalized
buildings.

Predicts next-day room
temperature by learning the

difference between simulated and
measured values.

[41]

Hybrid approach
Actual

measurements
and simulation

Empirical data (e.g., indoor air
temperature, blower door) are used

to calibrate simulation models.

Ensures high accuracy; supports
sensitivity analysis; essential for

extreme climates.
[44]

Table A2. Summary of key studies on passive design, retrofit strategies, thermal mass, and infiltration
impacts in hot and arid climates.

Source Focus Building
Type/Method Climate Key Findings Discussion

[77]
Passive cooling and

conservation
strategies

School buildings
(design strategies)

Hot-arid (Saudi
Arabia, Riyadh)

Highlights the effectiveness
of passive design

(orientation, shading,
ventilation) in reducing

cooling demand.

Provides early Saudi-based
evidence that passive

measures are critical for
school energy efficiency,

complementing later
infiltration-focused studies.

[78]
Climate change

impacts on building
performance

Case study: deserts
and cold regions

(simulation)

Hot desert & cold
climates (global)

Identifies significant
increases in cooling

demand in desert regions
under climate change

scenarios.

Shows the vulnerability of
desert buildings to climate

change, reinforcing the
importance of airtightness
and adaptive envelopes.

[79] Energy retrofit
analysis

Educational building
(simulation)

Hot-humid
(Mumbai, India)

Retrofit measures reduced
cooling energy

consumption significantly.

Aligns with CECS
retrofitting focus, showing
strong retrofit potential in

hot-humid climates.

[80]

Techno-economic
and environmental
benefits of hybrid

evaporative cooling

Office/commercial
(simulation) Hot-humid (China)

Hybrid evaporative cooling
reduced demand 5–8%,
with favorable payback.

Supports integration of
hybrid systems with

infiltration control for
cost-effective cooling.

[81] Energy-saving
retrofits

Residential buildings
(simulation)

Hot summer & cold
winter (China)

Retrofit measures achieved
notable energy savings.

Confirms broader relevance
of retrofit strategies beyond

hot-humid/arid regions.

[82]
Energy–carbon

emission nexus with
BIM optimization

Residential building
(BIM-based

multi-objective
optimization)

Multi-climate (Saudi
Arabia)

BIM-based optimization
reduced carbon emissions

under varying climate
scenarios.

Demonstrates the power of
advanced modeling to

couple infiltration, design,
and emission reductions.

[74] Thermal performance
of wall constructions

Wall sections
(real-scale experiment)

Hot-arid (Saudi
Arabia)

Insulated brick and adobe
walls delivered stronger

damping and longer time
lag than lightweight walls.

Consistent with CECS
findings on damping/lag

and supports the
superiority of heavy

insulated walls under arid
conditions.
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Table A2. Cont.

Source Focus Building
Type/Method Climate Key Findings Discussion

[75]
Optimal thermal

diffusivity of
residential envelopes

Residential (simula-
tion/parametric)

Hot-arid (Saudi
Arabia, multiple

zones)

Identifies optimal thermal
diffusivity, balancing
damping and lag to

improve cooling efficiency.

Supports CECS observation
that damping dominates

over lag; provides
SBC-relevant optimization

guidance.

[12]
Impact of infiltration

rate on thermal
transmittance

Residential/
commercial envelopes

(simulation)

Hot climates
(general)

Higher infiltration
increased effective U-values
of envelopes, raising energy

demand.

Reinforces the penalty of
infiltration on envelope

performance and supports
airtightness as a critical

factor.

[83]
Thermal mass impact

on energy
consumption

Residential/
commercial (finite

element simulation)

Hot-arid (Saudi
Arabia)

Heavy thermal mass
constructions lowered

cooling loads via damping
effect.

Confirms
experimental/simulation

consensus on thermal mass
benefits for Saudi arid

buildings.

[84]
Vertical location
effect on thermal

performance

Multistory apartments
(field study)

Hot-arid (Saudi
Arabia, Riyadh)

Found higher floors
experienced greater thermal

stress; vertical location
influenced cooling needs.

Early Saudi field evidence
of vertical stratification

effects, relevant to modern
multistory energy

modeling.
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